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Abstract

DNA diagnostics became indispensable part of biochemical analytic tools today. Further challenges
lay in development of sensors which can detect significantly reduced volume of analyte, operate with
enhanced sensitivity and analyse larger DNA arrays. In the heart of development of such sensors is
search for novel sensing principles that would enable a significant improvement in precision, speed
and resolution. It is anticipated that such principles might lead to novel medical diagnosis and genet-
ics with a possibility to detect variety of diseases or gene mutations. Diamond, as wide bandgap sem-
iconductor is an attractive material for developing novel devices for biosensing applications due to
its excellent physical and chemical properties. In this doctoral work was devoted to development of
novel label free DNA microfluidic biosensor based on quantum sensing principles. We propose a
scheme in which so called colour centres in diamond, e.g. a lattice point defects, work as molecular
sensors. Our design employs specifically nitrogen vacancy NV centre charge state detection in dia-
mond combining electrochemical detection with NV centre charge state optical readout.

The doctoral thesis is divided as follows. The first part of the work is focused on synthesis of diamond
material by plasma enhanced chemical vapour deposition (MW PE CVD). The material engineering
was used to define optimal synthesis conditions and consequently electrical, morphology and optical
properties of diamond films. Impurity doping and nitrogen vacancy NV point defect engineering was
used to design optimal sensor functionality. The NV sensor is then used for detection of molecules
carrying electrical charge as DNA molecule combined with electrochemical detection.

The diamond sensing device consists then of highly boron doped diamond serving as electrochemical
device covered with ultrathin diamond layer with NV quantum centres acting as charge sensors. The
diamond device is covered by polydimethylsiloxane (PDMS) flow cell and transparent conductive in-
dium tin oxide (ITO) coated glass slide and connected to the electronic board. Two independent elec-
trically controlled functions are enabled: the active control of the NV centre charge state by applying
a gate voltage and the electrochemical readout. The working and reference electrodes are located
on the diamond surface and ITO glass is used as the counter electrode. NV photoluminescence (PL)
is detected by confocal microscopy in the microfluidic channel through fabricated micro holes in the
gate electrode. The oxygen terminated surface of the undoped diamond layer is electrostatically
covered by positively charged cationic polymer polyethylenimine (PEI). PEI tunes the NV centres to
NV° and NV* charge state and low intensity of predominantly NV° PL is detected. When negative
DNA molecules are electrostatically attracted on the positive PEI molecules, NV PL is recovered, NV
centres are switched to NV charge state with approximately two times increase of PL intensity. The
biochemical reactions in the microfluidic channel are confirmed by electrochemical impedance spec-
troscopy (EIS).
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1 Introduction

1.1 Biosensors and their biomedical applications

As quoted from the Reference [1] by McNaught A. D. the “biosensor is a device that uses specific
biochemical reactions mediated by isolated enzymes, immunosystems, tissues, organelles or whole
cells to detect chemical compounds usually by electrical, thermal or optical signals”. Bioreceptors
(enzyme, antibody, nucleic acid, lectine, hormone, cell structure or tissue) immobilized on a detection
system (transducer) specifically interact with a target in an analyte and specific electrical or optical
biosignals at the interface can be detected [1] [2] [3]. Note, that a biosensor can work also without

surface functionalization [4].

Figure 1. DNA microarrays for identification of specific DNA sequences through the hybridization process.

The sensor is divided into many areas and each of them is sensitive for specific DNA sequences [5].

Today the commercially available ex vivo sensors are usually glucose and DNA microarrays. Other
types of biosensors are in development [6] [7]. A very small, low cost, and high sensitivity biomedical
devices for DNA sensing can bring improvement for diagnostic methods in medical genetics. DNA can
be detected by various methods. For example using Polymerase chain reaction (PCR). DNA array can
detect millions of specific genes or gene mutations simultaneously with high sensitivity and specificity
(Figure 1) [5] [8] [9] [10]. The most commercially available DNA biosensors are based on the colour
tagged DNA molecules, while the mainstream in the biomedical research is development of a DNA
label free biosensors. Recently microfluidic lab-on-a-chip based DNA biosensors with advantages of
fast, sensitive and precise detection brought a high interest. This technique uses small sample vol-

umes (10° — 108 1) and brings the benefit of multiple sample detection in parallel [11]. The chip
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commonly consists of micro-channels, made of polydimethylsiloxane (PDMS) and several micro
valves, mixers and pumps. The DNA detection is performed by electrochemical impedance spectros-
copy or cyclic voltammetry [11] [12] [13]. DNA biosensor processing consists of transducer material

fabrication, probe preparation, hybridization and data analysis.

1.2 Diamond and its biomedical application for label free DNA detec-
tion

Diamond as a wide gap (5.5 eV) material semiconducting or insulating has a uniqgue combination of
physical and chemical properties for biosensing applications. The key advantages of diamond are bi-
ocompatibility and non-toxicity, which can allow it for in vivo detection [3] [14]. Boron doped dia-
mond is a unique electrochemical material. As an example the diamond shows low electrochemical
background current, the largest potential window (> 3V), stability in an electrolyte solution, better
than other materials like gold or glassy carbon [6] [15] [16]. Highly conductive electrochemical dia-

mond electrodes can be achieved by boron doping during PE CVD growth [6].

a) b) c)

Excited state

ZPL

Photoluminescence [a.u.]

500 550 600 650 700 750 800 850
Wavelength [nm]

Ground state

Figure 2. Scheme of the NV centre showing substitutional nitrogen atom lying next to a vacancy in diamond
lattice (a) [17], electronic band structure of NV centre showing ground state and excited state (b) and nor-

malized photoluminescence spectra of NV° (red) and NV- (blue) colour centres (c) [18].

The NV centre is a colour defect in diamond, consisting of a substitutional nitrogen atom lying next
to a vacancy inside a diamond lattice (Figure 2a). In the Figure 2 its electronic band structure (more
detail in the chapter 2.6.2) and photoluminescence (PL) emission spectra for two NV centre charge
states are also visible. NV centre can exhibit in neutral NV-and NV° charge state with zero phonon
line at 636 nm or 575 nm respectively, or in dark NV* charge state without photoluminescence [19]

[20] [21]. NV" charge state centre is a spin triplet (spin 1 centre). Therefore for spin sensing NV" centre
12



is preferably required, and the NV-/NV° charge state ratio is demanded to be maximal [19] [22] [23].
The inter conversion of NV° and NV- charge state can be achieved by passive or active manipulation
of the Fermi level position. NV centres present close to the diamond surface are sensitive to surface
charge changes and can be passively manipulated by surface termination as hydrogen (decrease of
NV- formation) or by oxygen and fluorine (increase of NV- formation) [24] [25]. Active control of NV

centres charge state can be achieved optically [26] [27] or electrically [21] [28] [29] [30] [31].

These nitrogen vacancy centres can be created by nitrogen implantation and annealing of pure dia-
mond or by nitrogen addition during plasma enhanced chemical vapour deposition (PE CVD) growth
[22] [32] followed by irradiation and annealing. NV centres localized close to the diamond surface
can be created by low energy ion implantation followed by thermal annealing or by nitrogen doping

during PE CVD growth [33] [23] [34] [24] [32].

The NV centre sensitivity, placed close to a specifically terminated diamond surface can be used as a
tool for detection of charged molecules, such as DNA [35]. Combination of the exceptional electro-
chemical properties of boron doped diamond with NV centre sensing is a promising new route for

realisation of a novel multifunctional label free diamond DNA sensor.

1.3 Aim of the thesis

The aim of the thesis is to develop novel type of label free DNA microfluidic biosensor based on the
NV centre optical detection using electron charge detection method combined with electrochemical
readout. In this design the boron doped electrochemical device would allow to set the potential pro-
moting a specific electrochemical reactions, e.g. for example oxidation or reduction, whilst the NV
centre can detect by ultrasensitive way the product of such reactions by using the charge detection
principle. Alternatively there is potential to combine the proposed device with NV spin sensors, mon-
itoring the changes of the spin environment of ongoing chemical reaction (for example Fe(ll) <-> F(ll1)
reaction processes). Additionally the electrochemical sensor can be used for verification of processes

of specific molecules such as DNA by working as impedimetric sensor.

To realise such sensor the following aspects have to be realises: Preparation of B doped diamond

with optimal B concentration to function as electrochemical sensor. Design of a diamond structure

13



in which a thin diamond layer with NV centres is deposited on top of the B doped diamond and in-

corporation of the structure to the electrochemical sensing device.

‘Objective

ITO g|ass\,$*/ PDMS flow cell

Figure 3. Top (left) and side (right) view of the sensor scheme arrangement including diamond device em-
bedded into the electronic board and covered with flow cell, NV centre photoluminescence is detected by

confocal microscopy.

To achieve this following methodological steps were realised:

1. Study of boron doping in the conventional microwave (MW) resonance MW PE CVD nanocrys-
talline (NCD) and single crystal diamond growth to find the best condition for fabrication of the

diamond electrode (electrical, optical and morphology properties).

Figure 4. The Seki Technotron AX5010 conventional MW resonance cavity MW PECVD deposition system (a),

the large area linear antenna MW PE CVD apparatus (b), seeding pre-nucleation step: detail of a drop of
nanodiamond dispersion solution on the silicon substrate (c), seeded silicon substrates before growth (d)

and grown nanocrystalline diamond films with 4000 ppm of trimethylboron doping as B precursor (e).

2. Study of the nitrogen doping in MW PE CVD NCD and single crystal diamond growth for fabrication

of as grown NV centres (morphology and PL properties).
14



3. Study of the NV photoluminescence (PL) in NCD and single crystal diamond as function of con-

centration of incorporated boron atoms in the film causing PL quenching.

Figure 5. Scheme of the boron doped nanocrystalline diamond (BNCD) film with NV centres grown on Si sub-

strate. NV PL was studied from low to high boron doping concentrations.

4. Electrochemical impedance spectroscopy (EIS) study of the BNCD/NCD electrode as function of
the NCD film thickness.

NCD —> & & gz s ¥ 5 %
BNCD —>

P-type Si =™

Figure 6. Scheme of undoped NCD diamond film with NV centres grown on BNCD and p-type Si substrate. NV

PL was studied as function of the thickness of undoped diamond with NV's.

5. Fabrication of the novel label free DNA microfluidic NV centre charge state control diamond

sensor.
] Ti/Au electrodes

N- doped film

I 8- doped film

[0 (100) Diamond substrate

Electrochemical
readout

Charge state
control of NV’s
by bias voltage

Figure 7. Scheme of the diamond device consisting of high boron doped diamond layer (20 um), low doped
diamond interlayer (100 nm) and NV centre containing film on top (20 nm), which is equipped with elec-
trodes for charge state control and electrochemical readout.
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Figure 8. Scheme of the microfluidic system including the diamond device embedded in the electronic board
gap and covered with microfluidic PDMS flow cell with ITO coated transparent and conductive glass sheet on
top.

6. Study of the passive charge state control of the NV centre with oxygen (O), hydrogen (H) and

polyethyleneimine (PEI) surface termination.

Negative charged surface (O) Positive charged surface (H, PEI)
------------------- L YT I Y]

W g o ¥ ¥ e Thin undoped diamond —> i LR

D BDD —

(100) diamond substrate ——>

Figure 9. Scheme of the diamond device with negative (O) and positive (H, PEl) surface functionalization af-

fecting close surface NV centres.

7. Study of the active charge state control of the NV centre by applying electric field.

I Ti/Au electrodes
N- doped film (15 nm)

I 8- doped film(20 um)
[/ (100) Diamond substrate

Applied
voltage from
+3Vto-3V

Figure 10. Scheme of the diamond device arrangement for the active NV centre charge state control.
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8. Label free DNA detection by the EIS (PElI and PEI-DNA functionalized diamond surface).
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Figure 11. Scheme of the electrochemical system including phosphate buffered saline (PBS) electrolyte be-
tween counter electrode (ITO coated glass) and working electrode (BDD) with undoped NV centre containing

thin film on top and PEI/DNA bio-functionalized surface.

9. Label free DNA detection by the NV centre charge state (PEl and PEI-DNA functionalized diamond

surface).

Electrostaticallybonded DNA
PEl monolayer ——> ¥4 4% +++++++++++++++++
Thin undoped diamond ——> Wr X g XX
BDD —>

(100) diamond substrate —>

Figure 12. Scheme of the diamond sensing device with covalently bonded negative DNA molecules on the

positive (PEI) functionalized diamond surface affecting close surface NV centres.

2 Literature review

2.1 Structure of oligonucleotides

DNA

DNA (Deoxyribonucleic acid) consists of two polynucleotide chains twisted around each other to form
a double helix. Orientation of the double helix can be right or left handed. Figure 13a shows its double
helix structure, which is composed of alternating sugar and phosphate residues and bases comple-

mentary bonded by hydrogen bonds [36].
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Figure 13. Structure of DNA (a) and nucleotide by removing water (b) [36].
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Figure 14. DNA bases: purines (a), pyrimidines (b) and hydrogen bonding between bases (c) [36].

The main component of DNA are nucleotides Nucleotides consist of a phosphate, sugar (2'-deoxyri-
bose) and different bases. The sugar and base are joined by glycosidic bonds and are called nucleo-
side. By formation of phosphoester bond between the sugar and the phosphoric acid, nucleoside
forms a nucleotide. Figure 13b shows structure of nucleotide from nucleotide components by ab-

straction of water molecule [36].

DNA bases (Figure 14a,b) are divided into two classes, purines (adenine and guanine) and pyrimidines
(cytosine and thymine). These bases are connected complementary by hydrogen bonds (Figure 14c).
DNA is essential for a genome function. DNA with unique coding sequences ensures genome replica-
tion, exact transmission to progeny cells and also for a cooperative molecular interactions forming

nucleoprotein complexes [36] [37].
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RNA
Ribonucleic acid (RNA) differs from DNA by three factors. RNA consists of only one polynucleotide

chain, where the DNA’s sugar 2’-deoxyribose is replaced by ribose and base thymine by uracil [36].

In some kinds of RNA as a ribosome, the polynucleotide chain overlaps complementary in some parts
and created double helix (Figure 15a). Figure 15b shows the back bone of RNA of alternating phos-
phate and ribose species. RNA does not provide genetic information except for certain type of vi-
ruses. RNA plays an essential role in synthesis of proteins in a form transfer, messenger and ribosomal

RNA (tRNA, mRMA and rRNA). RNA also plays a role as an enzyme [36] [38].
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3'end

Figure 15. Structure of RNA: overlaps of complementary RNA bases by hydrogen bonds (a) [20] and back
bone of RNA of alternating phosphate and ribose species (b) [36].

2.2 Hybridization of DNA

DNA hybridization is an important diagnostic technique in the medicine and molecular biology. Ap-
plications of DNA hybridization may be applied in neurology, microbiology, pathology, developmental
biology, karyotyping and phylogenetic. In situ hybridization enables to examine macroscopic distri-
bution and cellular localization of DNA and RNA sequences in a heterogeneous cell population. Bio-
sensors based on hybridization are very useful for detection of variety diseases or gene mutations [5]

[9] [39]. DNA-RNA hybridization is shown in Figure 16 as an example.

Once a genome has been sequenced, it is possible to synthesise it whole or just a part of it in the
automated machines. Synthetic oligonucleotides are designed to be complementary to a known
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mRNA sequence from libraries. Synthetic construction process also involves use of plasmid vectors

and bacteria [39] [40].

Fundamental objective of hybridization is to identify and quantify nucleic acids in an environment.
Oligonucleotides hybridization is based on hydrogen bonding between complimentary sequences of
DNA or RNA. Generally, specific DNA sequences, complementary to the DNA or RNA sequences to be

detected are bonded on a sensor surface as probes [39] [41].

Four basic types of probes exist: double stranded DNA (dsDNA), single stranded DNA (ssDNA), single
stranded complimentary RNA (sscRNA) and synthetic oligonucleotides. By labelling the target mole-
culesit is possible to monitor a hybridization of probes and complementary target molecules. Targets
DNA or RNA molecules can be labelled radioactively (3H, 32P, or 3°S, but '*C and 12| izotopes) or non-
radioactively (biotin, alkaline phosphatase or horseradish peroxidase, hapten and fluorophores) us-
ing fluorescent molecules or enzymes for instance [39] [41]. Several parameters as probe construc-
tion, temperature, pH, and composition of buffer play a crucial role for detection of hybridization

[39] [42].

DNA is denatured

by heating Renaturation
on cooling

RNA strand DNA strand

Figure 16. DNA-RNA hybridization. Single-stranded denaturated DNA and RNA molecules are complementary
combined into a single molecule of DNA/RNA hybrid [41].
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2.3 DNA attachment on the diamond surface

The surface of diamond requires specific surface modification for attachment of biomolecules to
serve as biosensos. Because detection of biomolecules is often carried out in a liquid environment,
immobilized molecules must be stable to preserve their biological activity and the sensor sensibility.
The attachment of molecule to the surface can be achieved either by non-covalent physical adsorp-
tion (electrostatic interaction and Van der Waals forces) or covalent bonds (-NH;, -COOH, -SH, C-C...).
For example, a DNA molecule can be directly attached on a functionalized diamond surface or by

using linkers [43] [22] [42] [15].

2.3.1 Diamond surface termination

Hydrogen termination

The diamond surface can be hydrogenated by exposure in pure hydrogen plasma. CVD grown dia-
mond surface is naturally hydrogenated after a growth in hydrogen rich plasma. Hydrogen termi-
nated surface is hydrophobic with water contact angles around 90° and higher. Hydrogenated surface
of undoped diamond shows p-type surface conductivity when exposed to air and it has already been
applied for biosensing applications using electrochemical impedance spectroscopy (EIS) [44] [45].
Hydrogen termination is very stable in air, but it can be removed in a strong oxidizing environment
[42] [44]. Hydrogen termination is also used as an initial step for further functionalization. Hydrogen

termination is also important for halogenation [46].

Oxygen termination

Oxygen terminated surface can be achieved by exposure to oxygen plasma, ozone treatment or wet
chemical oxidation as for instance by a mixture of boiling sulfuric acid (H,SO4) and potassium nitrate
(KNOs). Oxygen termination is chemically not well defined and refers to a mixture of different groups
(=0, —OH, —COOH, —C-0-C...) on the surface. Oxygenated diamond surface is stable, hydrophilic and
electrically insulating [22] [42] [44].

Halogen termination

Halogenation is important for further bio-functionalization. Initial step for halogenation is hydrogen
termination of the diamond surface. Then, chlorination and fluorination are obtained by radical re-
actions using thermal excitation of Cl, or F2/Ar/Ne gas and by ultraviolet photo-excitation in Cl, or

F2/H, gas [15] [46] [47]. Bromination and chlorination are also achieved by wet-chemical method of
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radical substitution reactions [48] [49]. Chlorination is achieved by dipping in chloroform with sulfuryl
chloride at 50 °C [50]. Ultraviolet illuminated Chlorinated surface radiation in ammonia (NHs) leads
to amine-modified diamond. Halogenated diamond can react with nucleophilic reagents in substitu-
tion reactions leading to amino or acid terminations and linker molecules can be attached on the

surface [22] [42].

2.3.2 DNA grafting

Most of the DNA biosensors work on the principle of DNA hybridization. A sensor surface is function-
alized with ssDNA probes, which are complementary to a DNA sequence for detection. If the target
DNA sequences are present in an analyte, they hybridize with the ss-DNA probes into the ds-DNA

molecules.

The choice of suitable functionalization of the diamond surface is important for a stable immobiliza-
tion of single stranded ss-DNA probes and efficient detection of DNA hybridization. It is necessary to
select the optimal surface functionalization with respect to a detection principle. For instance an op-
tical, electrochemical or mass detection principle based biosensors may have different requirements

for bio-functionalization [44] [51].

Positioning of DNA probes and their orientation is also critical for the efficiency of the detection.
Theoretical DNA density on an ideal hydrogenated (100) diamond is ~3-10%> dangling bonds per area
of 1 cm? on an ideal, unreconstructed (100) crystal [42]. As a cross-section of a ds-DNA is approxi-
mately 4 nm?, thus a maximum of 2.5-10*® ds-DNA molecules can be attached on a 1 cm? surface.
However, to preserve the bio-functionality of DNA hybridization a maximum DNA density ~10%? cm?

is preferred [42].

Density and orientation of the DNA on the sensor’s surface is important for the sensitivity of the
biosensor. Attached DNA should have a high density, preferably vertical orientation to the surface,
while avoiding steric hindering. For an effective immobilization of DNA probes it is necessary to ar-
range its placement on a diamond surface with respect to DNA size (diameter ~2.5 nm and length

~25 nm) [42].

There exist several different techniques diamond surface functionalization. Some of them are pre-

sented below.
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Figure 17. Covalent linking of DNA using a heterobifunctional cross-linker (sulfo-succinimidyl4-(N-malei-

midomethyl) cyclohexan-1-carboxylate) to which thiol-modified DNA was linked [44].

DNA probe immobilization can also be achieved by immersion of amine-terminated diamond into a
heterobifunctional cross-linker SSMCC (sulfo-succinimidyl 4-(N-maleimidomethyl) cyclohexan-1-car-
boxylate) to which thiol-modified DNA can be linked (Figure 17) or DNA can be bonded to NH; func-

tionalized surface prepared by photochemical or electrochemical reactions (Figure 18) [44].

l-|I |'|| I-ll Cl ClI ClI NH> NH»
| |
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c_ 3 >

Cl, gas NH; gas

Figure 18. Preparation of an amine-terminated BDD surface in a two steps procedure, consisting on the pho-

tochemical irradiation of a hydrogenated surface with chlorine followed with ammonia gas [44].
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Figure 19. Thiol-modified ss-DNA covalent attachment on hydrogen terminated diamond surface by reduc-

tion of nitrophenyl salt using the intercalating crosslinker SSMCC [42].
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Covalent attachment of thiol-modified ss-DNA on amino functionalized boron doped diamond sur-
face can also be realized by reduction of nitrophenyl salt at the hydrogenated surface of the diamond

using the intercalating cross-linker SSMCC (Figure 19) [42].

Figure 20 shows appropriate functionalization technique for optical as well as electrical DNA detec-
tion. Carboxylic acid is attached directly on a hydrogen terminated diamond surface by photo-attach-
ment of 10-undecenoic acid linker (UA). In the second step the zero-length crosslinker 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC) is covalently bonded to the ssDNA probe [42].

g,
v
28
4L~
oQ
S g5 s K
= L 3
o2 s oo
‘O ~—r T C
o £ oY a
£ x o
> C - oc
E uq; !);.5.—-011 g 56 E— O Ny
=N )
w o~y { £ ¢
- + «
+ ) < P

§

HHHHH H ¢ H HH H ¢ HHH
[ S N | o I Lo

Figure 20. Attachment of 10-undecenoic acid linker molecule and ssDNA probe [42].

Summary of most commonly used diamond surface functionalizations are shown in Figure 21.
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Figure 21. Different surface functionalization routes of nanodiamond particle: halogenation, amination, for-
mation of thiol and nitrile groups. (Icons for ND that do not show specific termination symbolize the possi-

bility to start with different materials) [46].
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2.4 Techniques for DNA detection

2.4.1 Electrochemical detection methods

Electrochemical readout is a very suitable technique for DNA detection, because DNA reaction usually
results in an electrical signal as current, potential or charge accumulation [16] [52]. The output signal
can originate for instance from conductive properties of a medium between electrodes, impedance
and field-effect, which uses transistor technology to measure current as a result of a potentiometric
effect at a gate electrode [2] [53]. Depending of a bio-functionalized interface and electrode’s mate-
rial, different electrochemical measuring configurations are used. Some of the typically used methods

are listed further below.

