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ABSTRACT

SiV  (silicon-vacancy) colour centres are optically active defects in the diamond lattice,
showcasing unique properties such as high photostability, biocompatibility, and chemical
inertness. The potential applications of SiV centres are extensively explored in energy
harvesting, biomedicine, and quantum information processing. This thesis investigates the
generation of surface photovoltage associated with SiV centres in nanocrystalline diamond
layers with different surface chemistry and thickness (6-177 nm). The scanning Kelvin probe
proves to be a suitable method for determining surface properties, and is adapted for measuring
contact potential difference (CPD) under illumination in a light-dark-light cycle. The initial
positive photovoltage undergoes a polarity change at a thickness of around 50 nm, indicating a
transition point between surface-controlled and bulk SiV centres. The obtained values are
employed to propose a band diagram for photovoltage generation, dependent on the surface

chemistry of the samples.

Keywords Kelvin probe, colour centre, nanocrystalline diamond, silicon-vacancy centre,

surface photovoltage, work function, hydrogen terminated, oxygen terminated



ABSTRAKT

SiV (kremikova-vakantni) centra jsou opticky aktivni defekty v diamantové matici, které maji
unikatni vlastnosti v podobé vysoké fotostability, biokompatibility a také jsou inertni. Pouziti SiV
center je v souCasné dobé¢ intenzivné rozvijené pro Sirokou oblast pouziti, od tzv. energy
harvestingu, pres biomedicinu az po vyuziti v kvantovych informacni technologiich. Tato prace
zkouma princip vzniku povrchového fotonapéti zpusobeného pritomnosti SiV center v
nanokrystalické dimantové vrstvé s rozdilnou povrchovou tpravou a tloustkou (6-177 nm).
Vyuzita je Kelvin probe metoda, ktera je vhodna pro analyzu povrchovych vlastnosti materiald,
a je zde implementovana pro méteni rozdilového kontaktniho potencidlu v zavislosti na osvétleni
v rezimu svétlo-tma-svétlo. Naméfené pocatecni pozitivni fotonapétni méni polaritu pii tloustce
vzorku kolem 50 nm, ktera znaci zlomovy bod mezi povrchovymi a hloubkovymi SiV centry.
Ze ziskanych hodnot byla vytvorena energeticka pasova struktura vzniku fotonapétl v zavislosti

na tloustce a povrchové Gprave vzorku.

Klicova slova Kelvin probe, barevné centrum, nanokrystalicky diamant, kfemikové-vakancni

centrum, povrchové fotonapéti, work function, vodikova tprava, kyslikova aprava
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1. Introduction

Diamond stands out as an interesting material, celebrated for its renowned properties like
exceptional hardness and unique optical features. The introduction of lattice defects, known as
colour centres, enhances even further its optical characteristics, turning a typically transparent
diamond into an optically active material [2]. Among these, the silicon vacancy (SiV) colour
centres, formed by placing a silicon atom between two absent carbon atoms in the diamond
lattice (vacancies), are extensively researched [3]. These centres exhibit the unique ability to

absorb and emit light at specific wavelengths, defining the optical profile of the active centre.

SiV centres present a broad range of applications, ranging from energy harvesting to biomedical
uses [1]. The properties of these centres can be adjusted by changing the surface characteristics
of the diamond where SiV is incorporated, with modifications such as hydrogenation and
oxygenation [1,4]. Various methods are employed to study their properties and the impacts of
surface chemistry. A conventional method involves measuring photoluminescence, with its
distinct wavelength detectable around ~738 nm. More intriguing methods, include the
application of the Kelvin probe method, that offer precise measurements of material surface

properties [3].

As photoactive elements, diamond with SiV centres exhibits a surface potential change when
illuminated, indicating the generation of photovoltage [1,5]. Limited amount of studies have
explored this particular property, including a study performed by Stehlik et al. [5]. The study
employed both photoluminescence measurements and the Kelvin probe method to investigate
photovoltage in ultra-thin SiV diamond layers (7-40 nm) [1,5]. The results revealed a correlation
between the generated photovoltage and both the thickness of the samples and the surface

termination.

In this thesis, I further investigate the generation of surface photovoltage associated to SiV
centres in nanocrystalline diamond layers with varying surface chemistry and thickness
(6-177 nm) [1]. Due to the natural sensitivity of SiV centres to ambient light, I suggested an
experiment to measure photovoltage. Utilising a scanning Kelvin probe, I measured the contact
potential difference (CPD) during a distinctive light-dark-light cycle [1]. A solar simulator with a

wide spectral range of 350-1100 nm was employed to illuminate the samples [1,6].

Work function (WF) and photovoltage (PV) were obtained from the measurements as functions
of thickness and surface chemistry. These obtained values were then used to propose a thickness-

dependent band diagram model for photovoltage generation with polarity switching [1].
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2. Diamond

Diamond, an allotrope of carbon, stands out in materials for its fabulous properties, including
extreme hardness, high thermal conductivity, and biocompatibility [7,8]. In contrast to
expensive natural diamonds, the extensively studied synthetic production methods allow for
widespread utilisation. Synthetic diamonds find applications across different fields, from

industrial use to state-of-art technologies in science and research.

Carbon as one of the most important elements, being present in materials and processes all
around us, 1s main building block for diamond [7]. Neutral carbon atom has six electrons total,
with configuration (1s22522p?), resulting in four valence electrons [8]. This configuration allows it
to create bonds in three different ways (single, double, and triple), and makes it easy to bond also
with atoms of other elements [8]. It is also a reason why carbon can create so many different

crystalline structures, so called allotropes [7,8].

The three main carbon allotropes are carbine, graphite, and diamond, corresponding to sp, sp?
and sp3 hybridisation of atomic orbitals [7,8].

- sp hybridisation: one s-orbital hybridises with one of the p-orbitals to make two sp-

hybridised orbitals, the carbon atom bonds by a diagonal symmetry, angle of 180° [7].

- sp? hybridisation: trigonal symmetry with one s-orbital is mixed with two p-orbitals to
form three hybridised orbitals with angle of 120° [7].

- sp? hybridisation: tetrahedral arrangement, forming strongly bonded, entirely covalent
face-centred cubic crystal lattice with other tetrahedrals [7].

/’—\ 120°
180°

sp hybrid orbitals sp? hybrid orbitals
linear trigonal planar

sp® hybrid orbitals
tetrahedral

Fig. 1 Visualisation of sp, sp?, sp3 hybridisation. Reprinted from [8]

Most of the diamond special properties originate from its rigid structure, but it is not the
thermodynamically most stable allotrope of carbon at standard conditions (room temperature
and atmospheric pressure) [9]. The most stable form of carbon is graphite, which is by it
hybridisation forming sheets that are weakly bonded to each other [9].



The conversion of diamond to graphite results in a reduction in Gibbs free energy, which is
more favourable, but because of potential barrier in standard conditions this transformation is
negligible [9]. Consequently, diamond stands as the metastable carbon allotrope, posing

challenges in its fabrication due to the preference for graphite formation [9].

The primary classification of synthetic diamonds includes the monocrystalline and
polycrystalline groups. Monocrystalline diamonds, typically sized around a few millimetres, are
created through methods aiming to replicate the physical conditions responsible for natural
diamond formation, known as the high pressure high temperature (HPHT) method [7-9]. This
process involves applying mechanical pressure on carbon melts generated by heating up graphite
[9]. On the other hand, polycrystalline diamonds are usually produced through detonation
synthesis, detonation nano diamonds (DNDs), using substances like TNT or RDX [9]. The
detonation causes a brief increase in pressure and temperature, facilitating diamond formation
from carbon sources introduced during detonation [9]. The resulting diamonds are in the

nanometer scale, ranging from 5 to 10 nm [4, 9,10].

Another classification involves the utilisation and production form of synthetic polycrystalline
diamonds, categorising them as single particles or as diamond films adhered to a substrate [11].
Regarding diamond films, a further classification based on the size of diamond crystals formed
on the surface includes micro crystalline diamond films (MCD), nano crystalline diamond films
(NCD), and ultra-nano crystalline diamond films (UNCD) [7-9]. The type of produced film
depends significantly on production time and renucleation [7,12]. It's noteworthy that even
monocrystalline diamond films can be produced under specific conditions. These films are
fabricated using chemical vapour deposition (CVD), a method and principle elaborated in the
following chapter. In this thesis, I focus on thin, poly nanocrystalline diamond films (NCDs),

seeded on an Si substrate [1,4].

The term also associated with diamond materials is "bulk diamond." It typically refers to
monocrystalline diamonds, but it can also be used in the context of diamond layers, where the

term is applied to layers with higher thickness or higher volume to surface ratio.

substrate substrate substrate

Fig 2 Types of diamond films based on size. From left: MCD, NCD, UNCD. Yellow: substrate,
blue: seeded diamonds (DNDs), grey: grown layer. Adapted from [8,13].



While pure diamond acts as an electrical insulator, the use of boron or phosphorus doping
transforms it into p-type and n-type conductors, making it a promising material for
semiconductor device fabrications [7,9]. With a wide electronic band gap of 5,5 ¢V, diamond
has significant potential for various electronic applications, particularly in optoelectronics
[14,15]. Its extreme hardness is used in industrial sector for cutting and drilling tools [9]. Also,
diamond's chemical inertness contributes to its biocompatibility, allowing its use in numerous
applications in medicine [3]. Not to mention its high thermal conductivity, which makes
potential for use as a cooling material in specific applications [7,9]. Diamond also exhibits a
relatively high refractive index (n ~ 2.41) in the visible light region, making it well-suited for
photonic applications. 7]

2.1. Colour centres in diamond

Diamond has very unique optical properties. Due to its wide band gap of 5.5 eV, it exhibits
transparency, allowing the transmission of the entire visible spectrum, along with near-UV and
near and short-wavelength IR radiation [3,16]. The band gap also allows for the existence of
additional electronic levels in the diamond, resulting in so called crystal lattice defects, known as
colour centres [3,17]. The presence of these colour centres alters the crystal's transparency in
the visible region, making it show colours. Colour centres are characterised by types of crystal
defects, such as impurity atoms (N, Si, Ge, etc.), occupying vacancy locations in the crystal lattice

[17]. Vacancies are missing carbon atoms in the diamond's lattice [18].