Typical electrochemical DNA sensor consists of an electrode, capture probe and reporter probe (the
capture and reporter probes can be combined), which are specific to the target DNA Boron doped
diamond is a perfect material for a working electrode. A captured DNA probe is often immobilized
onto a functionalized solid surface through a linker molecule and a complementary targeted DNA
flowing in a buffer solution. A reporter probe is a molecule that generates the electrochemical signal
in response to the hybridization process. Hybridization response can be based on several reactions

as a change of probe structure or diffusion of a redox indicator ([Fe(CN)s]*4") [16] [53].

Voltammetric measurements

The basic principle of voltammetry is based on an application of a time dependent potential excita-
tion signal to the working electrode, which results to a change of its potential relatively to the fixed
potential of the reference electrode and output current. Several measurement methods exist and

they can be divided into linear, pulse or cyclic voltammetry [54] [55].

Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most common electrochemical detection techniques based on
scanning in both directions (positive and negative). The voltage is measured between the reference
electrode and the working electrode, the current is measured between the working electrode and
the counter electrode. Measured current is plotted vs. voltage in the so called voltammogram (Fig-

ure 22). Increase of the voltage in positive values results in increase of the current until the oxidation
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potential of the analyte is reached, then the current decreases. Reversible scanning in negative volt-
age direction results in a decrease of the current to the reduction potential, and then the current

again increases [2] [54].
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Figure 22. (Left) Scheme of DNA sensing on diamond electrodes using negatively charged redox mediator
molecules. (Right) Diffusion of redox mediators toward the diamond electrode results in a peak shaped volt-
ammogram (solid line). The inhibition of redox mediator’s diffusion due to DNA hybridization leads to a de-

crease in the peak currents and a broader peak splitting (dotted line) [16].

Figure 22 shows example of the change of cyclic voltammogram induced by the diffusion of negatively
charged redox mediator before and after DNA hybridization. Diffusion of redox mediators toward the
diamond electrode results in a peak shaped voltammogram. The inhibition of redox mediator’s dif-
fusion due to DNA hybridization leads to a decrease in the peak currents and a broader peak split-

ting [16].

Differential pulse voltammetry

The electrochemical configuration for differential pulse voltammetry (DPV) is usually the same as in
a standard voltammetry with few differences. The applied potential is pulsed instead of continuous.
Current is measured immediately before the pulse application and at the end of the pulse. The dif-
ference between the two currents is monitored [54] [55]. Martin Bartosika et al. studied differential
pulse voltammetry electrochemical hybridization detection based on streptavidin modified magnetic
beads. Biotinylated DNA capture probes were complementary attached with microRNA labelled by

Os(VI)bipy [56].
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Impedance measurements

Electrochemical impedance spectroscopy (EIS) for DNA sensing is based on change of bio-interface
impedance of bio-functionalized working electrode, where both real and imaginary components of
impedance (electrical resistance and reactance) are characterized. EIS can study any intrinsic material
property or any process, which induces a change of conductivity/resistivity or capacitivity of an elec-

trochemical system [2].
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Figure 23. Photo of the electrochemical microflu- Figure 24. Nyquist plot of the hybridization reac-
idic chip for DNA hybridization detection [12] tion with different concentration of target ssDNA

probes [12].

Hadar Ben-Yoav et al. constructed a microfluidic electrochemical chip for DNA hybridization detec-
tion. In the Figure 23 is shown the photo of the chip and in the Figure 24 the Nyquist plot as a re-

sponse to the different concentrations of ssDNA target probes [12].

Electrolyte-diamond-insulator-semiconductor (EDIS) sensors
Insulating diamond deposited on top of boron doped diamond can be used as a capacitive field-effect
sensor (electrolyte-diamond-insulator-semiconductor - EDIS). It is possible to even detect uncharged

biomolecules using this technique [42].

M. H. Abouzar et al. realized label-free electrical detection of charged multilayers with an EDIS sensor
using the ConCap response to the signal changes as a function of polyelectrolyte layer number. Ad-
sorption of negatively charged poly (sodium 4-styrene sulfonate) (PSS) molecules decrease the po-
tential, whereas the adsorption of the positively charged poly allylamine hydrochloride (PAH) mole-

cules increases the potential [57].
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Electrolyte-gated field effect transistors (FET)

A. Blin et al. studied electrolyte-gated field effect transistors (FET) for label-free detection of DNA
hybridization with micro-spots. Figure 25 shows the FET array measurement configuration. DNA
probes are immobilized onto the two regions P1 and P2 of gate oxide surfaces. Each of the regions
consists of several individual transistors. The surface of the device is covered by a KCl solution and an
Ag/AgCl is used as a reference electrode. Specific hybridization induced shifts in the FET threshold

voltages of a few mV [58].

KCI

P1 P2

iate oxide

Figure 25. The FET array configuration. On the left is cross sectional view of an FET array with two regions for
probes attachment on the oxide surface P1 and P2 with several individual transistors (red underneath the
gate oxide), covered by KCl solution and an Ag/AgCl reference electrode. On the right is scheme of an indi-

vidual transistor and its electrical circuits [58].

2.4.2 Optical detection methods

The most common optical method to detect hybridization of oligonucleotides is based on fluores-
cence. Fluorescence detection is a frequently used technique in laboratories [42]. A very sensitive
optical biosensor called gene-chip microarray based on fluorescence and containing thousands of
unique probe sequences is commercially available from the provider The Affymetrix GeneChip (Figure
26a). This device allows the parallel investigation of many of genes [8]. This detection of large number

of gene sequences is more suitable for laboratories than for clinical diagnostic [52] [10].

In addition to commonly used fluorescence detection, other optical biosensors based on different
detections exists. For instance, Ying Ma et al. developed the amplified resonance light scattering de-
tection of DNA hybridization using nucleic acid—based polycyclic aromatic hydrocarbons (naphtha-
lene, pyrene, fluoranthene, anthracene, and phenanthrene) as a probe [59]. Surface Plasmon Reso-
nance (SPR) is another method for detection of DNA hybridization based on a change of refractive

index of a thin metal film [52].
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Before exposure After exposure

Figure 26. DNA gene-chip microarray: Affymetrix fluorescent gene-chip before and after hybridization [8] (a);

hybridization data, where each row represents a tumor tissue from a patient and each column a gene [5] (b).

2.5 Diamond properties for biomedical application

Biocompatibility makes diamond useful for many in vivo and in vitro biomedical applications. Extreme
hardness, Young’s modulus and low coefficient of friction are suitable properties for diamond coating
of implants in tribology or coronary stents [60] [61] [62]. Diamond coating of typical implantable ma-
terials such as titanium or stainless steel can improve their biocompatibility, corrosion resistance and

deduce their cytotoxicity [62] [63].

Figure 27. Picture of a metal coronary stent inserted in a coronary artery to restore blood flow, which is re-
duced or completely stopped by a blockage [64] (left) and nenocrystalline diamond coated coronary stent

imaging by scanning electron microscopy: magnified 40x [62].

Diamond was found to be extremely biocompatible to living cells [65]. Diamond surface was also
determined to be highly resistant to the adhesion of blood platelets and cells, which allows diamond
use for a contact with human’s blood [66]. New low pressure and large area diamond chemical va-

pour deposition systems are promising for industrial coating, including 3D biomedical objects like
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prosthesis for instance [67]. Electrical properties such as high resistivity or metallic like conductivity

with boron or phosphorus doping, high thermal conductivity and chemical inertness are excellent

properties for electrochemistry and bioelectronic devices [52] [6]. Fluorescence, non-toxicity and

easy biolabelling of nanodiamonds are promising properties for bioimaging or drug delivery [14] [61].
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Figure 28. Fluorescent nanodiamonds with NV centres for stem cell tracking [68].
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Figure 29. Nanodiamonds for drug delivery [59].
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2.5.1 Synthetic diamond

Diamond is made of carbon, where carbon atoms are arranged in a crystal diamond lattice structure
with strong covalent sp® bonding between the carbon atoms. Diamond has excellent properties such
as high hardness, thermal conductivity, optical properties and biocompatibility for biomedical im-
plants and devices. Other allotropes of carbon are graphite and amorphous carbon with different
physical properties. Graphite is characterized by sp? carbon bonds and its high electrical conductivity
and low hardness. The properties of amorphous carbon (a-C) films depending on the ratio of sp? to
sp? hybridized bonds. If in a-C there are more represented sp? hybridized bonds, this material is called

as tetrahedral amorphous carbon for more occurrence of sp? bonds diamond-like carbon.
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Figure 30. Classification system of diamond [69].

Pure diamond is made of only from carbon atoms arranged in the cubic lattice by covalent C-C bonds.
Real diamonds do not consist only of carbon atoms, some impurities such as nitrogen and boron or
another atoms or elements can be present in the lattice. Figure 30 shows the diamond type classifi-

cation system, which divides diamonds into categories based on the presence or absence of certain
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nitrogen and boron impurities and the ways in which they are arranged in the lattice. | type diamonds
are divided into type la (subgroups laA and IaB) and type Ib, where both subgroups contain nitrogen
with a different arrangement in the diamond lattice. Type la is composed of nitrogen aggregates
whereas type Ib with isolated nitrogen impurities. Type |l diamonds are also divided into types Ila and
llb. Type lla is pure diamond without boron or nitrogen impurities. Type llb consists of diamond with

boron impurities that provides a blue colour and characteristic electrical properties [69].

Synthetic large diamond can be created by a two different processes HPHT (high pressure high tem-
perature) synthesis and low pressure chemical vapour deposition (CVD). HPHT synthesis follows nat-
ural conditions for diamond formation, the technique is based on applying high pressure (around 6
GPa) and high temperature (up to 1700 K) on a carbon source (higher temperature) and seed crystal

(lower temperature) [70].
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Figure 31. Schematic setup of a “Belt” apparatus for the production of HPHT synthetic diamonds [71].

Low pressure CVD diamond synthesis is based on dissociation of precursors (typically 99 % H; and 1
% CHa) by microwaves, arc discharges or laser beams, leading to the deposition of diamond films on
diamond substrates or diamond seeds. Several growth CVD techniques exist as for instance hot fila-
ment CVD (HF CVD), combustion CVD (C CVD), plasma enhanced CVD (PE CVD) and others. Principle

of the low pressure PE CVD technique is described in the chapter 3.1.
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2.5.2 Different form of diamond

Diamonds exist in different forms: bulk crystals, thin films as well as nanodiamonds that will be de-
scribed in this chapter. Thin films exist with various crystal sizes, morphology and sp? bonded carbon

concentration. For each form exists a typical synthesising method [22] [45].

Single crystal diamond

Synthetic single crystal diamond is fabricated by high pressure high temperature (HPHT) method or
CVD growth (see Chapter 3.1). High quality synthetic single crystal diamond has similar or even better
properties than natural diamond. The crystals can be of various form or size from nanometers to few
milimeters. HPHT crystals are used as substrates for CVD homo epitaxial diamond growth [72] [73]

[74].

The smallest diamonds: Nanodiamonds

Nanodiamond is diamond with a size in nm range. Nanodiamond (ND) small particles of ~5 nm in size
(Figure 32b) were first prepared by detonation synthesis such as with trinitrotoluene (TNT) and hex-
ogen [75]. Similar small sized particles can be obtained by laser ablation [76]. High-pressure high-
temperature synthesis also produces variable sized nanodiamond particles with a minimum size of
30 nm (Microdiamant AG). Nanodiamond particles larger size than 20 nm can also be produced by
abrasion of large crystal (Figure 32c) or jet milling [60] [22]. Diamondoid, classifying in nanodia-
monds, is cage-like saturated ringed hydrocarbons with a diamond-like structure. It can be synthe-

tized by petroleum purification. Adamantane is the simplest diamondoid molecule (Figure 32a) [77].

Figure 32. Nanodiamonds: Adamante (a), detonation diamond (b) and nanodiamond particles produced by

abrasion of larger crystals [22].
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Diamond films

Different forms of diamond films can be distinguished by crystal size, and content of sp? bonded car-
bon. Ultra-nanocrystalline diamond (UNCD) films consists of re-nucleated diamond grains with size
around 5 nm surrounded by sp? bonded carbon (Figure 33a). UNCD films are prepared in argon rich
plasma-enhanced chemical vapour deposition (PE CVD). Nanocrystalline diamond films (NCD) has
crystal size usually below 100 nm grown from diamond seeds and contain less sp? on crystal bound-
aries than UNCD (Figure 33b) and there are of columnar structure. NCD films are usually prepared by
PECVD in hydrogen rich plasma [60] [78]. Polycrystalline diamond (PCD) films are similar to NCD but
with larger crystal size [15]. Single crystal homoepitaxial film (Figure 33c) is a pure diamond in sp?

form and usually is prepared by PE CVD in hydrogen rich plasma [72] [73] [79].

\

2.0 pm

Figure 33. Top view (on the left) and cross section (on the right) of ultra nano-crystalline diamond film on
silicon (a), Top view (on the left) and cross section (on the right) of nano-crystalline diamond film on silicon

(b) [78], CVD grown single crystal sample removed from its HPHT substrate by laser cutting (c) [15].

2.5.3 Electronic properties of diamond

Semiconducting, metallic and insulating diamond all play an important role in electronic biosensors.
Pure diamond is a good insulator. Nevertheless, the surface of undoped diamond can be made con-
ductive by hydrogen termination and it can be used for biosensors. Conductivity of CVD diamond is

achieved by addition of a dopant during growth [6]. Doped diamond can be of n or p type.
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Conductivity of n-type is obtained by phosphorus or nitrogen doping. On the other hand, the p-type
of conductivity is achieved by boron doping, which will be given more attention in this paper. Metallic
like diamond conductivity can be obtained by a very large incorporation of B-dopant in the diamond
lattice. Metallic like behaviour has also been obtained in highly nitrogen doped ultra-nanocrystalline
diamond layers, however in this case the conductivity was caused by pi-bonded carbons. Those UNCD
layers grow with strong re-nucleation that results in a small grain sizes and larger grain boundary with

conductive sp? bonded carbon and nitrogen incorporation probably close to diamond grains [42] [60].

Carriers’ mobility in intrinsic diamond is very high. Measurements determined drift mobility at room
temperature of 4500 cm?/V-s (electrons) and 3800 cm?/V-s (holes) for single crystal diamond, and
1800 cm?/V-s (electrons) and 1000 cm?/V-s (holes) for polycrystalline diamond [80] [81]. Figure 34
shows experimental and calculated data of carrier mobility and resistivity as function of effective

boron doping level for single crystal diamond and polycrystalline diamond [82].
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Figure 34. Mobility (left) and resistivity (right) as function of doping concentration for single crystal diamond

and polycrystalline diamond [82].

Diamond with boron concentration levels below 3-10'8 cm™ exhibits clear extended state transport.
Boron concentrations between 3-10'8 cm3 and 2-:10%° cm show thermal activated hopping transport

and finally metallic transport at higher boron concentrations than 2 to -5:10%° cm™ [60] [78].
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2.5.4 Optical diamond properties

Refractive index of the diamond depends on a wavelength of an incident radiation, for 589 nm wave-
length it is ~2.42. Type lla diamonds are transparent from UV to far IR with one of the widest optical
band gap of around 5.5 eV. Diamond type | and llb absorb in wide range of energy from UV to IR with
typical absorption energies depending on the defects in crystal lattice such as impurities, dislocations,
vacancies, and complexes which create new vibration and electronic energy levels within the band

gap [42] [69].
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Figure 35. FTIR mid-IR absorption spectra of diamond type | and Il, related to three phonon regions for dia-
mond type | (on the left up) and type Il (on the left down) (a) and determination of nitrogen impurities in dia-
mond type | (on the right up) and boron absorption intensity peaks depending on boron concentration in Ilb

diamond type (on the right down) (b) [69].

Although diamond is transparent, there are some absorption bands in mid-IR range (4000 — 400 cm™)
with specific absorption peaks from which the type of diamond can be determined by Fourier trans-
form infrared spectroscopy (FTIR). Figure 35a shows mid-IR absorption FTIR spectra of diamond type
| and Il divided in to the three absorption phonon regions. In the one-phonon region (~1332 to

~400 cm™) are nitrogen impurities related to | type of diamond. The two-phonon (2665 to
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~1332 cm™) and three-phonon (~4000 to 2665 cm™) regions contain common features for all types
of diamond caused by vibration of carbon-carbon bonds of the diamond lattice and easily detected
absorption peaks belonging boron impurities in llb diamond type. Configuration of nitrogen atoms in
diamond lattice and estimation of boron concentration can be established from IR absorbance spec-

tra (see Figure 35b) [69].

Diamond type | and Il can be also distinguished using the property of short-wave UV transparency.
Type | diamonds absorb short-wave UV radiation (~254 nm), but type Il diamonds allow such wave-
lengths to pass through (see Figure 36). This absorption property of | diamond type can be used for
diamond based UV detectors [42] [69].
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Figure 36. FTIR UV-Vis absorption spectra of diamond type | and Il [69].

The transparency of the diamond does not depend solely on its impurities. The transparency of a
diamond is also affected by so called colour centre defects or by defects of the crystal lattice as dis-
locations [6] [60] [83]. Grain size and sp? bonded carbon on grain boundaries of other types of dia-
monds with a different morphology such as ultra-nanocrystalline, nanocrystalline or polycrystalline
diamond strongly affect the optical properties. The ultra-nanocrystalline diamond films consist of re-
nucleated diamond nano-crystals with high amount of sp? bonded carbon which gives to these films
high electrical conductivity and absorption. Nanocrystalline and polycrystalline diamond with large
grains are mostly transparent. Higher the grain size and the thickness, means higher layer transpar-
ency [6] [60].
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2.6 NV colour centres in diamond

Pure diamond is transparent in the visible region. Observed colours in the diamond are caused by
defects in the crystal lattice such as impurities, dislocations, vacancies, and complexes leading to the
electronic energy levels creation within the band gap. Diamond is an unique crystal material as it is
the only material with around 500 photo stable colour centres with absorption or emission from the
UV to the near infrared [19] [20] [22]. Nitrogen is the most common impurity in diamond and it can
be found in several forms of impurities: N3 defect consists of three nitrogen atoms surrounding a
vacancy with an emission line at 415 nm, H3 is an uncharged defect (N-V-N)° consisting of two nitro-
gen atoms separated by a vacancy with an emission line at 503.2 nm, 3H is a negatively charged V-
vacancy in the diamond lattice with an emission line at 503.5 nm, GR1 is a single, uncharged vacancy
in the diamond lattice with an emission line at 741 nm and H2 is a negatively charged defect (N-V-N)~
that consists of two nitrogen atoms separated by a vacancy with an emission line at 986 nm [69].
Finally, nitrogen vacancy (NV) centres are the most studied colour centres within a diamond with a

high potential in biomedical applications as fluorescence biomarkers or biosensors.

NV centres consist of a substitutional nitrogen atom lying next to a vacancy in the diamond lattice
and it occurs in two charge states neutral NV° with the zero phonon line at 575 nm and negative NV
charge states with the zero phonon line at 637 nm [19] [20]. Fluorescence and magnetic properties
of NV centres are very promising for biosensing and biolabelling [14] [22]. NV colour centre is ex-

tremely bright and a single centre can be seen at room temperature.

2.6.1 Electronic structure of the NV centres

Figure 37 shows scheme of the NV® and NV centre in the diamond lattice. The electronic structure of
the NV° centre includes 5 electrons (Figure 37 and 41). Two are provided by the nitrogen atom, and
another three are dangling bonds from the three carbon atoms surrounding the vacancy. The NV°
centre exhibit Zero phonon line at 575 nm. The negative charged NV- centre is created by a capture
of a sixth electron from the lattice (typically nitrogen donors). Electron density for the lowest unoc-
cupied molecular orbital (LUMO), which is mostly localized on three carbon atoms near the vacancy
in a vertical plane to the main NV axis. In the case of the highest occupied molecular orbital (HOMO)

electron the density is higher around the nitrogen atom [20]. The NV~ Zero phonon line at 637 nm is
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the HOMO/LUMO energy gap resulting in a relatively high dipole moment, a rapid spontaneous emis-
sion rate (12 ns) and pronounced Stark shift [20] [22] [84].

(9 —— Carbon atom
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center

Figure 37. Scheme of the neutral charged NV° centre (a) negatively charged NV- centre (b) [18].

2.6.2 Optical and spin properties of the NV centres

The two charge states of the NV centres are identified by their zero phonon luminescence lines (ZPL)
at 575 for NV° and 637 nm for NV". Note that only a few percent of the photons are emitted into the
zero phonon line, very broad emission appears in vibrational side bands between 630 and 800 nm

(see figure 38) that limits the use of the NV centres for many applications [19] [22].

Figure 39 shows a simple energy-level diagram of the NV centre. The radiative lifetime of the excited

state is approximately in the range of 10- 25 ns depending on the NV charge state [22].

Photoluminescence spectrum
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Figure 38. Photoluminescence spectrum excited with 532 nm laser of NV° (575 nm) and NV~ (638 nm) with

NV~ vibrational side bands (630—-800 nm) [22].
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Figure 39. Energy-level diagram of NV". Ig> denotes the electronic ground state, le> the electronic excited
state, and Is> the metastable singlet state. The wiggly arrows indicate the radiative transition, and the black
arrows indicate strong and weak nonradiative decay via the singlet state. (Inset) The three spin sublevels
with ms =0 and ms= £1 at zero and nonzero magnetic field B. D is the zero-field splitting and 2yB is the Zee-
man splitting, where y is the electron gyromagnetic ratio. By convention, the lower energy transition is asso-

ciated with my =-1[22].

The NV- centre spin property (spin tripled S = 1) is used in electron paramagnetic resonance (EPR)
detection technigues by using a combination of magnetic field and microwave pulse. The ground and
excited states are spin triplet (S = 1) are further split into three spin sublevels (0, +1, -1). The differ-
ence between this 0 and +- 1 spin sublevels (called zero-field splitting) is D = 2.87 GHz for the ground
state and D = 1.42 GHz for the excited state. If the external magnetic field is applied, a Zeeman split-
ting occurs resulting in a split and shift of the magnetic ms=+ 1 levels in opposite directions and

degeneracy between ms = + 1 is lifted (see Figure 39) [22] [85].

Optically detected magnetic resonance (ODMR) is a combination of electron paramagnetic resonance
(EPR) and luminescence. Spin-dependent luminescence can be performed using electron EPR exper-
iments on a single electron spin by using microwave energy. Fluorescence intensity is measured as a
function of microwave frequency. Figure 40 shows ODMR detection of single NV- centre with and

without external magnetic field [22] [23].
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Figure 40. Electron paramagnetic resonance (EPR) spectrum of a single NV centre at zero (a) and nonzero (b)
magnetic field, recorded using the ODMR technique [22]; room temperature ODMR spectra of a single NV~

center at ground state (zero magnetic field) and excited state (non zero magnetic field) (c) [86].

2.6.3 Charge state control of the NV centres

The electrons in the NV centre with specific spin properties can be used for quantum spin manipula-
tions, important for magnetic field sensing. Because of this is preferred NV~ charge state and thus the
ratio of NV-/NV? is required to be maximal [19] [22] [32]. However the NV charge state can be used

for sensing of the electric field in the close vicinity of NV centre [87].

Charge state NV detection of biomolecules carrying a charge is based on switching of the close sur-
face NV luminescence between NV° (575 nm) and NV~ (638 nm) as a response on the diamond surface
charge termination by a manipulation of the Fermi level position. Positive surface termination tunes
the Fermi level position below NV- transition level to NV° or even non-photoluminescent NV* charge
state (lose electron), while negative surface termination above the NV~ transition level to NV- (receive

electron), and related PL is detected [19] [24] [88]. The inter conversion of NV° and NV- charge state
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can be manipulated passively by the diamond surface termination [88] [24] or actively by optical [26]

[27] or electrical [21] [28] [29] [30] [31] control (Figure 41).
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Figure 41. The inter conversion of NV° (5 electrons) and NV- (6 electrons) charge state by optical or electrical

control [89].

2.6.3.1 Passive control of NV charge state

Passive control of the NV centre charge state is realized by the Fermi level control due to dopants
and impurities in the diamond lattice. NV° to NV conversion can be also locally controlled by the
position of the Fermi level close to the diamond surface by the diamond surface termination. Hydro-
gen terminated surface acts as an electron acceptor resulting in more preferable NV° charge state,
whereas oxygen and fluorine surface termination act as electron donors causing more preferable NV

charge state and can modify the density of charged state NV centres near the surface [24] [32] [88].

The most commonly used dopants occurring close to NV centres also passively affect charge state of
NV centres, boron acceptors lead to increase of NV° state, whereas phosphorus donors lead to in-

crease of NV state [90].

Another impurity affecting the charge state of the NV centre is substitutional nitrogen donor (Ns) in
the diamond lattice. If the NV° centre is close to the Ns, the extra electron from the nitrogen donor
Ns can be transferred to the NV° and thus create the NV- centre [19] [91]. K. Ohashi et al. [32] studied
effect of nitrogen concentration on NV centres in 5 nm thin diamond layer grown on a (001) single
crystal diamond substrate. Figure 42 shows the schematics of the energy band bending near the
surface for low and highly nitrogen doped layer. When the nitrogen concentration is large, the Fermi
level is pushed closer to the conduction band to be situated partially above the NV~ level, allowing

the NV centres here to become negatively charged [32].
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Figure 42. Schematics of the energy band bending near the surface. (a) In case of low nitrogen concentration
in the top 5 nm layer, the Fermi level remains far away from the conduction band (CB) resulting in a low con-
centration of NV- centres. (b) When the nitrogen concentration in the top 5 nm film is large, the Fermi level
is pushed closer to CB to be situated partially above the NV~ level, allowing the NV centres here to become

negatively charged [32].

2.6.3.2 Active control

Active control of NV centres charge state can be achieved optically [17, 18] or electrically [19-22].
Internal conversion between NV-and NV charge state can be controlled optically by using different
laser power and wavelengths [26] [27]. Another possibility of the active NV centre charge state con-
trol is by applying of an external electric field, which shifts the NV centre transition Fermi level. By
applying different voltages the NV centres can be switched between NV-, NV° and NV* charge states.
For the active electrical control of the NV centre charge state were recently used devices with p-i-n
junction [92], Schottky junctions [21] [29], gate structures [30] were recently used. NV centre charge
state can be manipulated also in the electrochemical cell by the application of the electrochemical

potential [31].

2.6.4 Fabrication of the NV centres

There are three main methods to engineer NV centres in diamond. First technique is based on irradi-
ation to create vacancies defects of nitrogen containing diamond using electron, proton, helium or
neutron beam. Second method is based on nitrogen implantation into the pure diamond type lla.
Irradiated diamond is further annealed to promote migration of vacancies towards to substitutional

nitrogen and the creation of NV centres [19] [93] [80]. However irradiation methods (e, p*, n°...) do
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not allow a precise control of NV centres position and density [19]. Lower yield of nitrogen implanta-
tion method could be caused by limited amount of vacancies created around implanted nitrogen
atoms. The nitrogen implantation may also cause a damage of the surrounding NV- centre, leading to
inferred spin and optical properties. Those disadvantages may be solved by a third possible method
to produce NV centres. This technique is based on CVD growth of as grown NV centres without the
damage by nitrogen beam and therefore may lead to the better properties of NV centres [32] [91].
The third technique can be eventually combined with the first technique to enhance NV density by

irradiation and annealing.

Nitrogen is a natural substitutional donor defect (Ns) in diamond. Ns is incorporated into the lattice
in the form Ng and create C-N bond, which is 25 — 30 % longer than C-C bond and has 1.7 eV deep
donor ionization energy. Despite Ns defects are immobile in the lattice; vacancies can diffuse through
the lattice and create NV centres during the diamond growth. Another possibility is to grow NV centre
as the unit. However unwanted defects NVH® and NVH" can be created during CVD growth, therefore

growth conditions must be optimized for synthesis of NV centres [91] [94] [95] [96].
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Figure 43. Concentrations of Ng and NVH" defects in two single crystal diamond (100) samples grown with
different conditions, were measured at room temperature by EPR as a function of isochronal (8 min) anneal-
ing temperature in dark. Before the first annealing the samples were illuminated with unfiltered light from a

200 W HgXe arc lamp for 5 min. [96].

Figure 43 shows creation of N and NVH" as function of growth temperature in (100) single crystal

diamond. Probability of NVH™ creation increases and conversely Ng decreases with growth tempera-

ture [96]. Thermal treatment at temperatures well below the growth temperature and ultraviolet
0/+

irradiation can change concentrations of N¢' NV%- and NVHY~ and thus the diamond’s optical ab-

sorption [91].
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3 Materials and methods

3.1 CVD growth of diamond

Basic principle of plasma enhanced chemical vapour deposition (PE CVD) growth is shown in Figure
44. It is based on dissociation of precursors (typically 99 % H; and 1 % CHa) by hot filaments, micro-
waves, arc discharges or laser beams, leading to the deposition of diamond films on substrates [7]

[60] [97].

Low pressure CVD diamond synthesis is complicated by the allotropic nature of carbon, because
graphite is thermodynamically stable crystalline phase of carbon at low pressure low temperature
conditions. From this reason graphite phase needs to be simultaneously etched by atomic hydrogen

atoms (carbon source gas is diluted with hydrogen gas) [6].

a MW power
supply ]
2.45 GHz r—
I/ window
Methane Gz Srpl ?ﬁ:;‘é‘;’:
MFC
Hydrogen
.

Nitrogen |__Movable
o % substrate
s holder

d—| MFC }
Argon
Temperature__ | T Furbo || Rotary
control unit pump pump

Figure 44. MW PECVD deposition system: scheme of the system [7] and Seki Technotron AX5010 system pre-

senting in the Institute of Physic in Prague used for the diamond growth in this work (b).

Properties of CVD diamond films depend of growth parameters: substrate temperature (250 —
1100 °C), gas pressure (15 - 150 mbar), excitation power (0.5 - 3 kW in case of microwave excitation)
and gas chemistry (concentration of Hy, CHa, Oz, N2, TMB...) [7] [60] [97]. Substrate is immersed in
plasma with high concentration of atomic hydrogen atoms and low concentration of carbon radicals
(CHy). This reactive medium can be created by microwave plasma or by hot filament techniques. Fig-

ure 44a shows scheme of MW PE CVD deposition system and Figure 44b Seki Technotron AX5010
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system at the Institute of Physics in Prague which was used for the boron doped diamond growth in

this work.
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Figure 45. Standard growth model for CVD dia- Figure 46. Scheme of CVD diamond
mond [98]. growth [79].

Figure 45 and 46 shows the schematic diagrams of CVD diamond growth. Hydrogen atoms react with
the diamond surfaces to open the structure to form a dangling bond and to promote radical attach-
ment and stabilise the diamond surface against transformation to graphite. The process of H abstrac-
tion, dangling bond creation, and CH3 addition is to occur on neighbouring sites integrating added
carbons into the lattice and finally form a diamond thin film [7] [60] [97] [98].

In case of homoepitaxial single crystal diamond growth, (e.g. using diamond crystal as a seed), by the
above process a single crystal diamond grow.

Nevertheless, diamond can also be deposited on non-diamond substrates like silicon, fused silica,
metals or even high temperature polymers [62] [97] [99]. However, the diamond nucleation is very
difficult because of the diamond surface energy, therefore a substrate’s surface treatment before
deposition is required to generate nanoscopic residua of sp® carbon on diamond surface to initiate
an enhanced diamond nucleation. Several kinds nucleation processes exist: mechanical abrasion, bias
enhanced nucleation, ultrasonic seeding with various nucleation density. The most used simple and

efficient seeding method is based on the recently developed homogenous substrate coverage with
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colloidal nanodiamond particles solution by spin coating or dip coating [6] [60]. Individual diamond
nanoparticles or seeds grow three dimensionally until they coalesce to form a continuous film (see

Figure 47). Quality of deposited films depends on growth conditions and plasma chemistry [60] [97].
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Figure 47. Example scheme of nucleation of NCD film [97].

3.2 Surface morphology characterization

3.2.1 Atomic force microscopy

Atomic force microscopy (AFM) technique visualises surface of the hard, solid or biological 3D objects
with up to ~ nm resolution. Cantilever with a very sharp probe tip (usually Si) scans the sample surface
by piezo elements. The horizontal deflection of the cantilever is measured by laser beam. Due to the
small forces between the probe and the surface ranging from 10! to 10 N is this technique non-
destructive. AFM works in scanning non-contact, contact or tapping regimes. Non-contact regime
operates with probe tip distance from 10 to 100 nm above the sample surface and attractive Van der
Waals, electrostatic, magnetic or capillary forces may be detected. This technique requires ultra-high
vacuum and lower resolution is obtained. The advantage of this technique is a higher lifetime of the
cantilever tip. Reduction of the probe distance up to angstroms during the contact mode allows a
higher resolution (less than a nm). The disadvantage of this technique is a possible damage of a soft
samples and a lower lifetime of the probe tip. Another regime is the tapping mode, where cantilever
vibrates on or close to its resonant frequency on the sample surface. This technique also measures

softer materials with high resolution [100] [101].
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3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a widely used technique to visualize surface topography with
high resolution. Not only surface topography, but also a chemical material composition, its fluores-
cent properties and a magnetic domain formation is possible to be studied by SEM [102]. It consists
of an electron gun, condenser lens and objective lens, scanning coil and secondary electron detector
components. SEM operates under a vacuum of ~ 102 — 10" Pa [103]. The electron gun emits elec-
trons, which are accelerated and focused on the the studied surface of a material and scanned across.
Basically there are several possible types of interaction of high energy electrons with the sample sur-
face as reflection, absorption leading to back scattered or secondary emitted electrons. Secondary
electrons have low energy and only those generated on top of the surface are detected, whereas
deeper emitted secondary electrons are absorbed by the studied material. Therefore surface topog-
raphy study is based on secondary electron detection, which are very sensitive to surface of a mate-

rial [102] [103] [104].

3.3 Structure and optical characterization

3.3.1 Raman spectroscopy

Raman spectroscopy is a non-destructive technique and can analyse solids, gasses or liquids. Raman
spectroscopy system consists of an excitation source (laser), sample illumination system and light
collection optics, wavelength selector (filter or spectrophotometer) and detector (photodiode array,
charge-coupled device - CCD or Photomultiplier Tubes - PMT). Basic principle of Raman spectroscopy
is based on non-elastic scattered monochromatic light. Monochromatic light source, usually laser, is
absorbed by molecules and then reemitted with a different frequency — the Raman effect. In reality
only fractional detected light originates from the Raman effect (typically a few photons from million).
The most of detected light is at same frequency as the incoming light based on Rayleigh elastic scat-
tering. The monochromatic light beam interacting with studied material excites molecules and trans-
forms them into oscillating electrical dipoles vibrating with a characteristic frequency. Excited mole-
cules can emit light at some frequency, this interaction is called Rayleigh elastic scattering. Excited
Raman active molecules from a basic vibrational state relaxes at a lower energy than incident light —
Stokes shift. Whereas if the Raman active molecule already occurs at the excited vibrational state, by
the interaction of the light the molecule returns to the basic vibrational state by emitting light at a
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higher energy than incident light — Anti-stokes shift [105] [106] [107]. Raman analysis provides infor-
mation about diamond quality by calculation of the Diamond quality factor representing ratio of sp3

and sp? related carbon peaks.

3.3.2 Confocal microscopy

The confocal microscopy is a high contrast visualization technique widely used in biology and bio-
medical sciences. In contrast with classical microscopy which gives information from higher sample
volume, confocal microscopy provides a sharp image from a single focal plane, due to placement of
a pinhole between studied sample and detector. By scanning of the planes through the sample it is

possible to obtain 3D reconstruction [108] [109] [110].
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Figure 48. Scheme of the basic principle of laser scanning confocal microscope [108]

The basic principle of the laser scanning confocal microscope is shown in Figure 48. Coherent light
emitted from the laser excitation source passes through the light source pinhole aperture, then is
reflected by the dichromatic mirror, passes by the objective and is scanned across the specimen in

the defined focal plane. Secondary emitted fluorescence from points at same focal plane then pass
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back through the dichromatic mirror and it is focused as a confocal point by the detector pinhole

aperture situated in front of the photomultiplier detector [108].

3.4 Hall effect electrical characterization

The electrical resistivity and Hall coefficients are very important parameters for the characterization
of semiconductor or metallic devices. Van der Pauw geometry of electrodes is a very popular tech-
nique and describes how to calculate resistivity and Hall coefficient. Carrier density and mobility can
be directly calculated from the Hall coefficient [111] [112]. The Hall effect is based on the flow of
current density in the presence of a perpendicular applied magnetic field through studied electrically
conducting material. By the effect of Lorentz force charge carriers are moved to one side of the sam-
ple and generates an electric field perpendicular to both the current density and the applied magnetic

field [112].
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Figure 49. Scheme of resistivity (left) and Hall effect measurements (right) by the Van der Pauw method

[113].

Figure 49 shows scheme of the Van der Pauw electrode configuration for the measurement of resis-
tivity and Hall coefficient. In case of resistivity measurements there voltage applied to one side of
sample to provide flow current /ag and voltage Vcp in the other side is measured. From the measured
values then is calculated the resistivity p [113]

Vc_D+VDA>

d (IAB Igc

p = ABBCL @

in2 2

Where fis the correction function.
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For the Hall effect measurements the voltage is applied diagonally between the corner contacts and
the current / flowing between them is measured. With the applied parallel magnetic field B in direc-
tion of sample thickness d is measured change in voltage Vi, between opposite diagonal corner con-

tacts. The hall coefficient Ry is then calculated [113]:

_ Vad
Ry =52 )
Carrier density 7 is calculated [113]:
1
n= Rne (3)
Where e is elementary charge.
Carrier mobility yis calculated [113]:
Ry
= H 4
H=- (4)

3.5 Electrochemical impedance spectroscopy characterization

The electrochemical impedance spectroscopy (EIS) is a powerful technique for electrochemical sens-
ing or biosensing applications. The electrochemical impedance spectroscopy is a frequency response
on the electrochemical reaction in the electrode-electrolyte interface. Electrochemical sensing re-
quires a reference electrode, a counter (auxiliary) electrode and a working electrode (sensing or re-
dox electrode). The reference electrode (Ag/AgCl) brings a known and stable potential in a fixed
distance from the reaction. The working electrode with bio-functionalized surface provides a re-
sponse signal on the biochemical reaction. The counter (auxiliary) electrode mediates transfer of a
current to the working electrode [2] [54]. A small amplitude of AC voltage (to avoid a system nonlin-
earity) is applied and the response of the current is measured. From the input and output signal the
impedance (resistance, capacitance and inductance) is determined of the electrochemical system
separately for each measured frequency. Different frequencies are applied due to different AC re-
sponses of electrochemical processes in the system as an electron and ion transport, gas and solid

phase transport or heterogeneous reactions [114] [115].
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The flowing current as a response to the electrochemical reaction shows in general the faradaic as
well as the non-faradaic character. The non-faradaic current is caused by charging of the double layer
capacitance Cq. Figure 50 shows the scheme and equivalent electronic circuit of the electrified sensor
interface by an applied voltage. The positively charged oxidants (red) diffuses to the negatively
charged electrode, where are reduced by acceptation of the electron (blue). IHP and OHP are the
inner and outer Helmholtz planes. The area between vertical dotted lines is represent by an equiva-
lent electronic Randles circuit where Cq is the double layer capacitance, R, is the polarization re-
sistance, Wis the Warburg resistance and R; is the solution resistance. Rs presents the high frequency
component, whereas W, Cq and R, represent the low frequency component. Measured data as a
response to the interface changes can be represented by Nyquist plot (plotted real versus imaginary
part of impedance) or bode plot (plotted absolute impedance and phase shift with the frequency

response on a logarithmic frequency scale) [115] [116].
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Figure 50. (a) Interface of the electrochemical sensor and (b) its equivalent electronic Randles circuit repre-

senting the interface area between vertical dotted lines [116].
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4 Results and discussions

The first part of the work (Chapter 4.1 - 4.3) is focused on synthesis of diamond material by MW PE
CVD. Material engineering was used to define optimal synthesis conditions and consequently electri-
cal, morphology and optical properties. Due to the relatively high purchase price of high quality single
crystal diamond substrates, firstly we studied boron and nitrogen doping with nanocrystalline dia-
mond form to define optimal sensor functionality and then afterwards these experiments were ap-
plied to homoepitaxial diamond growth for fabrication of the biosensor device. The nanocrystalline
diamond growth was investigated in two PE CVD systems. Firstly the conventional cavity MW PE CVD
system (Figure 51) with sample surface area of 5 x 5 cm and operating growth temperatures between
700 —900 °C and higher growth rates was used. Secondly we used a linear antenna (LA) MW PE CVD
system (Figure 67) allowing large area growth (30 x 30 cm) at low temperatures (< 300 °C), with an
advantage of diamond coating of 3D substrates and diamond growth on low melting point substrates.
The best observed results from were applied for construction of the homoepitaxial diamond biosen-
sor device. Chapter 4.3 deals with synthesis of highly boron doped diamond single crystal diamond

layer with very flat surface and thin film with NV centres on top of it.

The chapter 4.4 is dedicated to the investigation of NV PL in the fabricated nanocrystalline diamond
samples. Firstly was studied an enhancement of NV PL by a high energy electron irradiation followed
by a thermal annealing. For the functionality of the diamond biosensor, which consists of thin sensing
diamond film with NV centres deposited on boron doped diamond electrode, we studied NV photo-
luminescence in order to obtain knowledge about thickness dependence and boron concentration

influence on the NV PL.

Because the NV charge state diamond biosensor is combined with an electrochemical device, the
electrochemical impedance spectroscopy was carried out for a purpose to find an optimal thickness
range of the undoped diamond (with NV centres) grown on the boron doped nanocrystalline elec-

trode were top (Chapter 4.5).

The last chapters deals with the realization and verification of the biomolecular sensor based on op-
eration of colour centres in diamond integrated to a microfluidic biosensor. The single crystal dia-
mond device consists of highly boron doped diamond electrode capped with a thin (15 nm) NV cen-
tres containing layer. The device is then covered by polydimethylsiloxane flow cell and transparent

indium tin oxide coated glass slide (see Chapter 4.6). First we set the charge state occupation of NV
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centre by diamond surface functionalization (Chapter 4.7) and then also by applying a bias voltage
between source and gate electrode (Chapter 4.8). The NV sensor is then used for detection of mole-
cules carrying electrical charge as DNA molecule for label free charge control (Chapter 4.10) com-

bined with electrochemical detection (Chapter 4.9).

4.1 Study of MW PE CVD nanocrystalline diamond growth

4.1.1 Experimental details

The diamond films were grown (by Marie Kre€marova) using the Seki Technotron AX5010 cavity
based MW PE CVD deposition system (Figure 51) at the Institute of physic Academy of science in
Prague, Czech Republic (loP ASCR) on different substrates (Si, SiO2, corning glass), with different
growth conditions and plasma chemistry. The specific growth conditions are given for each experi-
ment separately. The substrate temperature was monitored by a dual-wavelength Williamson Pro

pyrometer.

Figure 51. Seki Technotron AX5010 MW PECVD deposition system (left), the cavity with oxygen plasma and

pyrometer (middle) and the unmounted cavity (right).

Substrates were cleaned in alcohol and deionized water in two ultrasonic baths and then seeded with
nanodiamond colloidal dispersion (NanoAmando®) from the NanoCarbon Research Institute Ltd by
spin coating (Figure 52) to enhance monolayer of the nanodiamond particle seeds (by Marie KreCma-
rova). The attraction of the nanodiamond seeds is caused by a different zeta potential of the nanodi-

amond particles and substrate surface.
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The surface morphology, roughness and grain size were characterized at the loP ASCR using an optical
microscopy (by Marie Kre¢marova), atomic force microscopy (AFM) in semi contact mode NTEGRA-
Prima (by Dr. Ladislav Fekete) and a scanning electron microscopy (SEM) FEI Quanta 200 FEG-SEM
(Dr. Ales Jager). The thickness of the deposited diamond film was measured by AFM as a step differ-
ence between diamond surface and non-seeded substrate (by Dr. Ladislav Fekete), optical reflec-
tance interferometry assuming the index of refraction of the layers (by Marie Kre¢cmarova), and pro-
filometry (by Marie Kre¢marova). The diamond sp3/sp? carbon concentration (e.g. quality factor) and
the diamond grain size were determined from Raman spectroscopy measurements using the Ren-
ishaw InVia system at loP ASCR with excitation wavelengths of 488 nm at room temperature (by Ma-
rie Kre€marovad). The average diamond grain size was determined from the full width and half maxi-
mum of fitted diamond Raman peak using Lorentzian function. The diamond quality factor, i.e.
sp3/sp? phase ratio was calculated from fitted areas of diamond (sp3) and amorphous carbon (sp?)

Raman peaks using a Lorentzian function (by Marie Kre¢marova).

Figure 52. The spin coating mechanism to enhance nucleation density for nanocrystalline diamond growth

(left) and detail of a drop of nanodiamond dispersion solution on the silicon substrate (right).

The Nicolet, model Nexus spectrometer Fourier transform infrared (FTIR) spectroscopy at loP ASCR
was used to measure transmittance of deposited layers in the mid infrared region (by Dr. Zdenék
Remes and Marie Kre¢marova). Transmittance spectra of the layers were subtracted from a Si sub-
strate background. The NV centre photoluminescence was measured using a Renishaw InVia Raman
Microscope at loP ASCR, with a 514 nm excitation laser and laser power of 25 mW at room as well as
liquid nitrogen temperature (by Marie Kre€marova). The photoluminescence spectra were normal-
ized to sp® diamond peak. Photoluminescence measurements were performed also by using the non-

commercial confocal microscope with excitation wavelength at 532 nm and laser power of 20 mW
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(by Dr. Michal Gulka), which was built at the Faculty of Biomedical Engineering of Czech Technical
University in Kladno (FBMI CVUT).