Optically active colour centres not only absorb light but also have the capability to emit light at
specific wavelengths during radiative transitions. Importantly, because the energy of the emitted

light lies within the diamond's band gap, the emission from these colour centres is not absorbed.

The energy levels of electronic states within colour centres are precisely defined for individual
impurities, leading to the observation of characteristic spectrally narrow zero-phonon lines
(ZPL) in the photoluminescence spectra [3]. These ZPLs are usually accompanied by phonon
sidebands at longer wavelengths, caused by dissipation of energy during electronic transitions
because of lattice vibrations (via phonons) [19-22]. ZPLs are defined in nanometers,
corresponding to wavelength of visible light emitted during deexcitation. Colour centres are also
characterised by the Debye-Waller factor, indicating the percentage of emission in the ZPL
wavelength out of the total emission intensity, including sideband [3,17,22].

Most known colour centre is nitrogen-vacancy colour centre (NV), formed when a nitrogen
atom replaces carbon next to vacancy in lattice [3]. It possesses distinctive optical and quantum
characteristics and is recognised for its capacity to absorb green light and emit red light [3,9,14].
The NV centre is optically active, offering significant utility in quantum optics applications [3].
It exhibits prolonged electron spin coherence times, making it a promising colour centre for
quantum information processing and sensing endeavours [3]. It is also sensitive to magnetic
fields, the NV centre holds potential for applications like nanoscale magnetic resonance
imaging [3]. On the hand, other centres are known and intensively studied, showing better

properties and possible use in another fields where NV is not sufficient.



2.1.1. Group IV centres

Currently, an intensively studied group of colour centres comprises of elements from group IV
[17]. Among these, the most analysed and well-known from the group is the silicon-vacancy
centre (Si1V), marking the first discovery in this category [17]. Later, the germanium-vacancy
(GeV) centre, tin-vacancy (SnV) centre, and lead-vacancy (PbV) centre were identified [17].
These colour centres exhibit similar optical properties concerning the zero-phonon line (ZPL)

line-width and Debye-Waller factor, while also each having unique characteristics [17].

Defects within group IV diamond configurations adopt the split-vacancy structure, where single
element (S1, Ge, Sn, Pb) is located between two adjacent diamond vacancies, corresponding to
two missing nearest-neighbour carbon atoms [3,17]. These centres typically possess nominally

Dsqsymmetry, aligning with the diamond <1 1 1> axis as the principal orientation [9,17].
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3. S1iV centres

The formation of the silicon-vacancy centre occurs when a silicon atom is positioned between
two adjacent vacancies within the diamond lattice [3,17]. The most common state is the
negatively charged SiV- centre, that exhibits a distinctive zero-phonon line (ZPL) at 738 nm,
accompanied by a lower phonon sideband centred at 757 nm [3,20]. Also, the Debye-Waller
factor at room temperature for this centre is approximately 0,7, representing one of the highest

values compared to other recognised colour centres, as noted by Aharonovich [3].

At room temperature, the zero-phonon line (ZPL) exhibits a spectral full width at half maximum
around 10 nm, very low value when compared with alternative colour centres [3]. The
luminescence wavelength, positioned in the near-infrared spectrum, makes it highly usable for
medical applications, given its minimal absorption and background luminescence within tissues

in this specific spectral range [3,13,17].

a) b) o,

0,5,

PL intensity (a.u.)

640 680 720 760 800

Wavelength (nm)

Fig 4 a) SiV centre in diamond lattice formed by silicon in split position between vacancies b) ZPL
spectra of SiV centre with peak at 738 nm with side band at 757 nm. Adapted from [3]

Current research suggest that SiV centres are applicable in similar fields as NV centres,
functioning as single-photon sources for use in quantum information processing, for sensors and

also as biomarkers [3,7,9,13].

Silicon vacancy centres exhibit additional great properties, including excellent spectral stability
characterised by nearly lifetime-broadened optical emission [17]. This stability arises from its
inversion symmetry (group Dsd), which shields optical transitions from local electric field
fluctuations [17]. However, these centres are not without limitations, featuring drawbacks such

as low quantum efficiency and abbreviated spin coherence times, typically ranging from

0,5to 16 ns [1,17,23].
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The definitive energy structure of the SiV colour centre is yet to be universally acknowledged,
though it can be characterised as an electronic system comprising of three levels, each split by
spin-orbital coupling [9,17]. The electron originating from the upper excited state quickly
undergoes decay to the photoluminescence (PL) active state [9]. Subsequently, it can either
transition radiatively to the ground state or non-radiatively to a shelving state [9]. The presence
of a metastable shelving state accounts for the lower photon count rate of SiV centres compared
to NV centres [3,9]. This count rate is influenced by the type of diamond hosting the centres,
with higher values observed in nanodiamonds, sometimes reaching up to three times more
compared to bulk diamond [9,23]. Additionally, SiV centres demonstrate greater stability and

emission efficiency in nanodiamonds compared to NV centres [8,13,17].

On the other hand, the work of Trojanek et al. notes that polycrystalline nano-diamond films
impact SiV centres due to defects like grain surfaces and sp2-related defects, common in this
diamond type [23]. These defects may act as traps for excited carriers of SiV centres, reducing
their internal PL. quantum efficiency and increasing film absorption [1,24]. This is significant for
thin films with layers of 10-300 nm, for microns, it is negligible [23]. For this reason,

monocrystalline diamond is traditionally considered more suitable for optical applications [23].

SiV centres also have a neutrally charged state (SiV?) with a zero-phonon line (ZPL) at 945 nm
[9,17,18]. The fabrication of these centres is challenging and not well-established, and their
potential applications remain unclear [9]. Bradac et al. also suggest the possible existence of
other silicon-related defects, with ZPLs ranging from 715 nm to 835 nm, also with the divacancy

configuration [17].
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4. Production of SiV (colour) centres

SiV centres, or colour centres in general, in diamond can commonly be produced by two main
approaches: either by incorporating specified impurities during the diamond growth via
chemical vapour deposition (CVD) or by implanting targeted ions into the already existing
lattice of diamond [9,17].

The aim in the production of colour centres is to precisely control the quantity and location
within the diamond. For instance, in quantum computing, there is a demand for single photon
emitters, individual colour centres that are easily distinguishable from others [17]. Factors such
as ease, scalability of production, and the purity of products also require consideration in
fabrication. [17].

4.1.1. CVD
The CVD method is widely used for fabricating pure diamonds, but by incorporating specific

atoms during deposition, colour centre rich diamonds can be created. The principle of this
process involves forming solid diamond on a solid substrate through deposition from gaseous
species [7]. Practically, this occurs by placing a suitably pre-treated substrate into a CVD reactor
filled with specific gases, which are then activated into gas species. Activation can be achieved by
an external source, such as plasma activation using microwaves or thermal activation using a hot
filament [7-9,25]. When optimal environmental conditions, such as the right temperature,
pressure, and gas mixture, are met, the produced gas species are transported to the substrate's
surface [7,26]. Due to a temperature gradient, gas species react on the surface, forming
nucleation centres that grow larger and transform into continuous layers [7,9]. The layer's

thickness depends mainly on the deposition time [7].

Gas mixtures present in the process are important for the properties of the produced diamond.
The main combination used is hydrogen H» with methane CHa (concentration usually
within 10 %) [8,9]. Methane serves as a source of carbon atoms, while hydrogen enhances the
activation of methane and actively etches bonds between carbon atoms, mostly sp?-hybridised
bonds that would otherwise result into growth of the graphite [9]. This mechanism
predominantly yields sp3-hybridised bonds, leading to formation of pure diamond phase [8,9].

When other gases are added into mixture, they can then create colour centres in the diamond,
for example SiH4, No, for SiV or NV centres [8]. Other gases can be utilised to incorporate
dopants, increasing conductivity or adjusting various properties such as grain size, optical

characteristics, and purity by controlling the sp2-sp? phase ratio [8].

The creation of colour centres in diamond during GVD can also be achieved by introducing
solid sources of impurities into the chamber [9,26]. For example, clean bare substrates placed
inside the chamber or nucleated substrates themselves can serve as a source of Si, as the plasma

etches the surface and fills the chamber with Si atoms [1,9].
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Because spontaneous nucleation occurs relatively slowly during deposition on a bare substrate,
the substrate's surface can be artificially pretreated through a seeding process by covering it with
a layer of nano-diamonds [7]. Typically, a mixture of deionised water and diamond powder is
applied onto the substrate's surface, often in an ultrasonic bath [1,4]. Diamond nanoparticles
created by the DND process, typically around 4-6 nm in size, are commonly used in this seeding
process [4,7]. This method enables the rapid creation of diamond films during CVD, as new
layers grow directly on the seeded diamonds, resulting in a polycrystalline surface with a random
orientation of crystals [7,27]. The layer of seeded diamond is referred to as the nucleation layer.
Seeding also facilitates the creation of very thin NCD films, as naturally formed nucleation
centres are not evenly distributed on the surface, leading to an uneven and rough surface that
hinders continuous growth [4,7,9]. Stehlik et al. demonstrated that controlled annealing in air
can reduce former 5 nm DND present in seeding powder to a 2 nm size, opening the possibility
for the production of ultra-thin sub-6nm NCD films [4,9].

CVD is a scalable and cost-effective method for creating SiV centres in diamond films with a
narrower bandwidth and better optical properties compared to ion transplantation [9]. This is
attributed to the incorporation process during growth, which avoids lattice destruction [8].
However, the synthesis of colour centres using the CVD method has one drawback. Due to the
main principle of this method, precise positioning of colour centres is not achievable, limiting
the potential applications of CVD-made diamond in quantum computing or the field of

production of single photon emitters in general [15,17].