Resistivity, carrier density and mobility of the layers were determined by the van der Pauw method
(by Dr. Pavel Hubik - Hall and Marie Kre¢marova - 4p resistivity) at the loP ASCR. Ti/Au (20 nm/80 nm)
ohmic contacts were prepared by the metal evaporation through a mask followed by annealing. The
current was supplied by a Keithley 6221 current sources; the voltage was measured by two Keithley
6514 electrometers (input resistance ~10*> Q), the differential analog output signal of them was rec-

orded by a Keithley 2182A nanovoltmeter.

4.1.2 Effect of methane concentration

To synthetize good quality diamond films by the MW PE CVD technique, several parameters play an
important role, such as a microwave power, working pressure, temperature and a plasma chemistry.
This chapter is devoted to the optimisation of methane concentration in the gas phase for the dia-
mond growth. Diamond films were grown at the loP ASCR on fused silica substrates. Growth condi-
tions were 1 kW microwave power, 50 mbar working pressure, average substrate temperature of

700 °C and methane concentration of 0.1 — 1.5 %.
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Figure 53. Raman spectra with excitation wavelength of 488nm (on the left) and growth rate (on the right) of

nanocrystalline diamond growth films with different methane concentration on fused silica substrates.

Raman spectra in Figure 53 left shows increase of sp? carbon peak at 1550 cm™ and transpolyacety-

lene [117] related peaks at 1140 and 1484 cm™ with methane concentration. Based on the literature
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[117] and our experiments (next chapter), unwanted transpolyacetylene can be partially removed by
thermal annealing at a high temperature of 900 °C. On the other hand increase of the methane
concentration brings a higher growth rate (Figure 53 right). Further higher methane concentration

leads to saturation of the growth rate [118].

Conclusions
The increase of the methane concentration creates higher amount of unwanted transpolyacetylene
and in general higher sp? content. Growth rate increases with methane concentration up to 1.5 %.

For boron and nitrogen doping studies were chosen methane concentrations of 0.5 and 1 %.

4.1.3 Nanocrystalline diamond boron doping study

In this experiment boron doping was studied in nanocrystalline diamond to set the best electrical,
optical and material properties for further fabrication of the single crystal boron doped electrode for
the electrochemical NV centre charge state biosensor (see Chapter 4.3). The BNCD electrodes were
also used for an optimization of the biosensor functionality (see Chapter 4.5) in an electrochemical

system (BNCD/NCD).

Diamond films were grown on corning glass, fused silica and both side polished (100) oriented silicon
substrates at the loP ASCR with 0.5 and 1 % methane concentration and with using trimethylboron
(TMB) as a boron precursor. The chamber reactor was cleaned before experiment by thermal anneal-

ing and oxygen plasma.

Figure 54. Seeded silicon substrates before growth (left) and grown nanocrystalline diamond films with 0.5%

methane and 4000 ppm of TMB doping (right).
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First series of layers were grown with 1 % methane concentrations, later with 0.5 % concentration
and therefore evolution of chamber boron background and impurities occurred with time. TMB dop-
ing from 0 to 4000 ppm B/C concentration was used. Due to the chamber boron background, some
boron atoms were incorporated into the layers even if no TMB was added into the gas mixctutre. The
growth conditions for 0.5 % and 1 % methane concentration were: 1 kW MW power (for 1% CH4) and
1.15 kW (for 0.5% CHa), 50 mbar pressure, average substrate temperature of 700 °C and various TMB
doping concentrations (0 — 4000 ppm). The microwave power was increased for 0.5 % methane se-
ries to obtain a higher growth temperature around 700 °C. Figure 54 shows photographs of the series

with 0.5 % methane concentration before and after growth with 4000 ppm of the TMB doping.

4.1.3.1 Optical properties and morphology

The optical properties of nanocrystalline diamond films grown on from one side of a both side pol-
ished Si substrate with 133 - 1000 ppm of TMB and 1 % methane concentration were studied. Figure
55 shows transmission FTIR spectra of the deposited nanocrystalline diamond films. Transmittance
spectra of the layers were subtracted from a Si substrate background. FTIR spectra shows the peak
around 1280 cm™ that might be attributed to the boron induced phonon band [119], which is shifted
to lower wavenumbers with increasing the boron doping level. Higher TMB doping leads to higher

optical absorption of the layer.
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Figure 55. FTIR spectra of deposited nanocrystalline diamond films on both side polished silicon substrate

grown with 1 % CH,4 and different TMB concentrations.
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Figure 56. Local contras AFM surface morphology images of grown nanocrystalline diamond films with

133 ppm of TMB (on the left) and 500 ppm (on the right).

Figure 57 shows the growth rate comparison for 0.5 % and 1 % of methane as function of the TMB
concentration. In case of 0.5 % methane the growth rate slightly decrease with TMB concentration,
whereas for 1 % methane concentration the growth rate increases up to 1000 ppm of TMB and de-

creases at higher TMB concentration.
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Figure 57. Deposition growth rate as function of TMB doping concentration for 0.5 % methane (left)

and 1 % methane (right) concentrations.

The Raman spectra of deposited layers on fused silica substrates with 0.5 % methane and different
TMB concentrations is shown in Figure 58. The Raman spectra shows a shift of the diamond peak
from 1323 cm™ (0 and 160 ppm of TMB) to 1297 cm* at higher boron concentrations. The diamond
peak for diamond film with addition of 0 ppm of TMB is shifted from 1332 cm?, due to the presence
of chamber boron background and thus boron incorporation into the grown film. The peak observed
at 460 cm™ (higher TMB doping: 1000 — 4000 ppm of TMB) and 489 cm™ (0 and 160 ppm of TMB) is
the attributed band of B-B boron dimers [120]. Observed peaks at 958 cm™ in highly boron doped

layers (1000 — 4000 ppm of TMB) may be attributed to the localized mode of boron in the diamond
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[121]. Disordered D band is located at 1347 cm™ and graphitic G band at 1551 cm™. Transpolyacety-
lene (Trans (CH)n) [117] related peaks at 1142 cm™ and 1482 cm™ are visible at low TMB doped films.
Worse quality of low doped films in comparison with 1 % methane (Figure 59) series is due to the
dirtier chamber as the 0.5 % methane series were grown later. However the transpolyacetylene peaks

disappear after thermal annealing at 900 °C (Figure 58 down).
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Figure 58. Raman spectra of nanocrystalline diamond layers grown on fused silica at 0.5 % methane and vari-
ous boron concentrations (upper left), shift of diamond peak with increasing boron concentration (upper
right), and removal of transpolyacetylene by thermal annealing at 900 °C for sample with low 160 ppm boron

addition (down).
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Figure 59 represents the Raman spectra of nanocrystalline diamond films grown on corning glass and
fused silica substrates with 1 % methane and different TMB concentrations. The diamond peak is
shifted from 1333 cm™ to 1297 cm™ at higher boron concentrations. Disordered D band is located at
1361 cm™ and graphitic G band at 1555 cm™. Trans (CH), related peaks at 1145 cm™ and 1484 cm™
[117] are presented at low TMB concentrations. B-B boron dimers related peak at 489 cm™ [120]
raises with TMB doping starting at 253 ppm of TMB due to higher incorporation of boron. Localized

mode of boron peak [121] at 992 cm™ was found in highly boron doped films.
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Figure 59. Raman spectra of nanocrystalline diamond layers grown on corning glass and fused silica sub-
strates at 1 % methane and various boron concentrations (left), and shift of diamond peak with increasing

boron concentration (right).

4.1.3.2 Electrical properties

The electrical properties of grown nanocrystalline diamond layers on fused silica and corning glass
are shown in Table 1. Noted, that samples without any TMB addition into the working gasses were
grown just with a residual chamber boron background. The electrical properties of the films obtained

from Hall effect measurement by the Van der Pauw technique are plotted in the Figure 60.
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Figure 60. Electrical properties of boron doped films deposited with 0.5 % and 1 % methane concentration at

room temperature: Hall concentration as function of TMB concentration (A), Resistivity as function of TMB

concentration (B) and Hall concentration (C), Hall mobility as function of TMB concentration (D) and Hall con-

centration (E).
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Higher boron doping than 133 ppm of TMB reaches the semiconductive/metallic transition region
with Hall holes mobility higher than 1e20 cm3. Resistivity and Hall mobility decreases with boron

doping. Higher boron doping than 1000 ppm does not induce any improvement of conductivity.

Figure 61 shows temperature variable Hall effects measurements of boron doped nanocrystalline
diamond films grown with 1 % methane concentration. Hall holes concentration, mobility and resis-
tivity seem to be stable with temperature at higher boron doping than 253 ppm of TMB. Lower boron

doping of 133 ppm TMB leads to a change of electrical properties with temperature.
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Figure 61. Temperature variable Hall effects measurement of boron doped nanocrystalline diamond films
grown with 1 % methane concentration: Hall concentration with marked black line identifying transition be-

tween semiconducting and metallic regions (A), mobility (B) and resistivity (C) as function of temperature.

Conclusion
The nanocrystalline diamond layers were deposited with various boron concentrations from

semiconducting to metallic conduction regions. The electrical, optical and morphology properties of
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variously boron doped nanocrystalline diamond layers were studied. Higher methane concentration
leads to improvement of growth rate, excellent boron incorporation was achieved. The higher
concentrations of TMB result in improvement of a growth rate and lead to a larger grain size. The
presence of the incorporated boron atoms were confirmed using the FTIR and Raman spectroscopy
by occurence of boron related phonon bands at measured spectas. Boron doping of 160 ppm of TMB
and higher reaches the semiconductive/metallic transition region with hole concentrations higher
than 1e20 cm3. Resistivity and Hall mobility decreases with boron doping for high B concentrations.
Specifically, higher boron doping than 1000 ppm does not induce any improvement of conductivity.
Higher boron doping (250 - 1000 ppm of TMB) shows stable electrical properties with temperature.

Low boron doping (133 ppm of TMB) leads to a change of electrical properties with temperature.

Table 1. Electrical properties of boron doped nanocrystalline diamond films.

Sam- | CHy | TMB Thickness | Growth rate | Resistivity | Hall conc. | Hall mobility
pleID | (%) | (ppm) Substrate (nm) (nm/hod) (Ohm:cm) (cm3) (cm?/Vs)
0.5 0 Fused silica 200 200 1.4E-01 N.A. N.A.

2 0.5 | 160 Fused silica 197 204 2.9E-01 2.2E+20 9.9E-02
3 0.5 | 1000 | Fused s ilica 256 171 7.3E-03 1.5E+21 5.8E-01
4 0.5 | 2000 | Fused silica 248 165 5.2E-03 2.0E+21 5.9E-01
5 0.5 | 3000 | Fusedsilica 316 158 4.0E-03 2.5E+21 6.3E-01
6 0.5 | 4000 | Fusedsilica 275 134 7.8E-03 1.5E+21 5.4E-01
7 1 0 Corning glass 268 268 6.9E+02 4.0E+15 2.3E+00
8 1 0 Corning glass 694 347 1.0E+02 2.0E+16 3.3E+00
9 1 133 | Corning glass 930 283 9.5E+00 3,4el7 1.7E+00
10 1 253 | Corning glass 825 275 4.0E-02 5.0E+20 3.0E-01
11 1 500 | Corning glass 1036 307 2.0E-02 7.0E+20 4.7E-01
12 1 1000 | Corning glass 1258 315 5.0E-03 1.0E+21 8.0E-01
13 1 2000 | Fusedsilica 182 146 2.0E-02 2.0E+21 3.4E-01
14 1 | 4000 | Fusedsilica ~450 ~150 7.5E-03 9.0E+20 3.4E-01

4.1.4 Nanocrystalline diamond nitrogen doping study

This chapter deals with nitrogen doping and its effect on material properties and NV centre fabrica-
tion in nanocrystalline diamond using the conventional MW resonance cavity based MW PE CVD
growth. This experiment was published in the Proceeding Instruments and methods for biology and
medicine 2014 [122]. The nitrogen doping was investigated also with the large area and low temper-

ature LA MW PE CVD growth (Chapter 4.2).
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Nitrogen doped nanocrystalline diamond films were grown on (100) oriented crystalline silicon sub-
strates at the loP ASCR. The growth conditions were as follow: 1 kW microwave power, 50 - 100
mbar pressure with 300 sccm total gases flow, average substrate temperature of 700 °C, and deposi-
tion time 2 and 5 hours. The gas phase compositions during depositions were as follow: 1% methane
concentration in hydrogen and variable N, concentration (0, 0.07%, 0.17%, 0.25%, 0.5%, 0.75%, 1%
and 1.5 %) [122].

4.1.4.1 Morphology study

2

Diamond quality factor is calculated as a ratio sp® and phase, concretely as

sp
(sp3-75/((sp3-75)+sp?)-100) [%] from measured Raman spectra. Figure 62a shows variation Raman di-
amond quality factor, average crystal size and growth rate of the nanocrystalline diamond layers as
function of the N, concentration in gases mixture. Growth rate rises with addition of N, and saturate
to maximum for N2 concentration above 0.5 %. The Raman spectra of deposited layers are shown in
Figure 62b. Bellow N; concentration of 0.17 %, spectra shows narrow and intense diamond Raman
peak in comparison to sp? peaks, i.e. D band (1356 cm™) and G band (1544cm™). Transpolyacetylene
(Trans (CH)n) peaks [117] located at 1140 cm™ and 1481 cm™ are significant for N> concentration
above 0.17 %. High nitrogen concentration results in an increase of sp? bonded carbon content (see

Figure 62) and decrease of the crystal size (see Figure 62a and Figure 63c,d) due to high diamond re-

nucleation rate in N, enriched gas phase [122].
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Figure 62. Growth rate, Diamond quality factor (sp3/sp? ratio), average crystal size of nitrogen doped nano-

crystalline diamond films (a); Raman spectra as function of N, concentration in the gas mixture (b) [122].
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AFM images show a dramatic change of surface morphology induced by N; addition in Figure 44.
Without addition of nitrogen, the layers consist of randomly oriented diamond crystals with clearly
distinguishable edges and facets (Figure 63a). The addition of a low amount of nitrogen (0.07 %) re-
sults in the growth of larger diamond crystals with sharp edges and squared facets characteristic of
(100) oriented crystals (Figure 63b). A dramatic change of morphology is observed for N, concentra-
tion above 0.25 % (see Figure 63c,d). The sharp-edged crystals structure is replaced by an irregular
shape and small crystals with ~10 nm grain size around. RMS roughness decreases with increasing
nitrogen concentration from maximum RMS of 54 nm (0.07 %) to minimum of 15 nm (1.5 %). The
average diamond grain size determined from the Raman spectra analysis of different layers are
shown in Figure 62a. The maximum crystal size of ~230 nm is observed for the N, concentration of
0.07 %. The crystal size then decreases to the minimum of 6 nm for the N, concentration of 0.25%
and higher. These results are consistent with AFM results. Correspondingly, the highest diamond
quality factors are observed at low N, concentrations (< 0.2 %). Then, it decreases suddenly at higher
N2 concentrations (> 0.25 %) as the grain size drop and the re-nucleation rate increases (see Figure

62a) [122].

Figure 63. AFM local contrast images of grown films with various concentrations of Nz in the gas phase:

0% (a), 0.07 % (b), 0.25 % (c) and 1.5 %.

4.1.4.2 NV centre creation

Figure 64a shows the photoluminescence spectra of the diamond thin films as function of the N,
concentration in a gas phase measured at room temperature and liquid nitrogen temperature. The
NV centre’s zero phonon line photoluminescence is clearly observed at minimum N, concentration
of 0.07 % in gas phase. The synthesis of as grown nanocrystalline diamond layers with NV photolu-
minescent centres at 0.07 % N2 concentration in a gas phase is further confirmed by photolumines-
cence measurements at liquid nitrogen temperature (see Figure 64b). Both NV° and NV- centres’ zero

phonon line photoluminescence are clearly observed together with their phonon side bands. The
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absence of NV centre at room temperature photoluminescence measurement and negligible NV
centre photoluminescence at liquid nitrogen temperature is probably caused by the presence of bo-
ron background contamination in deposition system, which might quench NV- centre photolumines-
cence [90]. The Hall effect measurements using the van der Pauw technique confirmed the presence
of acceptor conductivity in deposited diamond films, certainly due to boron incorporation, at con-
centration approximately of 10’ cm™3. As the N2 concentration rise, we observe quenching of NV
photoluminescence. This quenching is attributed to the increase of sp? bonded carbon content, in

another word the decrease of diamond quality factor in the nanocrystalline diamond layers.
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Figure 64. Photoluminescence spectra of grown films with 514 nm excitation wavelength: as function of dif-
ferent N, addition in a gas phase measured at room temperature (a), and with 0.07 % concentration of Nz in

the gas phase measured at liquid nitrogen temperature (b) [122].

The minimum nitrogen concentration of 0.07 % in working gas has been determined as the most
suitable for creation of NV centres. The effect of working pressure on morphology, on NV photolu-
minescence and growth rate using this concentration was also studied. Figure 65 shows AFM surface
morphology images as function of working pressure. As the pressure rise to 100 mbar, the growth
rate is twice higher in comparison of 50 mbar (Figure 66b) and the morphology changes to form large
and sharp polycrystalline diamond grains (Figure 65) [122]. Confocal microscope photoluminescence
spectra in Figure 66a indicates NV° photoluminescence for both spectra (50 and 100 mbar) and neg-

ligible for NV~ [122].
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Figure 65. AFM local contrast images representing an effect of a working pressure on diamond morphology

with using 0.07 % N, doping concentration: 50 mbar (a), 75 mbar (b) and 100 mbar.
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Figure 66. Effect of a working pressure with using 0.07 % N, doping concentration on NV photolumines-

cence measured with confocal microscope with excitation wavelength of 532 nm (a), and growth rate (b).

Conclusions

The growth rate increases with the N, concentration and with the working pressure. At high nitrogen

concentrations, the surface morphology of deposited thin films changes dramatically due to re-nu-

cleation and resulting in production of small crystals together with high sp? bonded carbon fraction

that results into the quenching of photoluminescence. Optimal deposition conditions for creation of

NV centres have been found using the lowest nitrogen concentration in the gas phase. Observed

small NV photoluminescence is probably due to the presence of unwanted boron incorporation into

the layer.
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4.2 Study of large area linear antenna MW PE CVD nanocrystalline dia-
mond growth

Conventional MW resonance MW PE CVD systems used to deposit diamond layers are limited by the
size of growth area. The large area diamond growth is important for biomedical application such as
for 3D diamond coating of medical implants, which can increase its biocompatibility. Another ad-
vantage is the diamond growth at low temperatures (below 300 °C) on biomedical material as plas-
tics. This issue was overcome by the development of microwave plasma enhanced chemical vapour

deposition apparatus with linear antenna delivery system (LA MW PE CVD).

The main difference from the conventional MW resonance MW PE CVD system is, that the LA MW
PE CVD growth is based on cold surface wave plasma allowing growth at low temperatures. The LA
MW PE CVD system uses besides of CH4 also CO; as carbon precursor, and above that oxygen atoms
helps hydrogen atoms to etch of sp? phase during the growth. Growth rate during the LA MW PE CVD
growth can be accelerated by using pulsed plasma increasing density of atomic hydrogen atoms and

higher sp? phase etching.

In part of the work we studied the effect of nitrogen addition in the gas phase with continual MW
plasma on low pressure and low temperature NCD growth and NV centre creation using the linear
antenna MW PE CVD apparatus. Some of the results were published at Physica Status Solidi A, 211
(2014) 10, 2296-2301 [123].

4.2.1 Experimental details

The diamond films were grown on (100) oriented silicon and corning glass substrates using the Linear
antenna (LA MW PE CVD) system (Figure 67) at the loP AS CR (by Andy Taylor and Marie Kre¢marova).
Substrates were seeded with a nanodiamond dispersion (NanoAmando®) from NanoCarbon Re-
search Institute Ltd by spin coating (by Marie KreCmarova). On the Si substrates the diamond seeds
adhesion was promoted by freshly oxidizing the surface. Oxidized Si surface has a negative zeta po-
tential that matches NanoAmando® ND particles that have a positive zeta potential. This process
resulted in homogenous coverage of substrates with a nucleation density of approximately
4-10%° cm? as measured by atomic force microscopy. Diamond layers were grown at low pressure of

0.32 mbar, low temperatures of 250 °C and 520 °C, microwave power of 2x3 kW in hydrogen rich

69



plasma with 5% CHs, 3% CO; and different N, concentrations from 0 — 10 % in the gas phase and
duration of 8 hours. Substrate temperature was measured by a dual wavelength Williamson Pro py-

rometer [123].
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Coaxial MW “plasma line”
power divider
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generator

Figure 67. Photograph of the Linear antenna MW PE CVD apparatus (top), scheme (down left) and photo-

graph (down right) of the Linear antenna delivery system.

Surface morphology was measured by a field emission scanning electron microscope (SEM) FEI
Quanta 3D FEG (by Dr. Ales Jager) and atomic force microscopy (by Dr. Ladislav Fekete) in semi con-
tact mode using NTEGRA-Prima a microscope (AFM) at the loP AS CR. AFM was used to determined
surface roughness, film’s thickness and surface grain size in addition to surface morphology. Surface
grain’s sizes were evaluated from high-resolution images [1024x1024 pixels?] using an autocorrela-

tion algorithm described in [124]. The shape of the lateral grain size distribution was fitted with the
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Gamma distribution. X-ray diffraction (GA-XRD) in grazing incidence (3°) was used to determine layers
crystalline structure and its grain size (by Dr. Jan Drahokoupil) using an X Pert Pro PANalytical diffrac-
tometer with CoKa radiation with parabolic mirror in the primary beam and a parallel plate collimator

in the diffracted beam and a proportional detector) at the loP AS CR.

Raman spectroscopy using a Renishaw InVia system was carried out (by Marie KreCcmarova) at room
temperature with excitation wave-lengths of 325 nm (5 mW) nm and 488 nm (25 mW) to determine
diamond quality (sp3/sp? ratio) and to calculate the size of film grains from the zone-centre phonon
Raman peak ) at the loP AS CR. For diamond quality factor calculations the diamond carbon (sp3) and
amorphous carbon (sp?) peaks in the Raman spectra with excitation wavelength at 488 nm were fit-
ted using a Lorentzian function, sp3/sp? ratio was established by areas under the fitted curves of
peaks. For investigation of grain sizes, the zone-centre phonon Raman peak was fitted using a Lo-
rentzian function to determine the full width at half maximum (FWHM) of the zone-centre phonon
Raman peak which depends of the grain size. The NV centre photoluminescence was measured (by
Marie KreCmarova) using a Renishaw InVia Raman Microscope) at the loP AS CR with a 514 nm exci-
tation laser and laser power of 25 mW at liquid nitrogen temperature. The spectra are normalised to

sp3 carbon peak [123].

Nitrogen distribution was determined by Thermal Neutron Depth Profiling (TNDP), a nondestructive
technique used to determined *N concentration depth profiles at the Nuclear Physics Institute, Acad-
emy of Sciences (NP1 ASCR) of the Czech Republic (by Dr. Jiti Vacik). The measurement was performed
at the TNDP facility of the CANAM infrastructure at NPl ASCR ReZ. Energy spectra were evaluated off-
line by the new TNDP code [125], where the depth profile was determined on the channel-by-channel
basis. The plan-view microstructure of the samples was examined using transmission electron mi-
croscopy (TEM; Jeol-2100F operated at 200 kV) at the Tamkang University in Taiwan (group of prof.
[-Nan Lin, by Dr. Kamatchi Jothiramalingam Sankaran). Conventional polishing procedure was used,
which include hand polishing to thin the samples down to around 200 microns followed by ion milling

until a small perforation in the centre of the sample [123].
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4.2.2 Nanocrystalline diamond nitrogen doping study in the LA MW PE CVD
system

Investigation of the nitrogen doping using the conventional MW resonance cavity based MW PE CVD
(in the Chapter 4.1.4) brings important results for the sensor functionality, that just a minimum ni-
trogen concentration in the gas phase is effective for the best formation of the NV centres and also
for material properties (e.g. high sp® and low sp? carbon phase) of diamond film. Nevertheless, the
LA MW PE CVD allows growth of large area, with possibility of a commercial use, and as well as growth
at low temperatures (< 300 °C) important for low melting point materials as polymers. For these
attractive reasons, the nitrogen doping was studied also in the LA MW PE CVD apparatus with the

main focus on material properties and the NV centre formations in nanocrystalline diamond films.

4.2.2.1 Study of morphology and NV photoluminescence

Figure 68a shows variation of the growth rate and calculated diamond quality factor as sp3/sp? carbon
ratio with N; addition. The growth rate increases at lower N, concentrations with maximum growth
rate for 2.4 % N, and decreases at higher concentration. The decreasing deposition rate is attributed
to diamond etching at high N2 concentration [123]. Coalescence of the diamond grains disappears
and isolated grains are formed at 7 %. No growth is observed at 10 % N,. The diamond quality factor,
which corresponds to diamond to carbon and non-diamond carbon (sp3/sp?) peaks ratio decreases

with a small addition of N; into the gas phase (0.5 % of N;) [123] and then increases up to 4.8 % N,.
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Figure 68. Variation of the growth rate and calculated diamond quality factor as sp3/sp? carbon ratio (a) and
diamond grain size calculated from Raman spectra and GA-XRD diagrams (b) in deposited diamond films as a

function of nitrogen concentration in the gas phase [123].
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GA-XRD analyses of deposited diamond films show characteristic crystalline (111), (220) and (311)
diamond diffraction peaks (in Figure 69a for 4.8 % of N,). Average diamond crystallite size was calcu-
lated from the (111) diffraction peak using TOPAS program and is reported as a function of N, con-
centration in the gas phase in Figure 68b. The average grain sizes were also calculated from full width
at half maximum (FWHM) of diamond Raman peak. The calculated average grain size by both tech-
niques are consistent. The diamond grain size decreases to ~3 nm with N, addition from 0.05 % to

3.6 % N2 [123]. The grain size increases for 4.8 % N, concentration.

a) b)
(111)
10“—:

— pl"NJ
= 4
] 10" 3
E T @ L]
= - c -
@ Silicon S ]
S (220) substrate 5  10°- « ("B)
__g i : i E E -~ — 1 T(bLi]
o : i 5 , \! a (B

! i _ 0 6y -
g1 | | @311) S 193 o4 o '
= i | b, ‘
E, : i 1 "*w.‘" ¥ ‘.1
o i 10" 4 \,ujv,*‘i, r"
1 1 E A\
x i E 4 {

= - il

! | |

i T i ¥ T i T 'r—T—T 7

40 60 80 100 120 0 100 200 300 400 500 600 700 800 900 1000 1100 1200
2 Theta (degree) Channel number

Figure 69. GA-XRD spectra of the diamond film grown with 4.8 % N, concentration (a) and TNDP graph of

deposited diamond film with 2.4 % concentration of N, into the gas phase (b).

TNDP graph of the deposited diamond films with 2.4 % N, addition into the gas phase observed in
the depth profiles N nitrogen atoms concentration of 1.3-10'8 cm2 and °B boron atoms concentra-
tion of 5.1-10'> cm (Figure 69b). The boron contamination is certainly due to the reactor contami-

nation by previous boron doped depositions despite thorough chamber cleaning [123].

Raman spectra measured with excitation wavelength of 488 nm are shown in Figure 70a. These spec-
tra clearly show the zone-centre phonon diamond Raman peak. The amorphous carbon, graphitic G
and D bands are also observed. Addition of N into the gas phase increases sp? bonded carbon con-
tent in the layers with the highest sp3/sp? ratio being observed for 2.4 % nitrogen concentration in
the gas phase [123]. For higher N> concentration than 4.8% the sp3/sp? ratio improves, probably due

to the N3 plasma etching of the sp? phase around the grain boundaries.
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Figure 70. Raman spectra of the grown diamond thin films at different N, addition in a gas phase measured
with excitation wavelength of 488 nm [123] (a) and NV photoluminescence spectra of the diamond films

with 4.8 % and 7 % concentration of N, with excitation wavelength of 514 nm (b).

Photoluminescence measurements were also carried out on all deposited samples (Figure 70b). How-
ever, despite the presence of nitrogen as measured by TNDP, NV photoluminescence was detected
only in case of samples doped with 4.8 % and 7 % of N,. The absence of detectable NV centres pho-
toluminescence at lower N, concentrations is due to sensitivity of commercial confocal setup but it
might also be associated to quenching NV photoluminescence via non-radiative channels related to
the sp? grain boundary defects. The NV photoluminescence spectra for 4.8 % and 7 % of N, concen-
tration exhibit NV° or NV-peak with different intensity. It could also be caused due to the B contam-

ination that might affect the Fermi level.

SEM results of the diamond layers show a dramatic change of surface morphology induced by the N;
doping in Figure 71. Without any addition of N (Figure 71a), the film consists of randomly oriented
diamond crystals with clearly distinguishable edges and facets. With an addition of a tiny amount of
nitrogen (0.05 % of N3) into the gas mixture, the sharp-edged crystals structure is replaced by a ran-
dom structure with coarsened grains (not shown). Further N, addition (0.5 % of N>) leads to even
more profound surface relief change as seen in Figure 71b. Small crystals start to build randomly
oriented elongated agglomerates with lengths up to several hundreds of nanometres. This same mor-

phology is observed for diamond layers grown with higher nitrogen concentration and it is similar the
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morphology of nitrogen doped N-UNCD grown in Ar rich plasma shown in Figure 71d and very dif-
ferent from (100) faceting that is often observed with N, addition in hydrogen rich plasmas. This
might be explained by either the lower deposition temperature or lower plasma power density during

diamond growth [123].

Figure 71. Top and cross view SEM images of diamond layers with concentrations of N,: 0 % (a), 0.5 % (b),
4.8 % (c); top view SEM images of diamond layers with 7 % (e) and 10 % (f) N, concentrations; and morphol-

ogy comparison of nitrogen doped UNCD film grown from Ar-rich plasma (d) [123].
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By the N, addition of 4.8 %, the crystals became larger with more symmetric shapes (Figure 71c).
Higher N2 concentrations lead to formation of separated grains and diamond etching occurs (Figure

71e,f). For the highest N, concentration of 10 % is not observed the diamond film growth (Figure 71f).

Van der Pauw technique was used to determine electrical properties of studied diamond films. In
contrast to nitrogen doped ultra-nanocrystalline diamond (N-UNCD) with specific metallic-like grain
boundaries of graphite encasing diamond grains, none of our films show high conductivity but in
contrast they showed high resistivity. All grown diamond films exhibit resistivity above ~108 Q-cm.
This high resistivity is likely due to the fact that only a small amount of graphitic phase is present

around individual grain, as con-firmed by Raman spectroscopy [123].
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Figure 72. Top view TEM BF images of deposited diamond films with N, concentration from 0 % to 4.8 %

[123].
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In order to have a better understanding of diamond layers crystalline structure, TEM characterisa-
tions were carried out. Bright field (BF) HRTEM shown in Figure 72 indicates that the sample with 0 %
N2 concentration shows large grains formation, sample with the 0.05 % of N, contains uniformly large
diamond grains (~100 nm in size), sample with the 0.5 % of N, contains large diamond aggregates of

larger size (~200 nm) [123] and sample with the 4.8 % of N, contains large clusters with branches.

0% N, 0.05% N,

0.5% N, 4.8% N,

Figure 73. Top view TEM c-DF images of deposited diamond films with N, concentration from 0 % to 4.8 %

[123].

The distribution of the diamond grains is more clearly illustrated as the composted dark field (c-DF)
images shown in Figure 73. Detailed HRTEM microstructure of the diamond grains are revealed in the
Figure 74 showing a micrograph and the associated Fourier transformed diffractogram (FTo). Sample

with 0 % N3 exhibits predominantly with diamond phase. More sp? bonded carbon was observed with
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N2 doping. Micrographs with the associated Fourier transformed diffractogram show that the grains
has a diamond structure, containing a large proportion of planar defects, which are implied by the
streaks and systematic row of diffraction spots in the FT, image (region 1, FT1). This large quantity of
defects can explain the observed decrease in diamond grain size determined from GA-XRD and Ra-
man measurements. In contrast, TEM structure image corresponding to the region adjacent to the
diamond grain, region 2, indicated that this region contains abundant nano-sized sp?-bonded clus-
ters. The FT image (FT>) indicated clearly that these nano-sized clusters are graphite phase (0.05 % of
N2) and amorphous carbon phase (0.5 % and 4.8 % of N3), which is implied by the presence of a large

diffuse diffraction ring in the centre of the FT image [123].

Figure 74. Detailed HRTEM microstructures of the diamond grains with the associated Fourier transformed

diffractogram (FTo) for the selected areas 1 and 2 of the films with N> concentration from 0 % to 4.8 % [123].

Sample with 0.5 % of N, contains large diamond aggregates of larger size (~200 nm) surrounded by

small grains (Figure 73). Figure 74 clearly indicated the presence of the (111)dia, (220)dia and (311)dia
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diffraction rings in the region 1, implying that the materials in this region are mostly diamond. HR
TEM structure image in Figure 74 shows the enlarged micrograph of the region nearby the large ag-
aggregates, indicating that these regions contain abundant small diamond clusters about 5 nmin size,
which is similar to those found in UNCD films grown by CH4/Ar plasma. However, the boundaries
between the ultra-small grains are wider and contain amorphous carbon. Typical ultra-small diamond
grains and grain boundaries are high-lighted by regions 1 and 2, respectively, and the FT images FT:1

and FT», respectively [123].
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Figure 75. Carbon edge core-loss (a) and plasmon-loss EELS spectra (b) of deposited diamond films with films

0.05 % and 0.5 % concentra-tion of N, [123].

The core-loss EELS in Figure 75a, corresponding to the areas shown in Figure 74, indicates the pres-
ence of diamond o*-band near 289.5 eV with a deep valley near 302 eV, confirming that the region
was predominated with the sp3-bonded carbon and some sp?-bonded carbon (r-band near 284.5 eV),
which is presumably contributed by the grain boundary phases. The plasmon loss EELS for samples
with 0 %, 0.05 % and 4.8 % N, concentrations (Figure 75b) shows a s4-peak at 32 eV corresponding
the bulk plasma of the nano-sized diamond cluster, with a shoulder near s2-23 eV corresponding to
the surface plasma of the diamond clusters, further confirming that the materials are mostly dia-
mond. The plasmon loss EELS for sample with 0.5 % of N2 concentration shows a single peak near s1-
peak near 22 eV, besides the s2 and s4 peaks, indicating that this region contains some amorphous

carbon, mainly around the grain boundaries [123].
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Conclusions

The addition of nitrogen increases deposition rate to a maximum at [N2] = 2.6 % and then decreases
it, due to enhanced etching. A tiny addition of N, dramatically changes also surface morphology from
well facetted diamond crystals to UNCD like morphology without NV photoluminescence. In contrary
to UNCD prepared from Ar rich plasmas, Raman spectra exhibits clear diamond peaks in addition to
graphitic Raman peaks. GA-XRD results and Raman spectra analysis indicate growth of diamond
grains of average size of ~ 3 nm. TEM characterizations show large and randomly oriented elongated
diamond aggregates with a large proportion of planar defects and the presence of 5 nm grains nearby
the larger grains [123]. Higher nitrogen addition [N;] > 4.8 % leads to strong diamond etching, result-
ing in significant decrease of deposition rate, reduction of nucleation density, formation of isolated

facetted diamond grains and NV luminescence.

Despite of the advantages of the LA MW PE CVD growth, nitrogen doping at low concentration leads
to significant reduction of the diamond quality and re-nucleation occurs. The NV PL was observed
only at higher nitrogen concentration in the gas phase with diamond etching and not homogenous
diamond film coverage. In conclusion growth conditions used in the experiment are not suitable for
the NV centre formation. In contrary, diamond growth by the conventional MW resonance cavity
based MW PE CVD system achieved at low nitrogen concentration in the gas phase results to efficient
formation of the NV centres and also good material properties (high sp3/sp? carbon ratio) of diamond

film.

4.2.2.2 Low temperature growth

In the previous chapter was consider that the N; addition into the gas phase plays an important role
on the diamond morphology. The diamond films were grown at same condition as in previous chapter
except of ultra low temperature of 250 °C at which we attempted to grow the NCD. The lower tem-
perature diamond growth would allow coating of the biomedical materials with lower melting point

such as polymers without its degradation and in purpose to increase its biocompatibility.

Figure 76 shows SEM surface images of the low temperature grown films without addition of N, and
with 2.4 % addition of N into the gas phase. The film grown without N, addition exhibits of amor-
phous carbon film with higher Rrms roughness of 73 nm. Nitrogen addition of 2.4 % dramatically im-

proves the quality showing some crystal structure. The AFM data (Figure 77) are consistent with the
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AFM results. AFM surface image for 0 % N, concentration is noisy due to the lower stability of the
measurement. The Raman spectra (Figure 78) confirmed the improvement of the film quality with
nitrogen addition. With nitrogen addition is visible a clear diamond peak shifted probably due to the
invented boron incorporation, whereas in the spectra for 0 % nitrogen addition is visible broad amor-

phous carbon peak.
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Figure 76. SEM surface images of the diamond films grown with 0 % and 2.4 % of N, addition into the gas

phase.
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Figure 77. AFM surface images of the diamond films grown with 0 % (unstable measurement) and 2.4 % of

N, addition into the gas phase.
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Figure 78. Raman spectra of the grown diamond thin films at 0 % and 2.4 % N, addition in a gas phase meas-

ured with excitation wavelength of 488 nm.

Conclusions
At low temperature of 250°C was observed significant improvement of the diamond film quality, i.e.
sp3/sp? ratio and well defined crystals with addition of nitrogen compared to layer deposited without

nitrogen.

4.3 MW PE CVD homoepitaxial diamond growth

In the previous sub-chapters we studied boron and nitrogen doping in nanocrystalline diamond films
to discover optimal growth conditions for fabrication of high quality diamond electrode and NV cen-
tres containing film. The best observed results were applied for construction of the homoepitaxial
diamond biosensor device. Next two sub-chapters deal with synthesis of highly boron doped diamond

layer with very flat surface and thin film with NV centres on top of it.

4.3.1 Highly boron doped single crystal diamond

This chapter deals with homoepitaxial highly boron doped growth leading to high B-doped diamond

conductivity and ultra-flat surface, which is very important for the functionality of the biosensor.

Single crystals (100) oriented diamond from Sumitomo Electric Hartmetall GmbH were used as sub-

strates. Figure 79a,b shows a surface morphology of a received (100) oriented Sumitomo substrate.
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Both optical microscopy (by Marie Kre¢marova) and optical profiler (by Dr. Ladislav Fekete) show
large polishing lines on the surface formed during fabrication process which are inappropriate for
very smooth diamond growth. Therefore the substrates were re-polished by using better quality of
polishing by the Optima Diamant, spol. s.r.o. in Ostrava, Czech Republic. First were polished with
using scaifes (30 cm in diameter, spinning at 3000 rpm). The substrates had their first 10 um of sur-
face removed by polishing to eliminate any damages caused by previous processes. After this removal
the surfaces were “zoeted” (the sample is moved in a quick lateral movement across the scaife). The
obtained re-polished crystals are very smooth (Rsms < 1nm as measured by optical profiler) and do

not show any visible polishing lines under optical microscope (Figure 79c).

Figure 79. Optical microscopy picture of as received Sumitomo Electric Hartmetall GmbH (100) oriented crys-
tals (a) and oblique plot of the surface measured by optical profiler (b); optical microscopy image of re-pol-

ished crystal in Optima Diamant (c).

Re-polished substrates were then cleaned 10 min in boiling H,SO4 + KNOs3, following by ultrasonic
baths in hot deionized water, acetone and hot isopropyl alcohol (10 mins for each solution) (by Marie
Kre€marova). The substrates were then 10 minutes plasma etched before growth in H, (98 %) and O»
(2 %) plasma using 100 mbar working pressure and 500 W microwave power (by Marie Kre¢marova)
using Seki Technotron AX5010 CVD system (Figure 51) it he IoP ASCR. The highly boron doped ho-
moepitaxial layer was grown in the same reactor (by Marie Kre€marova) in hydrogen rich gasses in-
cluding 1 % CH4 and 6000 ppm concentration of TMB precursor. Microwave power was 550 W, work-

ing pressure 100 mbar, substrate temperature 1100 °C and growth duration 9 h.

Figure 80a shows the optical image (by Marie Kre€marova) of the grown layer for sample 164. The
sample’s surface is highly defective, densely covered with pyramidal hillocks. There are few large
pyramidal hillocks (Figure 80b) with the height of approximately 10 um and higher thickness of the

film on the edges (~12 um) as measured by the Optical profiler (by Anderew Taylor). It’s surface
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roughness is high Rrms = 1.245 um. The thickness of the grown layer calculated from a weight is
19.334 pm.
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Figure 80. Optical microscope (a) and optical profiler (b) surface morphology images of the grown homoepi-

taxial layer (sample 164).
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Figure 81. Optical microscope (a), optical profiler (b), photograph (c) and AFM (d) surface morphology im-

ages of the grown and polished highly boron doped homoepitaxial layer (sample 164).

Due to the many surface hillocks defects the grown layer was again re-polished by the Optima Dia-
mant to obtain an ultra-flat surface. The thickness of the polished boron doped layer is 15.078 pum
as obtained by weight measurement (sample 164). Approximately 0.15 mg of the layer was removed
by polishing. The surface of the polished film is without any visible pyramidal hillocks defects. Figure
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81c shows the photograph of the polished layer and figure 81a the optical image of the surface (by
Marie KreCmarova). The surface of the layer is very smooth, the surface roughness obtained by opti-
cal profiler (by Andrew Taylor) is Rrms = 10 nm (Figure 81b). The surface roughness measured (by Dr.

Ladislav Fekete, see Chapter 4.1.1) with AFM (Figure 81d) is very low Rgms = 1.2 nm.
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Figure 82 Raman spectra of the boron doped homoepitaxial films with excitation wavelength of 488nm.

Figure 82 shows the Raman spectra, measured (by Marie KreCmarova) with the Horiba Jobin
Yvon T64000 Raman spectrometer equipped with a BXFM Olympus 9/128 microscope and a Horiba
JY Symphony CCD detector at the IMO-IMOMEC with excitation power of 488 nm. The diamond peak
at 1329 cm is shifted due to the boron doping. Peaks observed at 604, 1039 and 1218 cm™ could be
related to the boron atoms in the diamond [120] [121] [126] The electrical properties measured by
Van der Pauw method (see chapter 4.1.1) at the loP ASCR (by Dr. Pavel Hubik) of the deposited films

shows conductivity of 333 S/cm, carrier concentration of 1.1-10%! cm™3 and mobility of 1.9 cm?/V-s.

4.3.2 Thin single crystal film with NV centres

In the previous chapter were fabricated highly boron doped single crystal diamond films with a very
flat surface serving as an electrode for the diamond biosensing device. Following step for the biosen-
sor functionality is deposition of a thin NV centre containing film on the highly boron doped elec-

trode. Because Boron shifts Fermi level in diamond, we had to verify a fundamental question if B-
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doped films and till which B-concentration can exhibit NV related luminescence. For this purpose the

Boron doped films with N addition were deposited.

|

Figure 83. Astex AX6500 system (a) and MW PE CVD homoepitaxial diamond growth in the plasma reactor

from top view (b) and side view (c) at the IMO-IMOMEC.

The highly boron doped (6000 ppm) single crystal (100) oriented layers with very flat surface (~ 1 nm)
(see chapter 4.3.1) prepared at the loP ASCR were used as substrates. The substrates were cleaned
(Marie Kre¢marova) 10 min in boiling H2S04 + KNOs, following by ultrasonic baths in hot deionized
water, acetone and hot isopropyl alcohol (10 mins for each solution). Five samples were first pro-
tected against growth (by Marie Kre€marova) by thin titanium layer in two areas representing work-
ing and source electrodes (see Figure 7 or 105). Then the highly boron doped layer was overgrown
with/without low boron doped and thin nitrogen doped film in the reactor the Astex AX6500 (Figure
83) at the IMO-IMOMEC (by Marie Kre¢marova). The growth conditions for all samples are shown in
Table 1. The sample thickness measured by profilometer (on a step prepared by etching of Ti protec-

tion layer) are plotted in Table 2 (by Marie Kre€marova).
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Table 2. PE CVD growth conditions.

Sample CH4 N> B MW power Working pressure Temperature Duration
(%) (%) (W) (Torr) (°c) (min)
164 0.4  Back- 0 900 70 940 15
ground
165 2 0.1 Background 750 70 788 10 (B) + 1 (N2)
166 2 0.1 Background 750 70 799 15 (B) + 1 (Ny)
167 2 0.1 Background 750 70 891 6 (B) + 1 (Ny)
168 4 0.1 Background 750 70 815 80 (B) + 5 (N,)

Table 3. Thickness of grown diamond layers measured by profilometer.

Sample  Highly B (6000 ppm) doped Low B doped (1 ppm) Undoped/nitrogen doped
diamond (um) diamond (nm) diamond (nm)
164 ~20 0 ~15
165 ~15 ~250 ~20
166 ~15 ~400 ~20
167 ~15 ~100 ~20
168 ~15 ~1900 ~400

Sample 164 represents 15 nm very smooth thin film deposited on highly boron doped electrode.
Nitrogen was incorporated from the residual nitrogen chamber background, no nitrogen was added

into the gas mixture.

Sample 165 — 168 were grown first with a low boron doped interlayer (1 ppm). Note, that boron was
incorporated into the interlayer from a residual chamber background. And after that overgrown with

~20 nm (samples 165 — 167) and ~400 nm (sample 198) nitrogen doped thin film.

Characterization of the fabricated samples is described in the chapter 4.6

Conclusions

The epitaxial highly (6000 ppm) boron doped diamond layers with high electrical conductivity of
~333 S/cm was deposited with approximately thickness of ~15 um. After re-polishing surface is very
smooth with surface RMS roughness of 1.2 nm. The low surface RMS roughness and a good electrical
conductivity of the layer are good properties for the diamond electrode. Then the highly B doped
layers were overgrown with or without low B doped (1 ppm) interlayer and a thin (~20 nm) NV centre

containing diamond film on top as the NV centre charge state biosensing active film. Activity of the
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NV centres depending on a diamond surface termination is investigated in the Chapter 4.7. Electrical

manipulation of NV centre charge states by a transversal voltage bias is described in the Chapter 4.8.