Just to note, thicker layers contain more SiV centres, but the concentration of SiV is considered
independent of thickness [4].

Fig 5. — Visualisation of SiV NCD sample produced by CVD. Yellow: substrate, blue: seeded DND

diamonds, grey: deposited nanodiamonds with colour centres, red: SiV centres. Adapted from [1]
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4.1.2. Ion implantation

The second method used for colour centre fabrication is the ion implantation. The principle of
this method involves bombarding the host diamond with a selected ion accelerated by an electric
field targeting it onto the surface and penetrating the diamond [17]. Subsequently, annealing is
performed to repair the damage caused by the ion's travel inside the lattice during the
bombardment [17]. This annealing process also aims to form colour centres by inducing the
movement of vacancies and creating stable, energetically favourable complexes with the

implanted ions [9,17].

This method presents an interesting approach for the precise control of the positions of
individually implanted single colour centres. The depth of penetration can be accurately
determined by calculating the SRIM curve (Stopping and Range of lons in Matter), which
depends on the energy of ions [9,17]. The lateral position is controllable through the ion dose
and 1on optics [9]. This demonstrates potential for use in quantum applications where single
colour centres need to be individually addressed [3]. However, the yield of this method is low,
although optical defects reducing colour centres's photoluminescence are lower than compared
to GVD [23]. It's worth noting that this ion transplantation method also provides the

opportunity to implant colour centres into natural diamonds [13].

4.3. Termination of surfaces

Diamond materials with colour centres created by either of the above-mentioned techniques can
be further tuned through a process called termination [28]. This process involves changing
surface physicochemical properties such as surface conductivity, work function, and contact

angle of the diamond [1,5]. The surface can be terminated with either oxygen or hydrogen.

Hydrogen termination makes the surface positively charged, resulting in negative electron
affinity (NEA), and exhibits hydrophobic characteristics with a contact angle of approximately
90° [9,16]. In contrast, oxygen termination creates a negative potential of the surface, positive
electron affinity (PEA), and a hydrophilic surface with a contact angle as low as 10° [9,13,29].
The alteration in surface termination is typically achieved through high-temperature annealing,
using a hydrogen-rich gas for H-termination or annealing in air for O-termination [7,13,29].
It's worth noting that diamonds produced by CVD are naturally H-terminated. In the context
of biomedical applications, oxidised surfaces are more prone to adsorb proteins, cells, DNA, and

other bioactive molecules, topics that will be discussed later [3,13].

The surface termination also significantly influences colour centres in diamonds and their
activity. Stehlik et al. discovered that the photoluminescence (PL) of nanocrystalline diamond
(NCD) layers, estimated to be around 10 nm thick, can be fully activated or deactivated by
simply changing the surface termination [5]. Bing Yang et al. also observed that H-terminated
surfaces exhibit reduced or zero PL around 738 nm, a wavelength characteristic of the SiV
centre's zero-phonon line (ZPL), compared to O-terminated surfaces [30]. This suggests that
SiV centres close to the surface (<10 nm) are positioned above the Fermi level, causing excited
electrons to be trapped within holes in the surface conductive layer (SCL) [1,5,31,32]. Changing

the termination of the diamond to oxygenated results in a significant increase in the PL level for
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SiV- centres [5]. This implies that the excited levels of SiV are positioned below the Fermi level,
allowing electrons to occupy them and subsequently emit at 738 nm during deexcitation [1,5].
The objective of this research is to further investigate the impact of surface termination on

colour centres to gain a better understanding of a principle that is not yet exactly defined.
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5. Biomedical Applications

Diamonds, in general, are a promising material for biomedical applications due to their
properties, including chemical inertness, biocompatibility, nanometer size, and surface functional
groups [33]. These qualities make diamonds well-suited for applications such as biomarking,

drug delivery, biosensors, tissue engineering, and more [13,33].

The surface of diamonds can be easily functionalised through termination, leading to a change
in surface wettability and affinity [8,34]. Hydrogen-terminated surfaces exhibit hydrophobic
behaviour, making them less prone to adsorb water and other proteins common in biological
tissues [13]. Conversely, oxygen-terminated surfaces are capable of forming polar interactions
with their surroundings, resulting in the adsorption of various biological species, proteins, and
chemicals [8,13].

One of the studied applications of diamond is in tissue engineering, where a direct interaction
between cells and the diamond surface is wanted [13]. In the work of Penissi et al., a broad
application of nanocrystalline diamond films is discussed [13]. When the surface of
nanodiamond films is tuned using appropriate chemistries or cell-adhesion ligands, they can be
utilised for applications of cell adhesion to a material surface, both in vitro and in vivo [13].
These films were employed with bone-derived cells, resulting in improved proliferations and
higher activity growth, making them suitable for use in bone implants, supported also by the
hardness and wear resistance of diamonds [13]. The interaction of such surfaces was also

explored for soft tissues and neuronal interfaces [13].

Interest in the use of diamonds in medical applications is also attributed to nanoscale size of
diamond particles. This small size allows diamond particles to diffuse through the cell
membrane and enter living cells [3]. Due to their excellent biocompatibility, these particles
remain within the cells and are not trapped by endosomes, as demonstrated in the study by
Faklaris et al. [3,35]. The functional groups on the surface create the possibility for a wide
variety of chemical compounds to be attached to them, making them suitable for highly efficient
drug delivery [3,33,35].

Biomarking is another widely studied application of nanodiamond particles [9]. Current
biomarkers used in fluorescence microscopy, like fluorescent proteins or organic dyes, are
effective but have a major drawback: lack of long-term photostability [8,16,36]. Nanodiamonds
with colour centres offer an ideal solution as they are photostable, transparent, and exhibit low
cytotoxicity [13]. Another crucial parameter in biomarking is the spectra of absorbance and
emitted light [3]. Biological structures in cells, such as collagens, proteins, and flavins, absorb
light in the wavelength range of 300-500 nm and fluorescence in the range of 400-550 nm [3].
Therefore, biomarkers should absorb at more than 500 nm and emit at longer than 600 nm, as
indicated by the work of Aharamovich et al. [3]. This condition is met by the NV colour centre,
but it is not ideal due to its lower count rate in nanodiamonds and low Debye-Waller factor [3].
Much more suitable is the use of SiV centres, which have a strong zero-phonon line (ZPL) in the
near-infrared light spectra [3,33]. This is hardly absorbed by living tissues and differs
significantly from tissue autofluorescence [33]. Additionally, SiV centres have higher brightness
than NV centres [3,37].
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Bradac et al. also mention the possibility of using different colour centres with various functional
groups simultaneously in the same cell, and then employing optical filters to select the desired
biomarker [17].

The optical transparency of diamonds is also a significant advantage for biomarkers, as it allows

the use of optical microscopes without influencing the image [17].

Diamonds find another application in biomedicine as biosensors [8,13]. Their advantages
enable the monitoring of cell cultures "in vivo" without negative effects, and the diamond
surface can be easily tailored for various applications [8]. Biosensors categories include

electrochemical, mechanical, DNA and protein sensors, as well as cell culture sensors [8].
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6. Kelvin Probe

The Scanning Kelvin Probe is a state-of-the-art device employed for measuring the surface
electrical potential and topography potential of a sample, offering non-contact scanning
capabilities [38]. It provides valuable insights into defects, adsorbates, and compositional
differences by revealing local variations in work function [38]. These measurements prove highly
beneficial in studying dynamic charge-trapping behaviours, surface coating properties, and
corrosion effects [5,24,38].

The fundamental principle of the measurement involves the use of a vibrating capacitor [38]. A
thin probe with a circular-shaped end is positioned near the sample surface, forming a parallel
plate capacitor [38,39]. The potential difference between materials generates charge on the
probe tip [38]. As capacitance is inversely dependent on the distance between capacitive layers,
applying oscillations to the probe leads to a change in distance, resulting in a change in charge
and producing of measurable current [38]. Since the probe is made from a stable metal with an
unchanging work potential, the measured current can be used to calculate the surface potential
of the sample [38].

The original approach to measuring CPD involves attempting to achieve zero charge between
the vibrating tip and the sample by applying a constant potential and adjusting it until no
detectable electrical current is present in the circuit [38]. Applied potential is called backing
potential [38,39]. However, this method is highly sensitive to external electric fields, which can
generate current in the circuit and influence the measured values [38]. Sources of noise include

background noise and components of the Kelvin Probe itself [38].

A more modern approach is currently employed, using an "off-null" detection method that
measures the generated signal far from the balance point [38,39]. Since the amplitude of the
generated current has a linear dependence on the backing potential, the CPD value can be
casily determined through simple interpolation [38]. This approach enables higher signal levels
with an improved signal-to-noise ratio. Additionally, it facilitates the measurement of the
distance between the probe and the sample, important for precise control of the distance and
ensuring the reproducibility of measurements by preventing variations due to uneven

spacing [38,39].

The Kelvin probe measures the CPD, which is equal to the difference in work function between
the tip and the sample [5,38-40]. By employing a standardised sample with a known work
function, it becomes possible to calculate the work function of the tip and, even further, the work

function of the sample [1,40].

The work function is a crucial parameter for describing materials. It is defined as the "least
amount of energy required to remove an electron from the surface of a conducting material, to
a point just outside the metal with zero kinetic energy" [7,9]. As an electron travels to the surface
of the sample, its energy is affected by the chemical, electrical, optical, and mechanical
characteristics of the region [9]. The work function is extensively used to comprehend surface
properties, surface states, photoelectric effects, or conduction properties of the sample's surface

[38,41,42]. This information can then be utilised to generate band diagrams.
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7. Samples

For this thesis, I used thin SiV NCD films with varying thicknesses of the grown layer, created
through the CVD method on Si (100) substrates in a square shape of size 10 by 10 mm [1]. The
substrates were cleaned and pretreated in an ultrasonic bath containing deionised water with
diamond powder (diameter of 5-10 nm, New Metals and Chemicals Corp. Ltd., Kyobashi)
originating from DNDs [1, 43]. The substrates underwent a two-time dilution in the bath [1,43].