4.4 NV photoluminescence study in nanocrystalline diamond films

4.4.1 Effect of electron irradiation on NV centres in NCD films

It is assumed that more incorporated nitrogen atoms are in substitutional position [91] and don’t
form NV centres, therefore it is certainly possible to increase the density of photoluminescent NV
centres by irradiation (electrons, protons, neutron or alpha particles) of diamond layers to generate
vacancies in the crystal and by a subsequent annealing at high temperature to move vacancies and

react with substitutional nitrogen atoms and form new NV centres.

Experimental details

Nanocrystalline diamond samples deposited on silicon substrates (5 x 5 mm) and (1 x 1 mm) at the
loP ASCR using the Seki Technotron AX5010 cavity based MW PE CVD deposition system (by Marie
Kre¢marovd) was chosen for the electron irradiation tests. These samples were synthetized with
0.07 % nitrogen and 1 % methane concentration in hydrogen rich gas mixtures, 1 kW of microwave
power, 50 mbar of working pressure. Thickness of the NCD film for sample 1 is 1000 nm and 2400 nm
for sample 2. A MT 25 microtron at the Nuclear Physics Institute of the ASCR, v. v. i. (by Dr. David
Chvatil) with working energy of 16.6 MeV and electron current of 20 pA was used as high energy
electrons source. Minimum electron energy of 6 MeV can be obtained with this system. Two experi-
ments were carried out, investigation of electron trajectory configuration and dependency of irradi-

ation time on NV centres activity.

For the first experiment was used sample 1 (5 x 5 mm), which was mounted such that the entire
sample is irradiated for duration of 2 hours. The different configurations for the electron beam tra-
jectory including combinations of clear passage of electrons (only primary electrons emission), colli-
mator (secondary electrons emission from collimator) and water cooling (back scattered electrons
emission from water cooling) have been tested to investigate the effect of different electrons energy.
The different configurations are shown in Figure 84. The energies of back scattered and secondary

electrons are in the order of few keV’s in comparison of the incident beam with MeV energy.

For the second experiment, configuration including water cooling and collimator was used. Sample 2

(1 x 1 mm) was irradiated in three different areas for followed durations: 6 hours (fluence 4.06-108
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electrons/cm?), 9 hours (fluence 6.09-10'8 electrons/cm?) and 12 hours (fluence 8.11-10'8 elec-

trons/cm?).

1. Clear passage of electrons — primary electrons

5mum

e l=20UuA
<€ B

2. Water cooling — primary and back scattered electrons

Watercooling

_'—) mm

e l=20UuA

3. Water cooling + Collimator — primary, secondary and back

scattered electrons

Watercooling Collimator

5 mm

Figure 84. Three configurations for electron irradiations of the nitrogen doped NCD diamond samples using

collimator and water cooling combinations or clear passage of electrons.

The annealing was performed at the IoP ASCR (by Marie KreCmarova) at low pressure of 5 mbar with
Ar flow, temperature 700 °C for duration of 1 hour. Photoluminescence maps of NV centres were
investigated before and after the irradiation and annealing processes at same points (by Marie
Kre¢marovd) using a Renishaw InVia Raman Microscope at the IoP AS CR, with a 514 nm excitation
laser and 5x objective at room temperature by scanning setup as following: at whole area for sample
(5 x 5 mm - 36 measured points) and for sample 2 at three irradiated areas with different duration
time (each area of ~7 mm? - 12 measured points). PL spectra are presented as an average of measured

NV PL points normalised to sp® diamond peak.

Results and discussions
Figure 85 represents measured PL spectra before and after the electron irradiation for different elec-

tron trajectory. Electron irradiation of the sample irradiated only with primary electrons (16.6 MeV)
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without a collimator and water cooling leads to an increase of the NV PL intensity approximately of
4 %. Using of the water cooling (primary and back scattered electrons) brings even more enhance-
ment of the NV PL with an increase of NV PL intensity (~5 %). The Best improvement of the NV PL
was achieved with placement of the collimator to the electron beam with used the water cooling
(primary, secondary and back scattered electrons). With this electron irradiation arrangement was

obtained NV PL intensity increase of (~10 %).
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Figure 85. Photoluminescence maps of irradiated sample 1 before and after an electron irradiation, depend-

ing of an irradiating setup.

90



The most efficient electron beam trajectory for the enhancement of NV centre PL (collimator + water
cooling) was used for the second experiment with different irradiation time. PL spectra before and
after electron irradiation with different irradiation time are shown in Figure 86. NV PL intensity in-
creases with duration of electron irradiation time. Irradiation time of 6 hours results in NV PL en-

hancement for ~6 %, 9 hours for ~9 % and 12 hours for ~39 % in comparison to non-irradiated sample.

Non e- irradiated
— e- irradiation (6 h)
e- irradiation (9 h)
— e-irradiation (12 h)

Photoluminescence (a.u.)

560 580 600 620 640 660
Wavelenght (nm)

Figure 86. Photoluminescence maps of irradiated sample 2 before and after an electron irradiation, depend-

ing of irradiation time.

Conclusions

Enhancement of the NV PL was achieved with using all electron irradiation setup arrangements. Clear
electron passage only with primary electrons (16.6 MeV) leads to the increase of the NV PL intensity
of ~4 %. Using of the water cooling (primary and back scattered electrons) brings even enhancement
of the NV PL with the NV PL intensity increase of ~5 %. The Best improvement of the NV PL up to
~10 % was achieved with placement of the collimator to the electron beam and with used the water
cooling (primary, secondary and back scattered electrons). Enhancement of NV PL was observed also
by longer irradiation time. The biggest improvement of NV emission was observed with electron ir-

radiation for 12 hours with ~39 % increase of PL in comparison to non-irradiated sample.
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4.4.2 NV photoluminescence study as function of thickness of NCD films

For functionality of the diamond biosensor, which consists of thin sensing diamond film with NV cen-
tres deposited on boron doped diamond electrode, NV PL was studied in nanocrystalline diamond as
function of its thickness, and thus crystals size and various amount of sp? carbon phase on grain

boundaries, which affects the NV photoluminescence.

Experimental details

The diamond films were grown on (100) oriented crystalline silicon substrates at the loP ASCR (by
Marie Kre¢marova) using the Seki Technotron AX5010 cavity based MW PE CVD deposition system.
The diamond layers were deposited in two steps: first was deposited a thicker undoped layer and
then thin nitrogen doped nanocrystalline diamond film on top. Growth conditions were the follow-
ing: 1kW microwave power, 50 mbar working pressure, and average substrate temperature is

700 °C. The gas phase compositions during depositions were 1% CHs and 0.07 % Nz in H,.

Table 4. Thicknesses of the multilayer consist of an intrinsic and nitrogen doped NCD diamond thin film on

top. The thicknesses of the nitrogen doped films are estimated from gases flows and deposition time.

Sample Total thickness Thickness of i-film  Thickness of N-doped film

ID (nm) (nm) (nm)
1 1800 1500 300
2 912 903 9
3 335 330 5
4 74 69 5
5 19 16 3

The estimated thicknesses from the growth rate of intrinsic and nitrogen doped films of all diamond
deposited films are reported in Table 4. Photoluminescence maps of NV centres were investigated
using a confocal microscope (FBMI) with a 532 nm excitation laser at room temperature (by Dr.
Michal Gulka). Surface morphology was measured using AFM in semi contact mode NTEGRA-Prima

at the loP AS CR (by Dr. Ladislav Fekete).

Results and discussions
Figure 87 shows AFM filtered (local contrast) surface images of deposited films together with their

surface roughness. There is a good diamond coverage without any holes for all sample thicknesses
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from 1800 to 19 nm. All images show increasing grain sizes and RMS roughness with diamond film

thickness.

4

Figure 87. Local contrast AFM images of surface morphology of all deposited multilayer.

Figure 88 shows confocal microscopy photoluminescence measured with 532 nm excitation wave-
length. In addition to substrate Si peak at 547 nm, NV° zero phonon line at 575 nm, NV- zero phonon
line at 637 nm and also silicone vacancy (Si-V) peak at 736.5 nm are observed. Si-V colour centre is
incorporated during the CVD growth. This Si-V peak is characterized by photoluminescence intensity

rising with the film thickness (Figure 88b).

NV photoluminescence intensity increases with film thickness, predicting, that some NV centres were
formed also in the undoped film. Intrinsic and nitrogen doped films contain unwanted boron atoms
with estimated concentration of ~10*” cm3, which were incorporated during the growth from cham-
ber residual background. The presenting boron atoms decrease the NV™ photoluminescence intensity
[90], nevertheless the NV centres are active in those boron concentration. Another factor which
quenches NV photoluminescence is sp? bonded carbon, which is surrounded in higher amount
around smaller crystal grains. NV centre can exhibit in very thin sample thickness of 19 nm (3nm N;
doped film and 16 nm undoped film) and thus in very small crystal grains. Figure 88c shows its pho-

toluminescence spectra with presenting larger NV° and negligible NV- peak.
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Figure 88. Photoluminescence measured using confocal microscope with excitation wavelength of 532 nm:
photoluminescence for all samples showing NV PL (a), NV and Si-V e for all samples with high intensity of the
Si-V compared to NV (b), and NV photoluminescence of sample 5 (3 nm N-doped on 16 nm undoped dia-

mond) with higher occupation of the NV° centre.

Conclusions

We studied the NV photoluminescence in the nanocrystalline diamond thin films. NV photolumines-
cence intensity rises with sample thickness. Minimum thickness presenting NV centres was found in
the film consist of 3 nm nitrogen doped film grown on 16 nm undoped film with higher photolumi-
nescence intensity for NV° centre. All samples exhibit also Si-V colour centre, which were created

during the growth by a diffusion from Si substrate.
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4.4.3 NV photoluminescence study as function of boron acceptors concen-
tration in the NCD film

Because the final device consists of a heterostructure of boron doped electrode and thin NV centres
containing layer on top, investigations about B acceptor influence on NV PL had to be carried out.
Boron acceptor atoms influence the Fermi level position of NV- centre and could lead to quenching
of NV PL at its higher concentrations, and thus study of an effect of boron acceptors incorporated at

different concentrations in the diamond layers containing NV centres was required.

Experimental details

The low nitrogen doped nanocrystalline diamond films were grown on silicon substrates with differ-
ent boron concentration at the loP ASCR (by Marie Kre€cmarova) using the Seki Technotron AX5010
cavity based MW PE CVD deposition system. Growth conditions were 1 kW microwave power,
50 mbar working pressure, 0.07 - 0.17 % nitrogen and 1 % methane concentration in total hydrogen
rich gas mixtures, 700 °C average substrate temperature and 4 - 5 hours deposition time. No TMB
was added into the deposition gas. The boron was incorporated into the layers just from a different
level of the residual chamber boron background. The chamber boron background increased with the
boron doping level. Thus this experiment followed the boron doping study. To estimate the actual
boron background level, intrinsic nanocrystalline films were grown on corning glass substrates for
Hall electrical properties investigation before each nitrogen doped depositions. Table 5 summarizes
deposited nitrogen doped nanocrystalline diamond samples with the estimated concentration of the

incorporated boron atoms.

Table 5. Grown low nitrogen doped NCD films with increasing chamber boron background.

Sample ID N; concentration in gas phase (%) B concentration (cm?)
1 0.07 4-10%
2 0.17 5-10%8
3 0.07 2:10%
4 0.07 8:10%
5 0.07 1-10%°
6 0.07 2:10%°

AFM surface morphology was performed using the NTEGRA-Prima microscope in semi contact mode

at the loP AS CR (by Dr. Ladislav Fekete). Raman spectroscopy was measured using the Renishaw
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InVia system (by Marie Kre¢marova) in loP ASCR with excitation wavelengths of 488 nm at room
temperature. The NV centre photoluminescence was measured using the Renishaw InVia Raman Mi-
croscope at the loP ASCR (by Marie Kre¢marova), with a 514 nm excitation laser and laser power of

25 mW at room temperature.

Results and discussions

Reduction of the growth rate was observed at a higher boron background starting from 2e19 cm.
Local contrast AFM surface morphology of samples 1 and 4 is shown in Figure 89. The samples show
clear crystalline facets and coverage without any holes. Crystalline facets of sample 4 grown with

higher chamber boron background have sharper edges than sample 1.

Figure 89. AFM local contrast surface morphology images of samples 1 and 4.

The Raman spectra of all deposited nitrogen doped nanocrystalline diamond layers (Figure 90) shows
a diamond band at 1333 cm™, and transpolyacetylene related peaks [117] at 1140 cm™ and
1488 cm™. The sample 1 and 2 deposited with lower boron background shows a disordered D band
at 1366 cm™ and graphitic G band at 1561 cm™. On the contrary, D and G bands are absent in samples
3 — 6 which were grown at a higher boron background. The high chamber boron background results

in better diamond quality of low nitrogen doped films.

Photoluminescence spectra of the deposited nanocrystalline diamond layers are plotted in Figure 91.
NV photoluminescence was observed only in layers with small concentration of boron for sample 1
and 2. Chamber boron background at 2e19 cm™ and higher leads to NV centre photoluminescence

quenching.
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Figure 90. Raman spectra of nanocrystalline di- Figure 91. Photoluminescence spectra of nano-
amond layers grown with a different chamber crystalline diamond layers with a different
boron background concentration measured chamber boron background concentration
with 488 nm excitation wavelength. measured with 514 nm excitation wavelength.
Conclusions

The low nitrogen doped nanocrystalline diamond films were deposited with different concentration
of residual chamber boron background and therefore also incorporated boron acceptors into the
layers. The High level of boron concentration improves the diamond quality during the low nitrogen
doped growth as shown by the Raman spectroscopy. Quenching of NV centre photoluminescence
was observed from an estimated boron concentration in the NCD film starting at 2e19 cm™ and

higher.

4.5 Electrochemical impedance spectroscopy study of BNCD/NCD elec-
trodes

4.5.1 Influence of the thickness of NCD film on electrochemical properties

The purpose of the experiment is gaining knowledge of an influence of electrical resistive NV centres
containing NCD films deposited on the top of boron doped electrode on electrochemical perfor-
mance of the sensor. The sensor is composed of boron doped diamond electrode deposided on the

p- type conductivity silicon substrate and with undoped diamond film on top.
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Figure 92. Scheme of the sensor. Figure 93. Scheme of the flow cell.
Experimental details

The nanocrystalline diamond films were grown in the CVD systems Astex AX6500 (with and without
boron background - Figure 83) at IMO-IMOMEC (by Marie Kre¢marova). First BNCD was grown on p-
type conductive (100) silicon substrate followed by an undoped NV centre containing (N-NCD) thin
film on top of BNCD (Figure 92). Growth conditions for boron doped film were 3 kW, 70 Torr, sub-
strate temperature ~ 800 °C, gas compositions 0.5 % CHs and 5000 ppm TMB. Further on, N-NCD was
deposited on top of BNCD in boron clean reactor NV centres were generated in the NCD film from N
adsorbed in chamber walls or present as a background in the gas phase. The conditions were 1 %
CHzin Hz, 3 kW microwave power, 70 Torr chamber pressure and substrate temperature ~800 °C.
Photoluminescence measurements confirmed the NV centres in all deposited undoped N-NCD films.
The thickness of BNCD is 200 nm and the thickness off overgrown undoped film varying from 0 to

168 nm.

The electrochemical impedance spectroscopy was measured using a Hewlett Packard 4248 Precision
LCR meter at IMO-IMOMEC (by Marie Kre€marova). For the measurements we designed of a flow cell
shown in Figure 93. The impedance was measured with 10 mV of AC voltages applied to the flow cell
at 37°C. As an electrolyte we used BupH™ phosphate buffered saline (PBS) with pH 7.2. The imped-
ance was measured for 31 frequencies in a range from 100 Hz to 100 kHz. The electrical circuit pa-
rameters were determined by fitting the impedance data to the equivalent circuit (Figure 94) over
the total frequency range from 100 Hz to 100 kHz using the ZSimpWin V3.60 software from EChem

Software.
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Results and discussions

The electrochemical response in the flow cell was fitted by an equivalent circuit (shown in Figure 94)
which consists of the solution resistance Rs, between the gold counter electrode and the N-NCD sur-
face, in series with the parallel combination of the double layer constant phase element (no prefect
capacitor) Qg and resistance Rq and in series with another circuit which represents parallel combina-
tion of charge space region constant phase element Qs.r and resistance Rsr. The used equivalent cir-
cuit the best fitted for the experimental data.
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Figure 94. Equivalent circuit used for fitting of Figure 95. Charge transfer resistance R as
the impedance data. function of a different thickness of N-NCD film.

The fitted values of the equivalent circuit elements for a different thickness of N-NCD films deposited
on top of boron doped NCD layers are shown in Table 6. Concerning to the fitted values, it was found,
that the charge transfer resistance is similar for N-NCD thickness between 4 nm and 95 nm (Figure
95). Figure 96 represents Bode plot of the phase angle and the impedance in the complex form as
function of the frequency. The thickest electrode with 146 nm of N-NCD film shows as expected the

maximum value of impedance.

The Nyquist plot of the electrochemical impedance spectra with different thickness of undoped N-
NCD film (not shown) exhibits not circular shape of curves, but rather straight, probably due to the
high resistances. The curves are tilted down with increasing thickness of undoped N-NCD film. Fitted
data shows similar charge space region and double layer resistances and capacitances for N-NCD

thickness between 4 and 95 nm (Table 6).
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Figure 96. Bode plot of the phase angle (a) and the complex impedance (b) as function of the frequency of
electrodes with different thickness of undoped N-NCD film. The symbols represent the measured data and

the solid lines the fitted data.

Table 6. Fitted electronical elements to the equivalent circuit.

Circuit parameters N-NCD thickness
0 nm 4 nm 28 nm 95 nm 146 nm
R (Q) 108 105 102 81 114
Qqi (n-S+s") 15 22 32 57 61
ng 0.99 0.91 0.89 0.87 0.78
Rai (kQ) Undef. 57 61 22 Undef.
Qscr (°S-s") 48 47 33 30 68
Nser 0.88 0.91 0.92 0.91 0.85
R.. (kQ) 380 807 825 827 2636
X 6.6-103 5.0-10°3 5.6-10°3 1.1-102 4.7-10*
Conclusions

By the electrochemical impedance spectroscopy it was found by numerical fitting that the thickness
of N-NCD film between 4 and 95 nm shows similar charge space region capacitances. The electro-

chemical parameters started to change at higher thickness of N-NCD than 95 nm.
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4.6 Fabrication of the label free microfluidic diamond biosensor with
electrochemical and NV centre optical readout

The Combination of the sensitivity of the near surface NV centre charge state on surface functionali-
zation with electrochemical microfluidic device brings possibilities for the construction of a new sen-
sitive biosensor with an electrochemical and an optical detection of charged biomolecules. A design
of the biosensor with described working principle and fabrication process is reported in next chap-

ters.
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Figure 97. The design of the biosensor including the diamond device, microfluidic cell covered by ITO glass
and tubing, electronic board and objective: 3D view (a) and side view (b); top view of the biosensor device
with shown electrical connections for electrochemical readout (working, reference and counter electrode)

and application of the gate voltage bias (c).
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4.6.1 Design and working principle of the biosensor

The design of the microfluidic biosensor is represented in Figure 97. The drawings were made using
the Solidworks software (by Marie Kre€cmarova). The biosensor consists of a diamond device and a
polydimethylsiloxane (PDMS) microfluidic flow cell covered by indium tin oxide (ITO) coated glass
sheet, which are connected to the electronic board. All the parts are described in more detail in the

next chapters.

The biosensor has two electrically controlled functions: an electrochemical readout and an active
control of the NV centre charge state by a gate voltage (Figure 97c and 98a,d). For the charge state
control of the NV centres we used a source electrode on boron doped diamond and a gate electrode
on nitrogen doped diamond with NV centres (Figure 105). The active manipulation of the NV centre

charge state is presented in the chapter 4.8.

The NV photoluminescence is detected by confocal microscopy through transparent ITO glass in the
microfluidic channel and through micro fabricated holes in the gate electrode located on the nitrogen
doped diamond (Figure 107 and 108). The electrochemical readout can be used for the control of a
biochemical reaction in the electrochemical microfluidic channel. The working electrode is located
directly on the boron doped diamond film. The reference electrode is placed on the nitrogen doped
diamond film. Counter electrode represents optically transparent conductive ITO coated glass which

covers the microfluidic PDMS flow cell.

Figure 98 shows the drawing of the microfluidic PDMS/ITO structure covering the diamond device
and partially also the diamond board for a better mechanical stability. The total thickness of the
PDMS/ITO structure is 2.5 mm, which is lower than the working distance of the used objective. The
volume of the PDMS flow cell is 34 pl. The PDMS structure has 2 gaps for wire bonding of 4 electrodes
on the corners of the diamond device. Figure 98 represents the side and top view of the biosensor,
for better illustration with and without ITO coated glass and PDMS flow cell, with 5 wire bonded

contacts (4 on the diamond device and 1 on the ITO coated glass).

Figure 99 shows the photograph of the constructed biosensor device. The diamond device with 4
electrodes is embedded in the electronic board gap at the same surface height level, which leads to
good mechanical cohesion of the PDMS structure with the flow cell. On the photograph there are 2

gaps visible in the PDMS structure allowing electrical wire bond connections for 4 electrodes at 2
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corners on the diamond device. Finally the PDMS is covered by ITO coated glass and taped to the

electronic board (Figure 99e).

Figure 98. The scheme of the biosensor consisting of the diamond device, the PDMS microfluidic flow cell

with tubing covered by ITO glass and wire bonded electrode contacts on the electronic board: side view of
the complete device (a), device without ITO glass (b), device without microfluidic cell and ITO glass (c) and
top view of the complete device (d), device without ITO glass (e), device without microfluidic cell and ITO

glass (f).

103



Figure 99. Photograph of the biosensor including the electronic board with embedded diamond device (a,b),

PDMS flow cell with tubing (c,d) covered with ITO coated glass (e). Diamond device was further connected to
the electronic board as described in the Figure 98.
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Conclusion
The novel biosensor for label free detection of charged molecules as for instance DNA or polymers
was fabricated. The detection principle is based on the NV centre charge state optical detection com-

bined with electrochemical readout in the microfluidic channel.

4.6.2 Fabrication of the PDMS microfluidic cell

The scheme of the PDMS flow cell is shown in Figure 100. Figure 101 represents the scheme of the
PDMS flow cell covered by the ITO coated glass slide. The drawings (Figure 100 and 101) were made
by using the Solidworks software (by Marie Kre€marovd) and the dimensions are given in mm scale.

The optical image (by Marie Kre¢marovd) of the PDMS flow cell is shown in Figure 102.
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Figure 100. 3D view (left) and top view (right) design of the PDMS flow cell (dimensions are in mm scale).
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Figure 101. 3D view (left) and top view (right) design of the PDMS flow cell covered with ITO coated glass

slide (dimensions are in mm scale).
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Figure 102. Optical image of the PDMS flow cell before cleaning.
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Figure 103. Fabrication of the microchannel in a PDMS film.
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The PDMS flow cell was fabricated at the Hasselt University (by Dr. Thijs Vandenryt). In Figure 103,
the fabrication process of the microchannel in a PDMS film is shown. On the clean microscope glass
slides (1) were two spacers placed of half the desired thickness (1 mm) of the flow cell (2) and an
INOX wire (0.2mm) was suspend (3). On the spacers and wire were added another two spacers and
glass slide creating a cavity of the desired thickness (2 mm) of the flow cell with a wire in the middle
(4). The cavity was filled with PDMS (Sylgard 184, 10:1 mixing ratio) and cured for at least 30 min at
70°C (5). Then the glass slides and spacers were removed and only PDMS with Wire embedded re-

mained (6). Finally trimmed edges of the wire were gently pulled out of the PDMS (7).

Side - view Top - view

8) PDMS

Laser cutting
10)

After laser cutting
12) Magic tape removal @
13) PDMS flow cell
14) PEEK tubin MOglass  peey tubing

Diamond

Figure 104. Fabrication of the PDMS flow cell.
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Figure 104 shows the fabrication process of the flow cell. The fabricated PDMS slab (8) was cleaned
by DI water and IPA and taped on top and bottom by Scotch Magic tape (9). The PDMS slab was cut
by laser (Trotec Speedy 100R, settings: Power 60%, Speed 8%, 2 passes) into the desired design (10).
The flow cell was then cleaned with DI water and IPA (11) and tapes were removed (12). After further
cleaning there was only PDMS flow cell remaining (13). Then it was inserted into the PDMS flow cell
tubing (PEEK 360 um OD x 50 um ID), the flow cell was placed on diamond substrate and covered by

ITO coated glass slide as top electrode.

Conclusion
The PDMS flow cell was fabricated by creation of a microchannel in a PDMS film followed by laser
cutting of the cell to the desired design. The PDMS flow cell is placed on the diamond substrate and

covered by ITO coated glass as a counter electrode.

4.6.3 Fabrication and characterization of the homoepitaxial diamond device

Fabrication process

The scheme of the diamond device represents Figure 105. Figure 106 shows the photograph of the
fabricated diamond device. The device consists of (6000 ppm) boron doped diamond electrode and
N-doped film with NV centres, which are deposited on (100) oriented homoepitaxial diamond sub-
strate. The diamond is equipped with 4 Ti/Au electrodes placed on boron and nitrogen doped dia-
mond film. As described in the previous chapter the device is electrically controlled and has two func-
tions: an active control of the NV centre charge state by applying gate voltage and electrochemical
readout or setting up the voltage to specific reference voltage. The design includes a working elec-
trode on the diamond surface (counter electrode represents ITO coated glass sheet). The change of
NV PL is monitored as response to charged molecules attracted on the diamond surface. The PL is
measured by a confocal microscope through microfabricated holes in the gate electrode. Figure 107

shows the photograph of the gate electrode with the fabricated micro holes (diameter ~5 um).
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1 Ti/Au electrodes
N- doped film

I 8- doped film

[ (100) Diamond substrate

Electrochemical
readout
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control of NV's
by bias voltage

Figure 105. The design of the diamond device with electronically controlled functions: a charge state modu-
lation of the NV centre charge state and an electrochemical readout. The diamond device consist of highly
boron doped ultra-flat diamond film and nitrogen doped diamond NV centre containing film on top and 4

Ti/Au electrodes.

Figure 106. Photograph of the diamond sample 165 Figure 107. Optical microscopy image of the diamond

with fabricated electrodes. sample 165: zoom on the sensing gate electrode with

micro holes.

First a highly conductive boron doped layer with a very flat surface was fabricated at the loP ASCR
(by Dr. Vincent Mortet and Marie Kre¢marovd). The details of the layer fabrication process is de-
scribed in in chapter 4.3.1. Before further diamond growth, a thin titanium film was sputtered (by

Marie KreCmarova) on the boron doped diamond surface in areas representing working and source
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electrodes (see Figure 105) at the IMO-IMOMEC. The highly boron doped (6000 ppm) film was over-
grown (by Marie Kre¢marova) firstly with and without low boron doped (1 ppm) interlayer and after
that by N-doped thin films with NV centres (Table 2 and 3) at the IMO-IMOMEC (chapter 4.3.2). Fi-
nally ohmic titanium/gold (Ti/Au = 20/80 nm) contacts were fabricated by classical photolithography,
metal evaporation, etching and annealing (by Dr. Vincent Mortet) at the loP ASCR (Figure 106); and
contacts (for preliminary samples) titanium/aluminium (Ti/Al = 30/150 nm) by classical photolithog-
raphy, metal sputtering, etching and annealing at the IMO-IMOMEC (by Marie Kre€marova). The de-
tail of the gate electrode microstructures is shown in the Figure 107 (optical microscopy image) and

in the Figure 108 (PL map).

| F=2.0m 257

T 13-
=)
> 12-]

T T | T D i " T ' o] e | s S 0 TS S | S 1 5 | 0 1
10 15 20 25 30 35 40 45 50 55 60 65 70 0 1 2 3 456 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25

X [um] X [um]

Figure 108. PL maps of gate microstructures on sample 164 (excitation laser power of 8mW).

NV PL characterization

The NV photoluminescence was measured (by Marie Kre€marova) close to the gate electrode with
microstructures (Figure 107 and 108) by the home built confocal microscope at the IMO-IMOMEC.
PL was excited by the 500 mW Gem laser from Laser Quantum producing 532 nm CW excitation,
directed by Gaussian beam optics to 100x magnification Long Working Distance M Plan Semi-
Apochromat — LMPLFLN objective with N.A. of 0.8 and WD of 3.4 mm. The PL counts were detected
using Excelitas single photon counter after a dichroic mirror and a 650 nm long pass filter, filtering
out green laser. Optically detected magnetic resonance (ODMR) technique, which is described in the
Chapter 2.6.2, was carried out to detect NV° centres, using the same laser setup (by Marie

Kre€marova). A copper wire (20 um) was placed over the diamond sample and laser was focused
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close to the wire and gate electrode. For the detection was used 8 mW laser power and 1.8 W mi-
crowave power without an applied external magnetic field. The voltage for the NV centre active
control was applied on the gate electrode based on estimate band bending, modelled using the
AMPS-1D software (Analysis of Microelectronic and Photonic Structures) by numerical calculations
of the Poisson’s and the continuity equation (by Marie Kre¢marovd). The calculation methods are

explained more detail in the AMPS-1D user manual [127].
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Figure 109. ODMR spectra of a NV" centres cluster in the O-terminated diamond sample 164 (a).

NV PL spectra of all deposited films (see Table 2 and 3) with O- surface termination are shown in
Figure 110a. The PL spectra were normalised to NV? ZPL line. The maximum amount of the NV centres
was observed in the sample 168 with the highest thickness of N-doped film (400 nm), however the
deep located NV centres are not sensitive on the diamond surface charge and thus this sample was
not appropriate. Therefore another samples were grown with 15-20 nm thin N-doped film with NV
centres and with/without a low boron doped interlayer (1 ppm) on the highly boron doped layer

(6000 ppm).

The Sample 164 consists of single NV’'s and NV centre clusters (Figure 117). The concentration of
nitrogen vacancy centres in the produced sample was estimated from confocal PL measurements to
be of a concentration ~10 NV centres/um?. Even after oxygen termination the NV centres were mainly
in NV° charge state due to the underlying highly boron doped layer, which tunes the Fermi level po-

sition below defect level of NV centre (see band bending model in the Figure 111a). Nevertheless,
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some of the NV centres can exhibit also in NV~ charge state by O-termination, as it was confirmed by

ODMR spectroscopy (Figure 109).
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Figure 110. PL spectra of all grown O-terminated samples (a) and comparison of the O-terminated sample
164 and 167 (b) showing a higher occupation of NV° PL for sample 164 grown directly on highly B doped
layer (6000 ppm) and on the other hand showing higher occupation of NV- PL for sample 167 grown with the

low B doped (1 ppm) interlayer.
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Figure 111. Band bending of the sample 164 (a) and sample 167 (b) with O- surface termination. The Fermi

level is positioned below the defect level of NV- centre and NV centres are mostly in NV° or NV* charge state
for sample 164 lacking the low B doped (1ppm) interlayer (a). On the contrary the Fermi level is positioned
above the NV- defect level for sample 167 grown with the low B doped interlayer and thus NV centres are

mostly in NV” charge state.
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For a purpose of tuning the Fermi level position above the NV~ defect level, the samples 165 — 168
were grown with a low boron doped (1ppm) interlayer. Figure 111b represents the band bending
model of the oxygen terminated sample 167 consisting of a 100 nm thin low boron doped interlayer
(1 ppm) with 20 nm diamond thin film with NV centres on top, grown on a highly boron doped (6000
ppm) single crystal diamond electrode. Figure 110b shows comparison of NV PL of the sample 167
and 164. NV centres of the sample 167 are in NV™ charge state with higher intensity of PL, whereas
NV centres of the sample 164 lacking the low B doped interlayer are mostly in NV° charge with lower

PL intensity. Those two samples were used for further characterisations and the DNA sensing.

Conclusions

In conclusion, the device for biosensing applications consisting of an ultra-flat highly boron doped
(6000 ppm) diamond electrode, with/without a low B doped (1 ppm) interlayer and a thin (15 — 20
nm) NV centre containing the diamond film on top was developed. The device is equipped with planar
titanium/gold electrodes for the charge state control of the NV centres and the electrochemical
readout which are located on boron and N- doped films. The surface of the N- doped film is oxygen
terminated predicting the close surface NV centres charge state be preferably in NV". However, the
underlying B doped layer has also influence on the Fermi level position of N-doped layer and thus the
NV centre charge state. In case of absence of the low B doped interlayer, the highly B doped layer
tunes the NV centres to NV° charge state. Contrary the low B doped interlayer sets the NV centres to
NV- charge state with higher intensity of PL. To verify inter conversion of NV° and NV charge state is

essential for the biosensor functionality.

4.7 Control of the NV centre charge state by surface functionalization

The sensing principle of the biosensor is based on the close surface sensitivity of NV centres on a
diamond surface termination for detection of charged molecules as DNA or polymers. To demon-
strate the function of sensor we investigated first a passive charge control of NV centres by diamond

surface termination.

As was discussed in the previous chapter, the underlying boron doped layer shifts the Fermi level
position close to the valence band and also affects the Fermi level position of N- doped film. Concen-
tration of boron acceptor atoms in the underlying layer (1 ppm and 6000 ppm doped) tunes the NV

centre charge state (see Figure 111). The NV centre charge state depends also on surface termination
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of the N- doped film. Oxygen termination shifts the Fermi level position upwards to the conduction
band predicting the NV-charge state. Contrary hydrogen and polyethyleneimine (PEI) termination
shifts the Fermi level position downwards to the valence band with more preferable charge state of
NVC and NV*. In this chapter we investigate activity of the NV centres related to the surface termina-

tion of the N- doped film.

4.7.1 Oxygen and Hydrogen terminated surface

The effect of surface hydrogen and oxygen termination is investigated on sample 164 (Table 2 and 3)
representing a very smooth 15 nm intrinsic film with single NV centres and NV centre clusters depos-
ited on a highly boron doped (6000 ppm) electrode without a low boron doped interlayer. The oxy-
gen and the hydrogen terminated surface was created by exposure to oxygen, respectively to hydro-
gen plasma (by Marie Kre€marovd). The NV photoluminescence was measured (by Marie Kre¢cma-
rova) at the IMO-IMOMEC with the home built microscope (more details in the chapter 4.6.3) without
using of the microfluidic cell. This work is submitted to the IFMBE conference proceeding.
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Figure 112. PL intensity surface and cross section maps (532 nm excitation wavelength, 650 LP filter, 50 uW
laser power) showing app. 15 times higher intensity for oxygen terminated diamond surface (b, d) then hy-

drogen terminated diamond surface (a, c) of sample 164. (a)
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Figure 112 shows PL surface and cross section PL maps with the use of 50 uW laser power for both
(H and O) surface terminations. Very low photon counts can be established from hydrogen termi-
nated surface, suggesting that the NV-layer is partially depleted by band bending from B-doped side
and/or as well by an upwards bending close at the diamond surface. In case of oxygen terminated
surface PL counts increased dramatically more than order of magnitude (15 times higher) than for
the hydrogen terminated surface, suggesting the restoration of flat bands at the surface. This change
is a dramatic improvement compared to previous research where the changes were ~ 10— 20 % [24].
PL spectroscopy shows predominantly NV° charge state with O- termination, which is quenched by

H- termination to more preferably non-PL NV* state (Figure 113).
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Figure 113. Normalised PL spectra showing a higher NV° peak for H- termination and a higher PL intensity of
NV and its side bands for O- termination (sample 164).

4.7.2 Polyethylenimine terminated surface

This chapter deals with NV centre charge state manipulation by a surface functionalization with a
strongly cationic polyethylenimine (PEI) polymer. For the experiment a sample 167 (Table 2 and 3)
was used, which consists of 100 nm thin low boron doped (1 ppm) interlayer deposited on highly

boron doped (6000 ppm) diamond and 20 nm thin nitrogen doped film with NV centres on top of it.

Before PEI attachment the diamond surface was first exposed to oxygen plasma (by Marie Kre€ma-
rova) for it to obtain a very clean and negatively charged surface. PEI molecules are then electrostat-

ically attracted (by Marie Kre¢marova) on negative oxygen’s terminated surface. The solution of PEI
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50 % w/v in H,0 has been purchased from Sigma-Aldrich, it was first diluted with milli Q water to the
final concentration of 0.2 % w/v and then ultrasonicated for 30 minutes. The sample 167 was im-
mersed into the solution for 8 hours and then rinsed with milli Q water and dried with a nitrogen gun.
For better adhesion of PEl molecules, the sample was baked at 90 °C. After the baking, the sample
was exposed for 2 minutes in a low power (50 W) oxygen plasma (by Marie KreCcmarova) so that only

a thin mono layer of PEI molecules would remain on the surface.

The NV photoluminescence was measured (by Marie Kre¢cmarova) at the IMO-IMOMEC with the

home built microscope (more details in the chapter 4.6.3) without using of the microfluidic cell.

¥ fum]

S S R R B R e A R R

17: b
17 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 6
X [um] X ol

-1.50M 20 &
-1.30M 1.30M

-1.02M

sjunon

-555k

-242%

_13.% =127 -0.00

25 30 35 40 45 50
Y [um]

Figure 114. PL intensity XY maps with oxygen termination (a) and PEl termination (b) surface, PL intensity YZ

maps with oxygen termination (c) and PEI termination (d) surface.

The XY surface and YZ cross section NV PL maps of O- and PEI functionalization are shown in Figure
114. As was discussed previously, presence of the underlying low B doped diamond film (1 ppm) and
diamond sensor surface O- termination result in NV preferable charge state (see Figure 111b). PL
spectra measurements (Figure 115) shows higher occupation of NV" charge state for O- termination,

which is consistent with the band bending modelling. Figure 114 shows a rapid decrease of PL counts
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after PEI functionalization. The NV PL spectra shows an even more drastic quenching effect than for
H- termination (Figure 115). The PEl termination tunes the NV centres into a mostly non-PL NV* state.
Note that the PL intensity spectra for the PEI functionalization presents a fake peak located around

750 nm, which is related to the monochromator grating.
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Figure 115. PL spectra with oxygen and PEIl surface termination (e) measured with 532 nm excitation wave-

length, 650 LP filter and 8mW laser power).

Conclusions

The inter conversion of NV? and NV- charge state was verified by a diamond surface termination. The
positive surface termination (H, PEl) results in a preferable NV centre charge state of NV° or non-PL
NV*, whereas negative surface termination (O) leads to NV charge state. The switching of the NV
centre charge state as a response of diamond surface termination is a crucial tool for the sensitive

sensing of charged molecules with the diamond device.

4.8 Active control of the NV centre charge state by voltage bias

To demonstrate the sensor function we manipulated with the band bending by the application of
bias voltage from -3 V to +3 V on the gate electrode. Figure 116 shows the concept of the sensing
system including confocal microscope, electronic board and diamond device (by Marie Kre€marova).

The PL was detected close to the gate electrode with an 8 mW laser power and a 650 nm long pass
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filter (by Marie Kre¢marova). A band bending under a different applied voltage on the device was
simulated (by Marie Kre¢marova) by using the AMPS-1D [127]. This work is planned to be submitted

to a journal such as Scientific Reports and Nanoscale.
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Figure
116. Scheme of the sensing system consisting of diamond sample wire bonded on electronic board and con-

focal microscope readout (a), scheme of the diamond device (b).

Electrode
Electrode
Electrode

PL counts
o
PL counts
©
PL counts

50 50
50 50 50 50

Figure 117. PL intensity 2D maps (up) and 3d maps (down) of the sample 1 under -3V, 0 V and +3V gate volt-

age, showing higher electron occupation of NV centres at positive voltage.

The diamond device consists of metallically B doped (6000 ppm) diamond layer and 15 nm thin NV
centre containing film on top of it (without lightly B doped interlayer). Band bending profile of NV
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centre level under gate voltage is simulated in Figure 118b. Modelling gives value of the electric field
of 2.7 - 108 V/cm. PL was detected close to the gate electrode with 8 mW laser power as function of
a gate voltage. Single NV centre has typical PL counts of 45 kcount/sec, what was calculated by ge-

ometry of the objective and the index of refraction of diamond.
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Figure 118. PL intensity spectra (8 mW laser power) at gate voltages (sample 1) from -3 V to + 3 V showing

increase of the NV- centre occupation with positive gate voltage (a), NV" centre energy level simulation by

applying of gate voltage from -3 V to +3 V (b), detail of the band bending modelling under an applied gate
voltage of 0V (c) and +3 V (d).

Figure 117 shows PL intensity on the 2D and 3D maps of single NV and NV centre clusters for bias
voltage of -3V, 0 V and +3 V located close to the gate electrode. Some NV centre clusters became
brighter by the application of +3 V voltage, which means that more NV centres are swapped to a NV~

charge state. When a negative voltage of -3 V was applied, the same spots became darker, consistent
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with the band bending modelling (Figure 118b). The switching of NV-/NV° charge state occupation

was repeated by cycling the device between +3 V and -3 V with no hysteresis.

Figure 118a shows PL intensity spectra for the NV centre cluster occurring close to the gate electrode.
By increasing positive voltage, the occupation of NV~ increases with higher PL intensity. On the other
hand, the application of a -3 V negative voltage leads to the increase of NV° peak and decrease of
NV~ PL intensity. The data are consistent with band bending modelling (Figure 118b-d). The NV cen-
tres are mostly in NV charge state with applied negative gate voltage of -3 V or 0 V. The Fermi level

is positioned above the NV centre level with positive gate voltage of +1.5Vand +3 V.

Conclusions

In conclusion, active manipulation of the NV centre charge state was demonstrated by applying the
bias voltage. Gate voltage between +3 V and -3 V was applied and PL intensity of the NV centres were
monitored close to the gate electrode on the oxygen terminated surface. NV centre occurs more
preferably in the NV" charge state by the application of the +3 V on the gate electrode, and conversely
in the NVO charge state by applying the -3 V. The simulations of the device band bending confirmed
shifting of the Fermi level above the NV centre transition level for applied positive gate voltage start-
ing from +1.5 V and vice versa below the NV centre transition level in case of 0 V and -3V gate
voltage. The functionality of the diamond device was verified before its implementation with the

electrochemical flow cell.

4.9 Label free electrochemical DNA detection

Electrochemical impedance spectroscopy was carried out to monitor the biochemical reaction of the
DNA attachment on the PEl terminated diamond biosensor surface at the IMO-IMOMEC. Firstly it is
discussed and solved problem with filling the flow cell by PBS electrolyte solution without bubbles.

Secondly the ssDNA immobilization by the electrochemical impedance spectroscopy is verified.

Experimental details
We used the sample 167 (see Table 2 and 3) consisting of 100 nm low B doped (1 ppm) interlayer
between the highly boron doped (6000 ppm) diamond layer and the 20 nm thin nitrogen doped film

with NV centres on top as the diamond device. For detection we have used NH; terminated DNA
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Oligo molecules with 23 Bases 5-/5SAmMC6/TTT TTA ATT AAA GCT CGC CAT CA purchased from Inte-
grated DNA technologies, BVBA. The dry DNA molecules were dispersed in the Milli-Q water up to
concentration of 100 pmol/ul (by Marie Kre¢marova). For filing the flow cell we have used the Is-
mateclPC peristaltic dispensing pump (Figure 120). The flow cell was filled by the DNA solution and
kept there for 1 hour (by Marie Krecmarova). Before EIS measurement the flow cell was firstly

pumped with PBS electrolyte to remove not superficial non-attached DNA molecules.

Counter el.

Reference el.

Figure 119. Photograph (a) and schemes (b,c) of the microfluidic diamond device.

Photograph and scheme of the microfluidic diamond device is shown in the Figure 119. For the EIS
measurement only two electrodes were used — working electrode connected on the boron doped
diamond and counter electrode connected on the ITO coated conductive glass, which was covering

the PDMS flow cell. The ITO coated glass has a larger planar dimensions of 4-5 cm for better adhesion
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of a PDMS structure. The volume of a microfluidic cell is ~34 ul. The electrochemical impedance spec-
troscopy was measured (by Marie Kre¢marova) using the Hewlett Packard 4248 Precision LCR meter
at the IMO-IMOMEC. The impedance was measured with 10 mV AC voltages applied to the flow cell
at the room temperature. As an electrolyte we used BupH™ phosphate PBS with pH 7.2. The PBS was
ultrasonicated for 5 minutes to remove any bubbles before filling the flow cell. The impedance was
measured for 31 frequencies in a range from 100 Hz to 100 kHz. The electrical circuit parameters
were determined by fitting the impedance data to the equivalent circuit (Figure 125) over the total
frequency range from 100 Hz to 100 kHz using Zview software from Scribner Associates (by Marie

Kre¢marova).

Filling the flow cell

Figure 120 shows the setup used for the filing of the flow cell with the pump. The peristaltic pump
allows flow up to 2 ul/min, which is very suitable for the microfluidic application. The precise filling
of the flow cell was monitored by the USB microscope. The flow cell was first cleaned by a flow of the
isopropanol and Mili-Q water and then was filled with PBS solution (with air access between alter-
nating the solutions). Figure 121 shows picture of the flow cell filled with PBS before and after EIS
measurement. Before the EIS measurement, the flow cell wasn’t filled completely and a bubble, vis-
ible by the microscope, was present near the tubing. After the EIS measurement (>200 min) the bub-

ble became even larger.

Figure 120. Setup for the filing of the flow cell.
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Before EIS

Figure 121. The flow cell filled with the PBS electrolyte before EIS measurement (left) and after EIS measure-

a)

ment (right).
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Figure 122. Bode plot shows the complex impedance (a) and of the phase angle (b) as function of the fre-

guency; and Nyquist plot (c) of the PEI functionalized diamond electrode measured for 200 minutes (symbols

represent measured data and curves fitted data to the equivalent circuit).
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Table 7. Electronical elements fitted to the equivalent circuit for PEIl terminated diamond surface showing
changing of the parameters with time and bubble evolution.