Following CVD was conducted in a plasma-enhanced reactor activated by a microwave source
(MW, 2.45 GHz) using the ellipsoidal resonator with focused plasma [1]. Diamond films were
deposited from a hydrogen-rich plasma with methane (3% CHas in Ho, Ho flow 300 sccm!) at
approximately 700 °C, under a total gas pressure of 6 kPa and MW power of 3 kW [1]. A bare,
clean Si substrate was also present in the chamber, serving alongside the deposited substrates as

a source of Si atoms [1].

Six thin NCD layer samples were prepared by controlling the CVD time within the range of
3 to 15 minutes [1]. The thickness of the grown layer, without a nucleation layer, was evaluated
within the range of 6-52 nm. The structure of the fabricated SiV NCD layer is illustrated in
Fig. 5 and growth is illustrated in Fig. 6. An additional thick sample was added to the set as a

reference, with a known total thickness of 200 nm [1].

The surface of the samples was then treated to different terminations, H-terminated and
O-terminated, respectively. For each termination, a set of seven samples was prepared.
Oxidation was performed by annealing in an oxygen-rich plasma for 4 minutes in an ICP radio
frequency (RE 13.56 MHz) plasma system with the following parameters: RE power 100 W,
pressure 60 Pa, Oy flow rate 25 sccm [1]. Hydrogen termination was performed for 10 minutes
in the same MW plasma-enhanced system used during the CVD fabrication of samples, only in

gas without CH4 addition, with otherwise the same conditions [1].

44 nm

3D nucleated
(2x dilution)

after CVD diamond growth

(cca 10 nm after 10 min)

Figure 6. AFM scan of sample after seceding and after CVD growth.
Reprinted from prof. RNDr. Bohuslav Rezek, Ph.D

I'standard cubic centimeter per minute
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8. Methods

The objective of this thesis is to evaluate the work function and photovoltage as a function of
thickness and surface modulation of SiV NCD layer samples. To achieve this goal, I conducted

thickness measurements and Kelvin Probe measurements.

8.1. Thickness Measurements

Scanning electrical microscopy (SEM), a commonly employed method for measuring sub-micro
structures, was utilised to obtain the thickness values of the SiV layers in the samples. The
measurements were conducted at the Institute of Physics, CAS (Prague, Czech Republic), with

assistance from Mgr. Jitka Libertinova.

For thickness measurement, each sample (both modifications) was cut into two pieces using a
diamond blade knife, enabling the acquisition of cross-section images [1]. SEM images were
captured at a magnification of 200 kX at 10 kV in the regime of secondary electrons with an
in-beam detector (Figure 7) [1]. The working distance (WD) was set at 4-5 mm (MAIA 3,
Tescan, Czech Republic) [1]. Thickness values were measured at three positions on the sample,
with 9 points at each position. Built-in TESCAN software was used for measuring. The values
were averaged, and the standard deviation was calculated (values shown in Table 1, a picture of

measurement technique is in A.1. Appendices chapter).

Figure 7. SEM images of cross-section of samples, with average thickness measured.

32



Obtaining values proved to be quite challenging due to low contrast and the presence of very
thin diamond layers [1]. Additionally, determining which height of crystals to select for
measurement on the sample was a challenge because the grown layer is not uniform, and the
distance of crystals from the cross section plane could not be estimated. As a result, there was a
tendency to select larger, highly visible crystals, even from further planes. The difference
between terminations also contributed to the difficulty, with hydrogen-terminated samples
appearing more blurred, making the edges unrecognisable. Due to these challenges, an

alternative method had to be selected.

As a more suitable second method, reflectance interferometry was chosen. The Ocean Optics
NanoCalc-XR spectroscopic reflectometer, paired with NanoCalc software, was employed [1].
White light in the 250-1050 nm range with a 90° incidence angle illuminated the thin diamond
layer of the sample, allowing the wavelength function of reflected light to be obtained [1,9].
This method provided more representative values, as the measurement covered a larger area
compared to SEM [1].

Since both methods measured the entire thickness of the diamond layer film on the substrate,
the seeding layer needed to be subtracted to obtain the value for the SiV layer. For this purpose,
the previous work by Kromka et al. was referenced, where the thickness of the nucleation layer
was studied [12]. The measured nucleation layers ranged from 20 to 30 nm, so, for the purposes
of this thesis, the average thickness of the nucleation layer was considered as 25 nm [1,12]. The

grown layers of NCD with SiV centres are shown in Table 1.

Table 1. Average measured thickness values of samples.

Sample 1 2 3 4 5 6 7

Total film thickness measured by SEM (nm) 302 42 =1 52+5 58 +8 43 =1 662 2005

Total film thickness measured by reflectance 31+2 33+2 43+ 4 54+5 68 +5 77+2 202+2
interferometry (nm)

Thickness of grown SiV NCD layer (nm) 6+2 8+1 18+ 1 29 +5 43 + 8 52+2 177 =5

8.2. Kelvin Probe

To obtain work function values for the studied samples, I initially conducted scanning Kelvin
Probe measurements under straightforward conditions. Given the sensitivity of SiV centres to
light, measurements were carried out in a dark box. Shortly after the initial experiments, a
drifting tendency in the measured CPD voltage was observed [1]. Additionally, when the same
sample was measured repeatedly at various spots, different values were obtained, as shown

in Figure 8.
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Figure 8. Work function values in three spots on the same sample during one measurement. Decrease is
visible, due to high sensitivity of SiV centres to light absorbed during manipulation [44].

The changes and instability observed in the measured work functions were primarily caused by
the extreme sensitivity of SiV centres to ambient light in the lab. When the position on the
sample was being changed or during the exchange and placement of samples under the probe,
the dark box was opened, exposing SiV centres to light. This light exposure led to the absorption

of light, causing the accumulation of charge and subsequently changing the surface potential.

To resolve this issue, one potential solution would be to place, store, and manipulate the samples
in complete darkness. However, fulfilling such a condition would be highly complicated and
impractical. Since one of the objectives of this thesis is to measure the photovoltage of SiV
centres, meaning that these centres would need to be exposed to light, I proposed an alternative
approach for obtaining work function data. Taking inspiration from the work of Rezek et al.,
which demonstrated a change in CPD when exposed to a light source, I suggested an "inverse"
method [25,45]. Instead of shielding samples from light, they would be fully exposed, leading to
a state of supersaturation where most, ideally all, of the SiV centres are in the excited state. The
light source would then be turned off, and the response in the form of CPD change would be
recorded, allowing for the determination of the photovoltage of the surface SiV centres. The

scheme of the suggested experiment is shown in Figure 9.

collimator lens

\

probe solar

simulator

/'

glove box

SiV NCD sample

s

Figure 9. Scheme of the proposed experiment setup.
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The experiment employed the scanning Kelvin probe method (KP Technology, UK) for CPD
measurements [1]. The grounded steel probe, featuring a 2 mm diameter tip, was positioned
inside a glove box with impermeable sides to light, ensuring complete darkness [1]. A solar
simulator (class AAA solar simulator HAL-C100, Asahi Spectra, Japan) with a wide spectrum
(400-1100 nm), simulating sunlight, was selected as the light source [1]. The simulator, equipped
with an AM 1.5G filter, had its collimator lens also placed in the glove box (Figure 10).
Measurements were done in a light-dark-light cycle, with the solar simulator manually switched
on and off. To ensure stabilised charge, samples were illuminated for 7 minutes before CPD
measurement, timed by a stopwatch. Subsequently, a continuous series of 750 points was

recorded, with 250 points for each stage of the cycle, corresponding to 3 minutes each.

The obtained CPD data for each sample were recalculated to work function values using the

following equation,
WFsample = (CPDsample - CPDref) ) 10_3 + WFref (1)

where WFg; 1 1s work function of the sample, CPDg,pp1 1s contact potential difference of the
sample, CPD,; is contact potential difference of a reference and WF, is work function of
reference [1]. For reference, an Au reference sample provided by KP Technology was used [1].

Same sample served as a calibration before each set of measurements.

Figure 10. Photography of the setup is shown from the top, providing a view through the doors of the
glovebox. The SKP probe with samples is positioned on the left, while the collimator lens is directed
towards the measured point. A closer picture reveals mounted samples, prepared and ready for
measurement.

35



Photovoltage was calculated using the following equation,

PVsample = CPDdark - CPDlight (2)
where PV, 1s the photovoltage of the sample, CPDg,y 1s mean value of contact potential in
dark phase and CPDy,p is contact potential under illumination. To eliminate kinetic effects, if

CPD was drifting in any of the phase, reduced number of values was used for calculation, using

only values close to the switching point of the phases (light-dark).
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9. Results

In the proposed experiment from the previous chapter, I measured the contact potential
difference (CPD) of seven samples with varying thicknesses on both studied surface
terminations, hydrogen-termination and oxygen-termination, respectively. The obtained values
were recalculated to the work function using equation 1 and visualised in graphs (refer to
Figure 11). The measurements were conducted in light-dark-light cycles, as illustrated in the

graphs with a yellow background for the light phase and a grey background for the dark phase.
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Figure 11. The measured work function values are for samples with different thicknesses and various
surface terminations. In the graphs, the background colours represent the light-dark-light cycle, with
yellow indicating the light phase and grey indicating the dark phase [1].
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The measured values underwent further evaluation by determining the work function (WF)
during the dark phase and generated photovoltage for each sample based on its thickness and
surface termination. The work function was calculated as the average value when the
illumination was turned off, with the addition of standard deviation. Photovoltage (PV) was
computed using equation 2, also with the addition of combined standard deviation for
difference. To enhance visualisation, the data are presented in graphs, with the average
nucleation layer shown in grey, accompanied by trend lines serving as guiding aids for better

orientation. Additionally, a table with values 1s provided in Table A.2. in the Appendices chapter.
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Figure 12. Graphs of a) average work function and b) surface photovoltage as function of thickness of
SiV NCD layer for different surface modulations. Grey area representing nucleation layer, and trend lines
acting as a visualisation of tendencies [1].
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10. Discussion

Work function values in Figure 11 exhibit visible changes during a light-dark-light cycle. Values
in the dark are considered as intrinsic properties of the sample, coming from its termination,
NCD layer thickness, and potential electrostatic charge accumulation [1]. Illumination induces
changes in work function, reflected in the generated photovoltage [5]. The recorded data over

time provide insights into the kinetic behaviour of the surface potential [1,44].