Fitted PEI PEI PEI PEI PEI PEI PEI
parameters (30 min) (60 min) (90 min) (120 min) (150 min) (180 min) (200 min)
R, (Q) 1275 738 635 403 354 N.A. N.A.
Cq (nF) 11.7 11.9 12.5 13.0 13.1 13.7 13.7
Ry (kQ) 272.1 267.3 273.2 284.1 277.8 362.2 315.0
C..r (pF) 41.1 243 22.5 20.3 19.3 15.8 15.5
Ry (kQ) 3.27 5.65 6.21 6.88 7.82 14.79 17.20
X2 (103) 9.78 9.36 7.72 9.19 8.90 10.30 5.72

Due to the bubble progression the electrochemical properties of the flow cell, with PEI terminated
diamond, were changed. Figure 122 shows Bode plots and Nyquist plot of the microfluidic device as
function of time. Impedance increases at higher frequencies with time (Figure 122a). Phase decreases
at lower frequencies and increases at higher frequencies with time (Figure 122b). The Nyquist plot of
the impedance spectra is shifted on the real impedance axes with time. The measured data were

fitted to the equivalent circuit (Figure 125). Table 7 shows that charge space region resistance in-

creases with time and charge space capacitance decreases with time.

Figure 123. Microscope images of the flow cell filling by isopropanol. The air in the flow cell is being reduced

with the flowing isopropanol (a — d) until the flow cell is completely filled (e).
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Because the EIS measurement was affected by the bubble evolution, it was not fully stable, therefore
it was important to fill the flow cell completely without any bubbles. Fully filled flow cell was achieved
only with isopropanol. And thus, the flow cell was firstly completely filled with isopropanol, after that
flow was carefully changed for PBS to avoid air access in the microfluidic tubing and flow cell. Figure
123 shows optical microscopy images, recorded during the flow cell filling by isopropanol with flow

rate of 50 ul/min.

Label free electrochemical DNA detection

The electrochemical impedance spectroscopy was used for verification of the DNA immobilization
on the PEl terminated diamond surface. This work is planned to be submitted to a journal such as
Scientific Reports and Nanoscale. For the measurement, the flow cell was completely filled with PBS

electrolyte without any visible bubbles (Figure 124), by pre-filling the flow cell with isopropanol.
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Figure 125. Equivalent electrical circuit used for the measured electrochemical data (left) and scheme of the

electrochemical system (right).

The EIS measurements were carried out for duration of 120 minutes. Because the flow cell is lacking
air bubbles, the EIS measurements were stable. Figure 126a shows Bode plot of the electrochemical
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impedance in complex form and the phase shift as function of frequency for PEI and PEI-DNA func-
tionalized diamond surfaces. Difference plots of the impedance in complex form and the phase shifts
for the PEl and PEI-DNA diamond surface functionalization are shown on Figure 126b,c. After the DNA
immobilization a higher difference of complex impedance at low frequencies and a higher difference
of phase at higher frequencies are visible. The experimental data were fitted to the equivalent circuit
(Figure 125), they are plotted in the Table 8. Double layer capacitance and resistance as well as charge

space region resistance increases with the DNA immobilization.
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Figure 126. Bode plot of the complex impedance and phase for PEl and PEI-DNA terminated surface (a), dif-

ference plots of the complex impedance (b) and phase (c) for PEl and PEI-DNA terminated surface.
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Table 8. Electronical elements fitted to the equivalent circuit for PEl and PEI-DNA functionalized diamond

surface.
Fitted
parameters PEI PEI-DNA
R, (kQ) 1.0 1.8
Ca (nF) 88 93
R, (kQ) 1.4 1.8
C.. (nF) 29 28
R, (kQ) 22.5 86.2
x> (107 2.0 9.2

Conclusions

We have verified electrochemical functionality of the biosensor and diamond surface bio-functional-
ization. The label free DNA detection was performed by the EIS. The diamond surface is functional-
ized by strongly cationic polymer PEI. As a target molecules are used ssDNA by electrostatic attraction
on the positive PEI monolayer. The measured EIS data fitted to an equivalent electrical circuit shows
that double layer capacitance and resistance as well as charge space region resistance increased after

the DNA immobilization.

4.10 Label free NV centre charge state DNA detection

The NV centres close to the diamond surface are sensitive on the diamond surface functionalization.
If the surface is (O- terminated), the NV centre is mostly in NV- charge state. On the other hand,
positive surface charge (H- and PEI- termination) switch NV photoluminescence to the NV° or not
photoluminescent NV* charge state. This effect was used for the label free NV centre charge state
control DNA detection. NV PL is quenched by positive PEI surface functionalization and it can be re-
versed to negative NV charge state by captured electron from an immobilized negative DNA mole-

cule. This work is planned to be submitted to a journal such as Scientific Reports and Nanoscale.

For the experiment we used sample 167 (see Table 2 and 3) with 100 nm low B doped (1 ppm) inter-
layer between highly boron doped (6000 ppm) diamond layer and 20 nm thin nitrogen doped film

with NV centres on top. Oxygen terminated clean diamond surface was covered with 0.3 % v/w PEI
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by technique described in the Chapter 4.7.2 (by Marie KreCcmarovad). For detection was used 100

nmole NH; terminated DNA Oligo molecules 23 Bases 5°-/5AmMC6/TTT TTA ATT AAA GCT CGC CAT

CA purchased from Integrated DNA technologies, BVBA. The sample with PEI monolayer was then

dipped for 1 hour into the negatively charged ssDNA solution with concentration of 100 pmol/ul and

un-immobilized ssDNA molecules were removed by the PBS flow (by Marie Krecmarova). The nega-

tive ssDNA molecules were electrostatically attracted to the positive PEI monolayer. NV photolumi-

nescence was detected (by Marie Kre¢marova) through the gate electrode microstructures without

the microfluidic device, using home build confocal microscope (more specified in chapter 4.3) with

using 8 mW laser power and 650 nm long pass filter. A band bending under a different voltage applied

was simulated (by Marie Kre€marova) by using the AMPS-1D [127].
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Figure 127. Band bending simulation (sample 2) for PEI (a) and PEI-DNA (b) surface termination at 0 V gate

voltage, NV- centre energy levels for PEI (c) and PEI-DNA (d) surface termination at gate voltage from -1V to

+3V, and NV" centre energy level at 0 V gate voltage for PEl and PEI-DNA surface termination (e) showing

Fermi level energy positioned about both states.
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The biosensor DNA detection principle is based on switching the NV centre charge state as a reaction
on diamond surface termination by positive PEl and negative DNA molecules. To demonstrate the
charge state manipulation band bending modelling was performed. PEI termination strongly affects
the NV centres, the Fermi level energy is below the NV- centre transition level with applied lower
gate voltage than +2 V (Figure 127a,c). The NV centres are recovered to NV centre state after the
DNA attachment with all simulated gate voltages from -1V to +3 V (Figure 127b,d). Gate voltage was
set as 0 V corresponding to Fermi level position between NV centre energy levels states of PEl and
PEI-DNA surface termination (Figure 129b). This enable effective switching of the NV PL from NV%*
(PEI) to NV~ (PEI-DNA) for the sensitive DNA detection.

b)

Y (um)

PL counts

Figure 128. PL intensity maps (sample 2, 8 mW laser power): 2D maps of micro fabricated holes in the gate
electrode (a), 2D PL maps of PEI (b) and PEI-DNA (c) terminated diamond surface and 3D PL maps of PEI (d)

and PEI-DNA (e) terminated diamond surface.

PL was detected through micro holes in the gate electrode (Figure 128a) with 8 mW laser power. In
Figure 129, PL intensity 2D and 3D maps are shown. Laser is focused on one micro hole with PEI
termination (128b,d) and PEI-DNA termination (128c,e). When negative DNA molecules are attracted
on the positive PEl terminated diamond surface, some NV centres localised close to the surface be-
came brighter. PL spectra of the NV centre clusters, measured at same point for PEl and PEI-DNA

termination with 8 mW laser power are shown in Figure 129a. PEIl termination tunes NV centres to
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NV® and NV* charge and low intensity of predominantly NV photoluminescence is detected. When
negative DNA molecules are electrostatically attracted on the positive PEl molecules, NV photolumi-
nescence increases approximately two times and NV centres are switched to NV- charge state. The

experimental results are consistent with band bending modelling (105).
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Figure 129. PL intensity spectra (sample 2, 8 mW laser power) for PEl and PEI-DNA diamond surface termina-
tion (a), and band bending simulation of NV~centre energy level at 0 V gate voltage for PEl and PEI-DNA sur-

face termination showing Fermi level energy positioned around half of both states value (b).

Conclusions

The label free DNA NV centre charge state sensor, based on switching of NV photoluminescence de-
tection principle, was fabricated. The sensor operate at 0 V gate voltage, corresponding to the Fermi
level position between NV centre energy levels states of PEl and PEI-DNA surface termination, which
allows effective switching of the NV centre charge state (NV*/NV-) for sensitive DNA detection. The
near surface NV centres react on the diamond surface charge. Positive surface charge with PEI mol-
ecules tunes the NV centres to NV° and NV* charge and low intensity of predominantly NV° photolu-
minescence is detected. When negative DNA molecules are electrostatically attracted on the positive
PEl molecules, NV photoluminescence increases approximately two times and NV centres are being

switched to NV charge state.
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5 Conclusions

The main goal of my PhD work was to design and realize the principle of label free detection of DNA
molecules using NV centre in diamond nanosensor, combined with electrochemical detection. The
main idea for this biosensor is the combination of an electrochemical device with sensing using NV
guantum colour centre. The principle of the NV centre charge state detection of charged biomole-
cules as DNA or polymers, is based on switching of the close surface NV PL (NV°/NV) as a response

on the diamond surface termination [35].

The label free microfluidic diamond biosensor was designed and fabricated. The diamond device con-
sists of highly boron doped (6000 ppm) homoepitaxial (100) diamond electrode capped with a thin
low boron doped (1 ppm) interlayer (100 nm) and a NV centres containing diamond layer (~20 nm)
on top. The biosensor consists of the single crystal diamond device mounted onto an electronic board
and covered with PDMS flow cell and ITO glass. The biosensor has two electrically controlled func-
tions: active control of the NV centre charge state by applying a bias voltage between the gate and
source electrodes and electrochemical readout. NV photoluminescence is detected by confocal mi-
croscopy on the gate electrode through fabricated micro holes. The biochemical reactions in the

microfluidic channel are controlled by the electrochemical impedance spectroscopy.

The work presents the whole fabrication process of the biosensor. It starts with a study of MW PE
CVD diamond growth to acquire best growth condition for fabrication of the high quality diamond
electrode and NV centre containing diamond films. Further on, we investigated the NV centre charge
state by studying the passive (by surface termination and diamond impurities) and active (by electric
field) NV charge state manipulation. Based on these results we proceeded with fabrication of the
label free DNA microfluidic biosensor and finally detection of DNA molecules by NV centre optical
and electrochemical detection techniques based on PEl and PEI-DNA diamond surface bio-function-

alization.

MW PE CVD nanocrystalline diamond growth

Boron doping
Chapter 4.1.3: The electrical, optical and characterisitcs properties of variously boron doped
nanocrystalline diamond layers were studied. The higher methane concentration leads to

improvement of growth rate, but also the presence of transpolyacetylene. The transpolyacetylene

131



Raman peaks desapeared with thermal annealing at 900°C. Higher concentrations of TMB result in
the improvement of a growth rate and larger grain size. The presence of the incorporated boron
atoms were confirmed using the FTIR and Raman spectroscopy by occurence of boron related phonon
bands at measured spectas. The nanocrystalline diamond layers were deposited with various boron
concentrations from semiconducting to metallic conduction regions. The boron doping of 160 ppm
of TMB and higher reaches the semiconductive/metallic transition region with Hall holes mobility
higher than 1e20 cm3. Resistivity and Hall mobility decreases with boron doping. The higher boron
doping than 1000 ppm does not induce any improvement of conductivity. Higher boron doping (250
- 1000 ppm of TMB) shows stable electrical properties with temperature. Low boron doping (133

ppm of TMB) leads to a change of electrical properties with temperature.

Nitrogen doping
The morphological, structural and optical properties of the deposited nanocrystalline diamond films
were studied as function of nitrogen doping using conventional MW resonance cavity and large area

linear antenna MW PE CVD systems.

Chapter 4.1.4: In the conventional MW resonance cavity MW PE CVD deposition system the diamond
growth rate increases with nitrogen concentration and working pressure. At high nitrogen concen-
trations, the surface morphology of deposited thin films changes dramatically due to re-nucleation
and results in a production of small crystals together with high sp? bonded carbon fraction that results
into the quenching of photoluminescence. The optimal deposition conditions for creation of NV cen-

tres have been found with using the lowest nitrogen concentration (0.07 %) in the gas phase.

Chapter 4.2.2: The study of the nanocrystalline diamond growth using the low pressure large area
linear antenna MW PE CVD system confirmed, that a small addition of nitrogen improves the growth
rate and dramatically changes surface morphology from well facetted diamond crystals to UNCD like
morphology. In contrary to UNCD prepared from Ar rich plasmas, Raman spectra exhibits clear dia-
mond peaks and the layers are very resistive. The TEM characterizations show large and randomly
oriented elongated diamond aggregates with a large proportion of planar defects and the presence
of 5 nm grains nearby the larger grains. Higher nitrogen addition leads to strong diamond etching,
resulting in significant decrease of deposition rate, reduction of nucleation density, formation of iso-
lated facetted diamond grains and NV luminescence. Using the large linear antenna a MW PE CVD

system was investigated also a low pressure and a low temperature diamond growth at 250°C, which
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is important for the diamond coating of the biomaterials that have a low melting point such as poly-
mers, to increase its biocompatibility. By the addition of nitrogen we have observed a significant im-
provement of the diamond film quality, i.e. sp3/sp? ratio and well-defined crystals in comparison to

the layer deposited without nitrogen that show amorphous phase content.

In conclusion, the best condition for creation of NV centres were found by using the minimum nitro-
gen concentration (0.07 %) in the gas phase during the conventional MW resonance cavity MW PE

CVD diamond growth.

MW PE CVD homoepitaxial diamond growth

Chapter 4.3.1: The epitaxial highly (6000 ppm) boron doped diamond layers with high electrical con-
ductivity of ~333 S/cm were deposited with approximate thickness of ~15 um. After re-polishing the
surface is very smooth with surface RMS roughness of 1.2 nm. The low surface RMS roughness and a

good electrical conductivity of the layer are good properties for the diamond electrode.

Chapter 4.3.2: Then the highly B doped layers were overgrown with or without low B doped (1 ppm)
interlayer and a thin (~20 nm) NV centre containing diamond film on top as the NV centre charge
state biosensing active film. The single crystal diamond device characterization is described in the

Chapter 4.6.3.

NV photoluminescence study in nanocrystalline diamond films

4.4.1 Effect of electron irradiation on NV centres in NCD films: We studied a possibility to increase
the density of photoluminescent NV centres by electron irradiation. Enhancement of the NV PL was
achieved with using all electron irradiation setup arrangements. The Best improvement of the NV PL
up to ~10 % was achieved with placement of the collimator onto the electron beam using the water
cooling (primary, secondary and back scattered electrons). Enhancement of NV PL was observed also
by longer irradiation time. The biggest improvement of NV emission was observed with electron irradia-

tion for 12 hours with ~39 % increase of PL in comparison to non-irradiated sample.

The results were used for design of the diamond biosensor, which consists of thin sensing diamond film
with NV centres deposited on boron doped diamond electrode, PL was studied as function of the different

NCD film thickness and different concentration of boron acceptors incorporated in the NCD films.
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4.4.2 NV photoluminescence study as function of thickness of NCD films: NV photoluminescence
intensity rises with the sample’s thickness. Minimum thickness presenting NV centres were found in
the film consisting of 3 nm nitrogen doped film, grown on 16 nm undoped film with higher photolu-
minescence intensity for NV° centre. All samples exhibit also Si-V colour centres, probably created

during the growth by a diffusion from the Si substrate.

4.4.3 NV photoluminescence study as function of boron acceptors concentration in the NCD film:
Boron acceptor atoms influence the Fermi level position of NV- centre and could lead to quenching
of NV PL at its higher concentrations, and thus study of an effect of boron acceptors incorporated at
different concentrations, in the diamond layers containing NV centres, was performed. The low ni-
trogen doped nanocrystalline diamond films (0.07 %) were deposited at different concentrations of
residual chamber boron background. The boron background level corresponds to the increasing bo-
ron doping (during the B doping study) in the diamond growth. An estimated amount of acceptor
atoms incorporated into the diamond layers were acquired by the Hall measurements. Quenching of
NV centre photoluminescence was observed from an estimated boron concentration in the NCD film

starting at 2e19 cm and higher.

The label free microfluidic diamond biosensor with electrochemical and NV centre

optical readout

The label free microfluidic diamond biosensor is composed of single crystal diamond sensing device,
microfluidic flow cell with ITO coated glass and electronic board. DNA detection principle of the bio-
sensor is based on NV centre charge state optical detection combined with electrochemical readout
in microfluidic channel. Firstly, we manipulated with NV centre charge state occupation (NV-
/NVC/NV*) passively by surface functionalization (O, H, PEI) and actively by voltage bias (-3 V to +3 V).
The label free DNA detection benefits from the NV centre charge state sensitivity on diamond surface
functionalization. NV PL is quenched by positive PEI surface functionalization and it can be reversed

to negative NV charge state by captured electron from an immobilized negative DNA molecule.

4.7 Control of the NV centre charge state by surface functionalization: The inter conversion of NV°
and NV charge state by diamond surface termination was verified. PL intensity decreases approxi-
mately 15 times with positive H- termination in comparison to negative O- termination. Rapid de-
crease of PL intensity was also observed by cationic polymer PEIl termination. Positive surface termi-

nation (H, PEI) results in a preferable NV centre charge state of NV° or non-PL NV*, whereas negative
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surface termination (O) leads to NV charge state. The switching of the NV centre charge state as a
response, on diamond surface termination, is crucial tool for the sensitive charged molecules sensing

with the diamond device.

4.8 Active control of the NV centre charge state by voltage bias: The NV centre charge state was
also controlled actively by applying the bias voltage (from +3 V to -3 V) between gate and source
electrodes on the diamond device. The diamond surface was oxygen terminated and photolumines-
cence was detected close to the gate electrode. Applying of the +3 V positive voltage results in a more
preferable charge state of NV~ (higher ratio of NV-/NV°), whereas NV centres are more likely in NV°
(lower ratio of NV-/NV°) with the application of the -3 V negative voltage. The band bending model-
ling confirmed shifting of the Fermi level above the NV centre transition level for applied positive
bias voltage higher than +1.5 V and shift of the Fermi level below the NV centre transition level in
case of applied voltage of 0 V and -3 V. In conclusion, active manipulation of the NV centre charge
state was demonstrated by applying the bias voltage. The functionality of the diamond device was

verified before its implementation with the electrochemical flow cell.

4.9 Label free electrochemical DNA detection: We verified the electrochemical functionality of the
biosensor and diamond surface bio-functionalization. The label free DNA detection was performed
by the EIS. The diamond surface is functionalized by a cationic polymer PEI. As a target molecule
ssDNA is used, immobilised by electrostatic attraction on the positive PEI monolayer. The measured
EIS data fitted to an equivalent electrical circuit shows that double layer capacitance and resistance

as well as charge space region resistance, increases after the DNA immobilization.

4.10 Label free NV centre charge state DNA detection: For effective switching of the NV centre
charge state (NV”*/NV-), the sensor operates at 0 V gate voltage, corresponding to the Fermi level
position between NV centre energy levels states of PEl and PEI-DNA surface termination for sensitive
DNA detection. The near surface NV centres react on the diamond surface charge. Positive surface
charge with PEl molecules tunes the NV centres to NV° and NV* charge and low intensity of predom-
inantly NV photoluminescence is detected. When negative DNA molecules are electrostatically at-
tracted on the positive PEI molecules, NV photoluminescence approximately two times increases and

NV centres are switched to NV charge state.
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Author's contribution
Author's contribution of Marie Kreémarova was as follow:

Diamond growth (Chapter 4.1 — 4.5): Nanocrystalline and single crystal homoepitaxial diamond
growth at different deposition parameters (gas composition, working pressure, microwave power,
substrate temperature...) using microwave resonant cavity and linear antenna microwave plasma en-

hanced chemical vapour deposition systems (Chapter 4.1 — 4.5).

Diamond film characterizations (Chapter 4.1 — 4.5): Diamond film thickness measurements by opti-
cal reflectance interferometry assuming the index of refraction of the layers and profilometry; Optical
microscopy characterizations; Raman spectroscopy characterizations of diamond film quality (sp3/sp?
carbon phase ratio) at two different excitation wavelengths (325 nm and 488 nm); calculation of di-
amond grain size by fitting of the Raman peak at two different wavelengths (325 nm and 488 nm);
Fourier transform infrared spectroscopy transmittance measurements of boron doped diamond
films in the mid infrared region; NV photoluminescence measurements of nitrogen doped diamond
films with 514 nm excitation wavelength at room and liquid nitrogen temperature; four probe boron
doped diamond films resistivity measurements by van der Pauw method; electrochemical impedance

spectroscopy characterizations of nanocrystalline diamond electrodes (Chapter 4.5).

Diamond electrochemical NV centre charge state biosensor (Chapter 4.6 — 4.10): Design of the bio-
sensor using the Solidworks software; fabrication of the diamond device and electrodes (diamond
deposition — boron and nitrogen doped double layer, photolithography - metal sputtering, wet etch-
ing and thermal annealing); assembly of the whole biosensor (diamond device, microfluidic flow cell
and electronic board); optical microscopy of the diamond device and polydimethylsiloxane flow cell;
NV photoluminescence and Optically detected magnetic resonance measurements by confocal mi-
croscopy at 532 nm wavelength; applying a voltage bias on gate electrode for active control of NV
centres; diamond device surface termination by oxygen and hydrogen plasma for passive control of
NV centres; band bending modelling of the diamond device under a bias voltage and different surface
functionalization; bio-functionalization of the diamond device (ssDNA attachment on polyethyl-
enimine terminated surface); filling the microfluidic flow cell and electrochemical impedance spec-

troscopy measurements.

Furthermore, the contribution was processing of the all measured data and figures and writing of the

dissertation thesis.
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EDC - 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
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EIS — electrochemical impedance spectroscopy

EPR - electron paramagnetic resonance

FA — fatty acids

FBMI CTU - Faculty of Biomedical Engineering of Czech Technical University in Kladno
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FET - Electrolyte-gated field effect transistors

FTIR - fourier transform infrared spectroscopy

HOMO - highest occupied molecular orbital

HPHT — high pressure high temperature

IMO-IMOMEC - Hasselt University's Institute for Materials Research
loP ASCR - Institute of physic Academy of science in Prague, Czech Republic
IR - infrared

ITO - indium tin oxide

LUMO - lowest unoccupied molecular orbital

MRMA - messenger RNA

MW PE CVD — Microwave plasma-enhanced chemical vapour deposition
NCD - nanocrystalline diamond

NV - nitrogen vacancy

ODMR - optically detected magnetic resonance

PCD - polycrystalline diamond

PCR - Polymerase chain reaction

PDMS — polydimethylsiloxane

PE CVD - Plasma-enhanced chemical vapor deposition
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PMT - Photomultiplier tubes

RNA - ribonucleic acid

rRNA - ribosomal RNA

SEM - Scanning electron microscopy

Si-V - silicone vacancy
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TMB — trimethylboron
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