H-terminated samples demonstrate more stable work function profiles, less prone to drifting,
compared to O-terminated ones where drifting is observable during light-dark transitions.
Drifting may be associated with sample discharge/charge [1]. Generally, samples under

illumination remain stable, indicating successful supersaturation before and after the dark phase.

When WF work function under illumination is lower than in dark mode, positive generated
photovoltage PV promotes a positive net charge on the surface. Conversely, higher work
function under illumination results in negative generated photovoltage PV, yielding a negative

net charge on the sample.

Data from light-dark-light cycles are presented in Figure 12, illustrating potential profiles for
work function WF and photovoltage PV as functions of total thickness and surface chemistry.
The nucleation layer is highlighted in grey for better visualisation, typically within the 15-25 nm
range [12]. Figure 12a showcases typical values for samples with different surface chemuistries.
For O-terminated samples, work function increases with thickness, while for H-terminated
samples, it decreases. Work function values stabilise/saturate for layers above 80 nm,
corresponding to known bulk diamond work function values based on termination (4,9 eV for

hydrogenated and 5,5 eV for oxygenated surfaces) [25,34].

Major variations occur for thicknesses below 90 nm, indicating layer specific behaviour different
from bulk properties. Noteworthy is the variance in H-terminated work function (WF),
around 0,1 eV for low thicknesses. A visible plateau phase in the thinnest samples can be
explained by a p-type surface conduction layer (SCL) formed by accumulated positively charged
holes due to hydrogen termination, as suggested by various studies [1,5]. This is supported by
the fact that this WF value is the highest for this type of surface chemistry and is absent in
oxidised samples. The behaviour in the thinnest H samples can be attributed to the effect of
grain boundaries, serving as electron traps [5,23,41,46]. Grain boundaries have been more
present on lower thickness samples due to not yet fully grown uniform layer covering whole
substrate. The obtained WF values, dependent on thickness and surface chemistry, correspond
with findings in other studies [1,5,34,44].

Photovoltage (PV) profiles in Figure 12b exhibit a decreasing trend with increasing thickness for
both surface terminations. Low thickness samples (30-43 nm) generate positive PV, while thicker
layers (more than 43 nm) yield negative PV, switching polarity around 60 nm for H-terminated
and 45 nm for O-terminated. Further thickness increase leads to overall PV reduction,
stabilising at around =50 mV for H-terminated and —200 mV for O-terminated samples. These

negative values for thick samples correspond with findings for bulk diamond layers in other
studies [5,44].
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Based on these results and existing studies, a band diagram for PV generation can be proposed.

Rezek et al. presented a study measuring CPD between the surface of hydrogenated diamond
and golden contacts [25]. The result indicated the same work function (WF) across both
materials, revealing that the Fermi level is positioned below the valence band maximum (VBM)
in the surface area of H-terminated NCD, approximately 0,7 ¢V below VBM. This suggests an
upward bending of the bands, indicating electron depletion in this region due to negative
electron affinity, leading to the formation of a p-type surface conduction layer (SCL) consisting
of holes [1,5,45]. According to the work by Stehlik et al., the thickness of the SCL is considered
to be 10 nm [5]. Experiments showed that photoluminescence (PL) is quenched for layers
<10 nm, implying that excited electrons cannot reach SiV states as they recombine with holes in
the SCL [1]. The potential mechanism for the formation of such a layer was initially considered
as the transformation of SiV~ centres to neutrally charged SiV? near the surface, but no
photoluminescence at 946 nm was observed [5]. A more likely mechanism involves electrons
excited by illumination to SiV centres, are drawn towards SiV centres of lower energies, creating
holes that accumulate toward the surface, resulting in a positive charge, as illustrated in
Figure 13 [1,5,45]. The reason for this accumulation may be attributed to surface states or the

presence of sp? carbon phases due to grain boundaries [1,5,41].

For thicknesses above 10 nm, excited SiV centres continue to generate holes, contributing to a
positive charge until the SiV excited state drops below the Fermi level, estimated to be around
double the thickness of the surface conduction layer (SCL), approximately 20 nm [1]. In the
band diagram, this positive contribution of SiV states is marked as (SPV+). Further increases in
layer thickness allow the excited states of SiV to become occupied, contributing with a negative
charge (SPV-) [1]. At this depth, photoluminescence also increases, allowing radiative
recombinations. Continued negative contributions result in a neutral net charge at a layer
thickness corresponding to 40 nm, four times the thickness of the SCL [1]. This thickness is
considered as the boundary between surface-controllable SiV centres and bulk SiV centres [1].
In Figure 12b, this thickness marks the point where photovoltage (PV) switches polarity,
corresponding to around 55-65 nm of total thickness, considering the nucleation layer variance

of 15-25 nm [1]. The negative contribution of deeper SiV centres continues until PV stabilises.

A band diagram for O-terminated samples is also proposed, as illustrated in Figure 13. Stehlik et
al. observed photoluminescence (PL) on a O-terminated sample with a thickness of 10 nm,
suggesting that SiV excited states on such samples are below the Fermi level [1,5]. The bands
are similarly bent upwards, but the Fermi level is pinned at a value of 1,8-2,2 ¢V above the
valence band maximum (VBM) due to surface states, as noted by Stehlik et al. [5,24]. These
surface states are more prevalent than on hydrogenated samples and function as hole traps [3].
The band bending promotes the trapping of photoexcited holes, allowing them to move toward
the surface more easily, resulting in a positive charge for thin layers [1,5]. The thickness of the
positively contributing layer (SPV+) in the graph can be described as the band bending depth
[1]. As the layer thickness increases, excited SiV states contribute (SPV—) negatively, reaching a
neutral net charge at approximately double the band bending depth [1]. The thickness at which
photovoltage (PV) changes polarity is determined in Figure 12b, around 45 nm of total
thickness, resulting in a band bending depth of 10 nm. Further contribution leads to

stabilisation at around —200 mV.
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Figure 13. Proposed band diagrams for a) H-terminated and b) O-terminated SiV NCD samples for PV
generation and polarity switching, dependent on thickness. Dark orange arrow represents illumination,
red arrows represent excitation and movement of holes. [1,5,44]
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The proposed mechanism above can enhance our understanding of the relationship between
bulk SiV centres and those SiV centres situated in sub-surface areas [46]. However, detailed
mechanisms still need to be evaluated. The principles and explanations utilised in this context do

not account for all elements that might influence the actual mechanism.

Polycrystalline diamond defects, including grain boundaries and sp2-related defects, are
considered as important for the light emission efficiency of SiV centres, as indicated by several
studies [23,33,41]. These defects have a significant impact on photoluminescence (PL).
Additionally, the silicon-diamond bottom junction and the potential influence of deep level traps
may also play a role [1]. However, these elements have not been extensively integrated into the

existing theory PV generation.

Improving conditions during Kelvin probe measurements can be also important, as some studies
indicate that the hydrophilic nature of the O-terminated surface might cause a
potential-masking effect due to adsorbed water molecules [29,42]. For instance, Stehlik et al.
conducted measurements in an inert atmosphere and annealed the samples before the
measurement to minimise the impact of surface dipoles caused by water molecules [5,29,42].
Achieving such conditions for future measurements is possible, given the use of a glove box in
the experiment, which allows for the use of dry nitrogen to ensure an inert and humidity-free
atmosphere [5]. Future experiments may include photoluminescence (PL) measurements as an
important method for studying surface chemistry and photovoltage of SiV NCD samples.
Additionally, the use of tunable laser illumination (400-800 nm) could be considered [1].

It is important to note, that the proposed mechanisms above are based on the results and
measurements I performed in this work.. Kulicek et al. have published a paper incorporating
these results into a more complex experiment, yielding a more precise mechanism and
incorporating additional quantities [1]. Their work includes supplementary measurements such
as photoluminescence (PL) measurements, Raman spectroscopy, and roughness measurements.

The published paper is provided in the Appendices chapter, B.1.
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11. Conclusion

In this thesis, I analysed polycrystalline thin NCD films with SiV centres, varying in thickness
and featuring either hydrogen-terminated or oxygen-terminated surfaces. Thickness
measurements, ranging from 31 to 200 nm, were conducted using SEM and reflectance
interferometry. I proposed and performed an experiment to determine CPD values during a

light-dark-light cycle using the Kelvin probe method.

Results were transformed into work function (WF) and photovoltage (PV). WF values exhibit
dependency on sample thickness and surface chemistry. For H-terminated samples, the work
function decreases with thickness, while for O-terminated samples, values increases. Both

terminations reach values typical for bulk diamond at the highest thickness.

Surface photovoltage also displays dependency on sample thickness, with a consistent decrease
in generated PV values for both surface terminations. A change in polarity occurs for samples
with a total thickness exceeding 50 nm, setting the boundary between surface-controllable SiV

centres and bulk S1V centres.

Based on these results, I proposed band diagrams of photovoltage generation for each surface
chemistry, that help with better understanding of SiV based processes in diamond layers. This
study opens the potential use of NCD SiV layers in biomedical sensing or energy harvesting

applications.
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A.1. SEM measurement image
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Figure A.1. SEM images with displayed measurement points for a) H-terminated and
b) O-terminated samples.
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A.2. WF and PV data table

Table A.2.1. Obtained values for H-terminated samples

Sample Total thicknness WFsample mhght CPD dark PVsample
(nm) (V) (mV) (mV) (mV)
1 31+1 5,19 £ 0,00 92,9 2,7 162,5+ 3,4 69,6 £0,9
2 33+2 5,20 = 0,00 113,124 181,0 £ 3,3 67,9 +0,9
3 43+ 4 5,14 £ 0,01 61,6 6,6 113,279 51,6 +1,4
4 545 5,11 £ 0,00 99,5+ 3,5 74,3 2,5 -252+0,8
5 685 5,08 + 0,00 65,3+ 3,3 469 1,6 -18,4+0,6
6 77 =2 5,17 £ 0,00 158,0 = 3,9 134,9 £5,2 -231%1,2
7 202 £2 5,85+ 0,00 122,0+ 3,4 80,6 £ 8,5 -414£1,5
Table A.2.2. Obtained values for O-terminated samples
Sample Total thicknness WFsample mlight @dark PVsample
(nm) (V) (mV) (mV) (mV)
1 311 5,12+ 0,00 18,9 + 3,1 96,9 +£1,9 78,0+0,7
2 33+2 5,30 = 0,00 2435+24 268,0+1,8 24,7 £0,7
3 43 +4 5,42 + 0,01 315229 392,0+ 3,2 76,8 £0,9
4 545 5,49 + 0,03 635,4+8,9 540,6 +4,4 -948 £1,1
5 68 +£5 5,37 £ 0,01 408,5+7,2 347124 -61,4+0,8
6 77 £ 2 5,50 £ 0,01 505,4 + 3,8 452,3+9,2 -531+1,5
7 202 £ 2 5,44 + 0,02 541,945 336,7 + 14,9 -2052+1,9
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Kelvin Probe Characterization of Nanocrystalline Diamond
Films with SiV Centers as Function of Thickness

Jaroslav Kuli¢ek,* Maxmilian Marek, Nirmal Kumar, Jan Fait, Stépdn Potocky,

Stépdn Stehlik, Alexander Kromka, and Bohuslav Rezek

Optically active color centers in diamonds have been intensively studied due to
their potential in photonics, energy harvesting, biosensing, and quantum
computing. Silicon vacancy (SiV) center offers an advantage of suitable emission
wavelength and narrow zero-phonon line at room temperature. Measurement of
surface potential and photovoltage can provide better understanding of the
physics and control of SiV light emission, such as charge states and charging
effects. Herein, optoelectronic properties of nanocrystalline diamond films with
SiV centers at different layer thicknesses (10-200 nm, controlled by the growth
time) under ambient conditions are studied. Time-dependent measurements are
performed in the light—dark-light cycle. Positive photovoltage arises on samples
with SiV layer thicknesses below 55 nm on both H- and O-terminated surfaces.
Above 55 nm the photovoltage switches to negative. This layer thickness thus
represents a halfway boundary between surface-controllable and bulk SiV centers

One of the most promising applications
of NCD is also in quantum technologies,
where the material unique properties
can be utilized for quantum computing,
quantum sensing, and quantum communi-
cation."") In particular, the silicon
vacancy (SiV) center in NCD has attracted
significant attention due to its excellent
optical and spin properties.'*] The SiV cen-
ter is a point defect in the diamond lattice
that consists of a substitutional silicon
atom and a neighboring vacancy. The SiV
center exhibits a sharp zero-phonon line
(ZPL) at around 738 nm,!"* which makes
it an attractive material for applications
in sensing.

dominant contribution. A band diagram scheme explaining the photovoltage

switching mechanism is provided.

1. Introduction

Unique properties of diamond, such as its high biocompatibility,
optical transparency,’® and low chemical reactivity,"*) make it an
attractive material for various applications. Among the different
types of diamonds, nanocrystalline diamond (NCD) films have
been widely investigated due to high mechanical strength,®
low friction coefficient,®”) high thermal conductivity® as well
as diverse thin film biosensing devices.”™"!
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The SiV center in NCDs has several
advantages over other color centers such
as nitrogen vacancy (NV) in diamonds.
Despite its shorter spin-coherence time,
SiV center is more resistant to local crystal
defects thanks to its inversion symmetry.’® This allows placing
SiV centers into nanophotonic cavities"”! or using centers located
in nanodiamonds for quantum applications.® It also has a
higher brightness,!"”) which makes it easier to detect and manip-
ulate. Furthermore, the SiV center has a narrow linewidth, which
enables high-resolution spectroscopy.’”)

Changes in the color centers of SiV NCDs are mainly investi-
gated by photoluminescence (PL). The SiV PL peak at 738 nm
represents ZPL of SiV centers created in the NCD layers during
growth. The presence of the peak at 738 nm is thus the proof of
SiV centers existence in the NCD layer. In addition, the intensity
of the PL peak is subject to changes in the NCD SiV layer com-
position and surface termination.*'"**! Hydrogenated surfaces
decrease SiV PL intensity whereas oxidized surfaces give rise
to a higher intensity.??>** By oxidizing the NCD surface,
the electron affinity changes from negative to positive. SiV
excited state near H-terminated diamond surface is thus above
the Fermi level and photoexcited electrons recombine with hole
in the surface conductive layer (SCL), effectively quenching SiV
PL. The positive electron affinity of oxidized diamond surface
means that the excited energy levels of the SiV centers in the
surface layer are below the Fermi level, and photoexcited elec-
trons can occupy these levels and contribute to PL emission
of SiV centers.!*’

This kind of charging and recombination effects near surface
can also be studied by electrical potential measurements. In par-
ticular, Kelvin probe force microscopy (KPFM) or scanning
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Kelvin probe (SKP) methods have contributed to the study of
physical phenomena on diamonds, such as surface potential,
charge transfer, photovoltage (PV), and work function
(WF).?>73% The WF of the hydrogenated diamond surface was
investigated by KPFM in many prior publications.*°
The SKP method significantly helped to understand photogener-
ated charge transfer from perylene diimide to boron-doped
diamond.””! Using PL and KPFM, Stehlik et al.” studied the
optoelectronic properties of SiV centers in ultrathin (7-40 nm)
NCD films with hydrogenated and oxidized surfaces. The study
showed that the PV changes with the thickness of the layer, and
the polarity was influenced by surface modification. Positive
PV for O-terminated approached zero at 10 and 40 nm NCD
film thickness. H-terminated NCD films showed negative PV
increase with increased thickness. The WF decreased with
increasing thickness and approached values typical for bulk dia-
monds. For O-terminated surface, the trend in PV was nonmo-
notonous. The KPFM and PV measurements were performed in
glove box and all the samples were annealed at 250°C for 1h
prior to the KPFM/PV measurement to exclude the effect of
water adsorbed on the surface. The illumination was by a super-
continuum laser with 695 nm selected.

In the present work we focus on studying PVs arising from
excitation of SiV centers under ambient condition and under
broadband solar illumination to explore also possible energy
harvesting effects through these quantum centers. We use the
SKP setup with a steel tip in a closed box under ambient envi-
ronment, where it is possible to achieve fully dark conditions,
unlike in the KPFM system employing laser diode for sensing.
In addition, the solar simulator with built-in AM1.5G filter and
spectral range 350-1100 nm is used for the sample illumination.

We characterize NCD films with SiV centers as a function of
thickness where the thickness of layers with SiV centers is con-
trolled by the NCD growth time (3—60 min) and spans across
much wider range from 10 to 200 nm. We modify surfaces of
the grown layer in hydrogen or oxygen plasma. We compare
the WF and surface photovoltaic voltage (SPV) as a function of
thickness with different NCD surface modifications. We show that
SPV polarity and amplitude change with the layer thickness in a
pronounced way and in a similar way on both types of surfaces.
We propose and discuss a model to explain the observed effects.

2. Experimental Section

2.1. Sample Preparation

Figure 1a shows the scheme of the SiV NCD thin film samples.
Thin diamond films were grown on 10 x 10 mm® Si (100)
substrates. Before the chemical vapor deposition (CVD) growth,
substrates were cleaned and ultrasonically pretreated in a
suspension of deionized water and dispersed detonation dia-
mond powder (diameter 5-10 nm, New Metals and Chemicals
Corp. Ltd., Kyobashi).’!l The CVD deposition of diamond was
performed in a microwave (MW, 2.45 GHz) plasma-enhanced
CVD reactor using the ellipsoidal resonator with focused
plasma.??! Diamond films were grown from hydrogen-rich
plasma with methane (3% CH, in H,, H, flow 300 sccm), total
gas pressure 6kPa and MW power of 3kW, and temperature
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about 700 °C. Additional pieces of bare clean Si substrates as well
as the nucleated substrates themselves served as a source of Si
atoms. Based on this deposition setup as well as prior reports in
the literature (e.g., ref. [21]), we believe that the SiV concentration
is not significantly dependent on the layer thickness.
The thickness of the grown diamond layers was controlled by
the CVD deposition time. A total of six thin SiV NCD layers were
prepared with the growth times between 3 and 15min, corre-
sponding to the grown thickness range 10-50 nm (see Table 1
for specific values) as well as two thicker reference samples of
90 and 200 nm thickness. The surfaces of as-grown NCD films
were oxidized or hydrogen-terminated. For the surface oxidation,
an ICP radio frequency (RF, 13.56 MHz) plasma system with the
following parameters was used: RF power 100 W, pressure 60 Pa,
O, flow rate 25 sccm, and process time 4 min. For the hydrogen-
terminated surface, the same MW plasma-enhanced CVD system
as used for the growth of the diamond films was used for 10 min
without CH, addition at otherwise the same other conditions.

2.2. Methods

The film thickness of the prepared samples was determined by
two methods. First method was scanning electron microscopy
(SEM). The SEM images of NCD films were acquired at 10 kV
and magnification of 200 kX (MAIA 3, Tescan, Czech
Republic) in the regime of secondary electrons (SE) using an
in-beam detector. Working distance (WD) was 4.66 mm. Each
prepared sample was cut into two pieces, and the layer thickness
was determined by measuring the cross section of the sample
at three positions where the thickness was read at 10 points.
The procedure was repeated for the samples with both surface
modifications. Cross-sectional morphology images are shown
in Figure 1b. The obtained thickness values were averaged
and the standard deviation was calculated. Determining the
thickness by SEM on NCD SiV was challenging due to the very
thin layer and low contrast so we decided to verify the thicknesses
of NCD SiV with the second method. The second method used
for layer thickness determination was reflectance interferometry.
This method uses spectroscopic reflectometer Ocean Optics
NanoCalc-XR and NanoCalc software for data evaluation down
to 5nm thickness. A thin diamond layer was illuminated with
the 90° incidence angle white light in the 250-1050 nm range.
The corresponding optical model analyzed the reflected light
as a wavelength function. The thickness data from the both meth-
ods are summarized in Table 1. Sometimes the SEM and reflec-
tometry thickness is close, sometime not. As the reflectometry
measures from the lager area, we assume the values to be more
representative and they are used further on for plotting and
analyzing the thickness dependencies.

Note that the DND nucleation layer is included in the total film
thickness. The thickness of the nucleation phase was studied in
one of our previous works>*) where the thickness of the nucle-
ation layer ranged from 20 to 30 nm. Thus, we take 25 nm as the
average nucleation layer thickness. The thickness of the actually
grown NCD layer with SiV centers has been estimated by sub-
tracting the average thickness of the DND nucleation layer. Yet,
for the purpose of clarity only the total sample thickness will be
used in graphs further on.
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Figure 1. a) Scheme of NCD SiV samples. b) SEM cross-sectional morphology images (SE) with indicated average layer thicknesses. c) Photograph of the
SKP probe head with an SiV NCD sample underneath contacted by clamps. d) H-terminated NCD SiV Raman spectra for individual layer thicknesses (due
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to a high Raman intensity on 88 and 202 nm, those spectra were divided by a factor of 10). e) Surface roughness (root mean square) related to various
NCD SiV layer thicknesses (indicated trend line is guide for an eye).

The NCD SiV samples chemical composition was obtained
using a confocal Raman microscope (WITec alpha300 RAS)
equipped with a green light laser (excitation wavelength
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532nm, laser power five mW). Raman spectra were collected

in two different points by 100x objective (NA 0.9) and UHTS

300 VIS spectrometer. The integration time was 20 min for
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Table 1. Average thicknesses of the studied SiV NCD samples: total sample thickness based on SEM measurements and estimated thickness of the
grown SiV NCD layer after subtraction of average nanodiamond nucleation layer thickness (25 nm).

Sample no. 1 2 3 4 5 6 7 8

Total film thickness determined by SEM [nm] 30+2 42£1 5245 58+38 43 £1 66+2 90+£5 200+£5
Total film thickness determined by spectroscopic reflectometer [nm] 31+2 33+2 43 +£4 54+5 68+5 77+2 88 +£2 202+2
Grown SiV NCD layer thickness [nm] 6+2 841 18+1 29+5 43+38 52+2 63+5 177 £5

samples with thinner NCD SiV layers and 5 min for reference
samples with layer thicknesses of 90 and 200 nm. Spectra were
collected and processed by WITec Control 6.1 and WITec Project
6.1 software. Raman spectra for H-terminated NCD SiV samples
are shown in Figure 1d and for O-terminated in Figure S1,
Supporting Information. The Raman intensity was divided by
a factor of 10 for NCD SiV with layer thicknesses of 88 and
202 nm to better compare them with NCD SiV spectra of lower
thickness. Raman spectra confirm the presence of a diamond
peak at 1333 cm ™" in all NCD SiV samples albeit with different
intensity depending on layer thickness. In addition to the dia-
mond peak in the spectra, the carbon D-band at 1451 cm™!
and graphitic band of sp* at 1591 cm™" are detected in all
samples.****!

The atomic force microscopy (AFM—LiteScope 2.0,
NenoVision) obtained morphology information in semicontact
mode, frequency shift, and amplitude of cantilever oscillations
using an Akiyama self-sensing and self-actuating probe based
on the tuning fork method. An electrical signal was sent to
the probe to make it resonate, and the change in this resonance
frequency corresponds to changes in the surface. The obtained
AFM data were processed by software Gwyddion 2.62.%
Figure 1le shows the dependence of the roughness on the thick-
ness of the H-modified SiV NCDs. Roughness for O-terminated
NCD SiV was not shown as we assume that the roughness values
for O-terminated NCD SiV are within the error for H-terminated
NCD SiV. Roughness values are higher for thin NCD SiV films
(31 and 33 nm) due to shorter growth time and more significant
pores/gaps between NCDs. As the layer thickness increases, the
gaps are filled, and at film thicknesses of 43 and 54 nm, the
roughness is lower and changes minimally. The roughness
for NCD films with a thickness higher than 68 nm increases
again due to the growth of NCD crystallites. Overview of all
topographies is shown in Figure S2, Supporting Information.
Note that the tip used to measure the topography was
slightly blunt and there is a slight offset in the topography,
yet generally the morphology is following the trend in surface
roughness.

The morphology of NCD SiV with different layer thicknesses
was also obtained by SEM (Zeiss EVO 10). The SEM images of
NCD films were acquired at 10 kV and magnification of 20 kX in
the regime of SE using an off-beam detector. WD was 8.18 mm.
The representative SEM morphology images for each sample are
shown in Figure S3, Supporting Information. The electronic
structure appears generally homogeneous across all the sample
surfaces. Darker contrast for samples with lower NCD SiV thick-
ness and brighter for NCD SiV with higher thickness is generally
observed, indicating the effect of subsurface electronic properties
on the SE emission. Surprisingly, NCD SiV with a layer thickness
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of 8 nm had a darker brightness than expected and showed
results slightly off the main trend also in almost all other
experiments.

The PL spectra were measured using confocal PL microscope
(WITec alpha300 RAS) equipped with white light continuum
source (SuperK Extreme, NKT Photonics) and spectral filtering
module (SuperK Varia, NKT Photonics), 100x objective (NA 0.9),
and UHTS 300 VIS spectrometer. A 700 nm short pass and
700 nm long pass spectral filters were placed into the excitation
and the PL collection path, respectively, in order to prevent the
laser light from leaking into spectrometer. Two excitation wave-
lengths (550 and 650 nm) were used with 10 nm bandwidth in
each case, and average intensity 1.42 and 1.1 mW incident on
the sample, respectively. PL spectra were measured on multiple
spots on the sample and a mean value and its uncertainty was
computed. Representative spectra for each sample are shown
in Figure S4, Supporting Information. For analysis, the mea-
sured spectra were fitted by a function defined as a sum of broad
Gaussian function (broad PL band originating from defects in
NCD), narrow pseudo-Voigt function (SiV center ZPL), and
Gaussian function (SiV phonon sideband). Pseudo-Voigt func-
tion fits the ZPL better than Lorentzian or Gaussian function
alone, which is most probably caused by nonhomogeneous
broadening of the line due to variable environment (stress, pres-
ence of other defects) that acts on individual SiV centers within
the detected volume. The SiV ZPL intensity was determined as
an area of the pseudo-Voigt function fitted to the measured
spectra.

Contact potential difference (CPD) was measured by the
scanning Kelvin probe method (KP Technology, UK).
Figure 1c shows photograph of the SKP probe head with an
SiV. NCD sample underneath that is contacted by clamps.
The CPD data were recalculated to the WF values using the fol-
lowing equation:

WFsample = (CPDsample - CPDref) x 1073 + WFref (l)

As the WF reference (WF,f), an Au reference sample from KP
Technology was used. SKP measurements were done in a glove
box using a grounded steel probe tip of 2 mm diameter. The sam-
ple charge was stabilized by 7 min illumination before CPD was
measured. The CPD was measured in the light-dark-light cycle
switched on/off the light (simulated sunlight using AM1.5G fil-
ter, class AAA solar simulator HAL-C100, Asahi Spectra, Japan),
equipped with AM 1.5G filter. In the dark, the WF values reflect
the intrinsic material properties and possibly retained electro-
static charge. Under illumination, the difference in WF corre-
sponds to PV generation on the sample surface. Lower WF
(CPD) values correspond in our setup to positive PV, i.e., to
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the generation/transfer of holes on the surface. The CPD was
measured as a function of time for 7 min (750 data points).
Multiple locations were tested on each sample.

3. Results and Discussion

3.1. Kelvin Probe Measurements

The WF and surface PV were measured by Kelvin probe in the
dark and under illumination in the cycle of light-dark-light.
Figure 2 shows graphs with typical results of CPD measurements
on H-terminated (Figure 2a) and O-terminated (Figure 2b) SiV
NCD with different layer thicknesses. The yellow area represents
surface potential measured under illumination and the gray area
represents surface potential measured in the dark. Potential pro-
files in the graphs include information about the NCD WF,

(@) 54 H-terminated NCD SiV
— 31 nm—— 33 nm—— 43nm——68 nm
5.8 -
{ =77 nm ——54nm ——88 nm——202 nm
5.7
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Figure 2. Time-resolved Kelvin probe measurements in the dark (gray
area) and under illumination by solar simulator (yellow area) for different
layer thickness and surface modifications: a) hydrogenated NCD SiV;
b) oxidized NCD SiV.
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kinetic behavior of surface potential, and photogenerated
charges.

For H-terminated NCDs, the surface potential is stable under
illumination and slightly drifting in the dark, in particular for
higher NCD thicknesses. It seems that the NCD samples are dis-
charging in the dark. The significant drifting observed in the dark
measurements was the reason for the illumination (light soak-
ing) of the samples 7 min before the SKP measurements by a
solar simulator. It reduced the overall drift. It looks like the illu-
mination stabilizes the NCD surface charges.

From the potential profiles one can see that the actual sample
WF in dark and PV generated under illumination are not uni-
form. The value as well as direction of response strongly varies
with the sample thickness. Figure 3 shows analysis of the WF
and SPV values from multiple measurements plotted as a func-
tion of the total film thickness. Average thickness of the nucle-
ation layer is indicated by the gray rectangle. The white part of the
graph thus corresponds to the grown NCD layer with SiV centers.
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Figure 3. a) WF and b) surface PV for H-terminated and oxidized NCD
films with SiV centers. Approximate thickness of the nucleation layer made
of detonation nanodiamonds (without SiV centers) is indicated by the gray
area. Indicated trend lines serve as guides for an eye.
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Figure 3a shows the WF in the dark for the studied NCD SiV
samples with hydrogenated (blue) and oxidized (red) surfaces.
The WF for the H-terminated SiV NCD generally decreases with
the layer thickness. The highest WF value of 5.2¢eV is for the
sample with the lowest thickness. There is also a noticeable pla-
teau at the lowest thicknesses where the WF of H-terminated
NCD changes only weakly (within 0.1eV), most likely related
with SCL effects as such plateau is not observed on oxidized
layers of the same thickness. Then the WF decreases and satu-
rates for higher thicknesses at around 4.8-4.9 €V, in agreement
with expectations for H-terminated bulk diamond surfaces.*”
On the other hand, the WF for O-terminated NCD directly
increases with thickness from 5.1 to 5.5eV at 68 nm and then
it also becomes saturated at about the same level which is in
agreement with the expected values for bulk diamond.’”
Obviously, the most pronounced variations of NCD WF occur
below 88 nm film thickness (i.e., below 63 nm of actually grown
SiV NCD layer thickness) for both H-terminated and oxidized
surfaces. Similar values of WF for both H-terminated and oxi-
dized surfaces at small NCD layer thicknesses can be explained
by charging as observed on the nanodiamond clusters and thin
films.*® In addition, we compared the NCD values of SiV WF
with surface roughness (see the roughness values plotted in
Figure le). Roughness trend is not monotonous (in agreement
with reports in the literature on NCD growth) and obviously does
not correlate with the WF or SPV trends. Both WF and SPV fol-
low the increase in thickness monotonously. Moreover, WF val-
ues decrease with increased thickness on H-terminated samples
whereas WF values increase with increased thickness on
O-terminated samples. At the most pronounced roughness
increase (from 88 to 202 nm samples), the WF and SPV almost
do not change.

Figure 3b shows SPV evaluated for NCD SiV samples with an
H-terminated surface (blue color) and an O-terminated surface
(red color). The NCD samples with a layer thickness of
30—43 nm (thin NCD layer < 50 nm) generated positive PV both
for H-terminated and O-terminated surfaces. On the other hand,
samples with a thicker layer (50 nm), generated a negative SPV.
The SPV switched polarity at a layer thickness of 50 nm.
The thickness of 50 nm (effectively 25 nm SiV NCD layer, with-
out DND nucleation layer) thus represents a halfway boundary
between surface-controllable and bulk SiV centers dominant
contribution. NCDs with layer thickness higher than 50 nm gen-
erated negative SPV as bulk diamonds®*?*! or boron-doped
diamonds.””) Also SPV in the ultrathin SiV NCD films start
to approach zero around 40 nm** although the switch of polarity
was not observed and the experiment was performed under dif-
ferent conditions and the data is not directly comparable.

Figure 4a shows PL intensity dependence on H-terminated
(blue points) and O-terminated (red points) NCD SiV layer thick-
ness at excitation wavelength 550 nm. SiV centers did not show
PL excitation on the thinnest NCD SiV layers (31 nm) for both
surface modifications. The low PL intensity was observed
for NCD SiV film thickness of 33nm, and PL intensity
increased exponentially with increasing NCD SiV thickness
for O-terminated samples. On the other hand, H-terminated
NCD SiV showed very low luminescence at layer thickness
43 nm and did not significantly change up to thickness 68 nm
when the PL signal started to rise significantly. Figure 4b also
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Figure 4. Dependence of the NCD SiV centers on layer thickness for
H-terminated and O-terminated surfaces, measured with excitation wave-
length a) 550 nm and b) 650 nm. Indicated trend lines serve as guides for
an eye.

shows the dependence of the PL intensity change on the layer
thickness for excitation wavelength 650 nm. Again we observed
similar trends where SiV centers provided luminescence at NCD
SiV layer thickness 33 nm for O-terminated surface and 54 nm
for H-terminated samples. Both excitation wavelengths show a
high increase in PL intensity ratio for an NCD SiV layer thickness
of 88nm for both surface modifications, H-terminated and
O-terminated, probably caused by the sample material difference
already indicate by the SEM images. Furthermore, both excita-
tion wavelengths showed luminescence switching points at
NCD SiV layer thickness of 33nm for O-terminated and
54 nm for H-terminated. SiV PL intensity data correlate well with
the WF and SPV data. It is obvious that PV switches from positive
to negative with the onset of SiV PL intensity rise. Zero or very
low PL corresponds to positive PV and no or small changes in the
WF (see Figure 3). Further increase in luminescence correlates
with the rise in the WF on O-terminated NCD SiV or the decrease
in WF on H-terminated NCD SiV, both approaching bulk
WEF values. Of course, it is not only the WF value that controls
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the SiV PL intensity, a subsurface energetic band profiles must
be considered.

The above observations can be explained by the following
mechanisms that are schematically illustrated in Figure 5.
On H-terminated SiV NCD films, we assume, due to the ambient
environment, the presence of the p-type SCL with Fermi-level
energy below the valence band maximum.?**% This brings
the excited energy level as well as ground state (that is at or below
valence band maximum) of SiV centers above the Fermi level in
the surface vicinity. The PL of SiV is quenched in this situation. It
could be due to change of near-surface SiV™~ to SiV° but no cor-
responding PL at 946 nm was observed.”* It is thus more likely

(a)

43eV

:SiV state |
1 SPV (-) SPV (+) 2xSCL=16 nm
32nm

net SPV neg. l
SPV =0 (SPV +/- cancelled)

SiV state Il

net SPV pos.

(b) vacuum
PEA

43eV

EF ‘*l_ _‘> surface
states

! C-0
1 10nm
SPV() I SPV(+
| 20nm ( 1
net SPV neg. L net SPV pos.

SPV =0 (SPV +/- cancelled)

Figure 5. Proposed thickness dependent band diagram model of PV gen-
eration and polarity switching for a) H-terminated and b) O-terminated SiV
NCD layers.
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that while electrons at or below Fermi level are excited by illumi-
nation to the SiV center, the electrons will tend to get to SiV of
lower energies toward the sample depth whereas related holes
will become delocalized in the SCL and be drawn toward the sur-
face and even trapped in surface states (existing due to imperfec-
tions of NCD also on H-terminated surfaces but in much lower
density than on oxidized surfaces) or sp® carbon phase,*” thereby
increasing surface positive charge and inhibiting the SiV PL. As
the thickness of the layer increases, the photoexcited SiV centers
will contribute with increasing positive charge (holes) toward the
surface, until the excited SiV level will get below the Fermi level.
This depth corresponds to about a double of SCL depth (which
has been estimated to 7-13 nm). A slight increase or at least a
plateau in the SPV is indeed noticeable in Figure 3b. When
in the thicker layers the SiV centers are below the Fermi energy
deeper in the layer, they contribute to SPV in opposite way,
thereby compensating the originally net positive charge to zero.
It will be approximately at the depth corresponding to quadruple
of SCL depth, i.e., between 20 and 40 nm of the grown SiV layer
thickness. The SPV in Figure 3b indeed goes through zero in this
area (45-65 nm when we account for the nucleation layer thick-
ness). The negative charge increases until the SiV centers are too
deep in the layer to contribute to surface charge and SPV is satu-
rated at the value of about —50 mV.

Figure 5b illustrates the SPV mechanism in oxidized SiV NCD
layer. The bands are bent upward but the Fermi level is pinned
due to a high density of surface states (around 1.8-2.2 eV above
the valence band) that act as hole traps.l*”! Thus, the SiV system
remains fully below the Fermi level and SiV PL is higher than on
similarly thin H-terminated samples. For the thin NCD layers,
the photoexcited holes on the SiV centers become trapped on
the surface states.” The hole trapping is further promoted
by the upward surface band banding that helps holes move
toward the surface. This effect leads to dominant positive surface
charge when the NCD layer thickness is within the band bending
range. As the thickness increases, the deeper SiV centers start
again to contribute with negative charge to SPV (as in the case
of H-terminated samples). This leads to decrease and full com-
pensation of the positive SPV, approximately at double band
bending depth. Net negative SPV then starts to prevail and
becomes saturated at the value of about —200 mV. For the larger
thicknesses, the SiV centers are too deep in the layer to
contribute.

The proposed mechanism may appear too simplified, not con-
sidering grain boundaries, nondiamond carbon phases, silicon—
diamond bottom junction, and various other factors. Yet already
at this level it seems fully consistent with the presented data.
The detailed mechanism of how the electrons from photoexcited
SiV get to the surface still remains to be elucidated though.
For more detailed insight, experiments with tunable laser illumi-
nation (400-800 nm) are ongoing.

4, Conclusions

SiV NCD samples with different film thicknesses (30200 nm)
and H-terminated and O-terminated surfaces were studied by
the scanning Kelvin probe method in the dark and under solar
simulator illumination. The WF in the dark and SPV generated
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under illumination are not uniform. The value as well as the
direction of the response varied with the thickness of the sample.
The change in WF for H-terminated samples at low thicknesses
is weak, while for O-terminated samples WF increases by 0.4 eV.
At high thicknesses, WF showed values typical for bulk dia-
monds for both types of surfaces. SPV amplitude and polarity
changed with the SiV NCD layer thickness. Positive SPV was
observed for film thickness below 55nm. SiV NCD films with
thicknesses above 55 nm generated negative SPV. Diamond sam-
ples with a layer thickness of about 55 nm represent the halfway
boundary between surface-controllable SiV centers and SiV in
diamond bulk. The photovoltaic voltage switching mechanism
was explained using a band diagram considering effects in the
surface band bending region. The value of 55 nm corresponds
to about 30 nm of the actually grown SiV NCD layes, which is
about 4 times the surface band bending due to surface conduc-
tive layer on H-terminated surface or surface states on oxidized
surface. The study may contribute to employing SiV color centers
for energy harvesting applications as well as for general under-
standing and control of the SiV centers for other diverse
applications.
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