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Abstract: Light-emitting negatively-charged silicon vacancy (SiV) centers can be
formed at high densities in diamond thin films using the chemical vapor deposition
process. Diamond thin films can be relatively cheaply fabricated on a large scale,
which might be applicable in photonics or biosensing. However, the practical usage
of the films is limited due to their polycrystalline nature causing the strain in the
material and also the unwanted background photoluminescence (PL). To suppress
the strain and the background PL we investigated the influence of deposition process
parameters on the optical properties of diamond thin films grown on SiO2 substrates.
Namely, we systematically increased the amount of CH4 to H2 from 2 to 15% and
studied how it influences the chemical, structural and PL properties of the grown
films. Furthermore, we investigated if the growth of a diamond barrier layer on the
SiO2 prior to the deposition of the SiV rich diamond layer will prevent the con-
tamination of the samples with Si from the substrate. To investigate the structural
changes, we employed the tools of Raman spectroscopy, scanning electron microscopy
and atomic force microscopy. We found that with increasing the amount of CH4, the
Raman diamond peak values increase towards values typical for monocrystalline
diamond, the individual diamond grains forming the polycrystalline diamond films
get smaller and the surface roughness value decreases. To investigate the optical
properties, we employed the tools of steady-state, time-resolved and low tempera-
ture time-resolved micro-photoluminescence spectroscopy. We observed shift of the
SiV zero phonon line (ZPL) towards the values measured in the monocrystalline
diamond and slight decrease in SiV PL decay times with increasing the amount of
CH4. Lastly, we investigated temperature 10-300 K dependence of the SiV ZPL peak
position and width, and the SiV ZPL decay times. We observed blue-shifting of the
SiV ZPL peak position, broadening of the SiV ZPL, and shortening of the SiV PL
decay times with increasing temperature.
Keywords: low-temperature photoluminescence, photoluminescence decay,
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Abstrakt: Světlo emitující záporně nabitá centra křemík-vakance (SiV) mohou být
vytvořena za vysokých hustot v diamantových tenkých vrstvách pomocí chemické
depozice z plynné fáze. Tenké diamantové vrstvy mohou být vyrobeny relativně levně
ve velkém měřítku a mají potenciální využití ve fotonice či v biosenzorech. Praktické
využití těchto vrstev je však limitováno jejich polykrystalickou sktrukturou, která v
materiálu způsobuje pnutí a nežádoucí fotoluminiscenční (PL) pozadí. Ve snaze pot-
lačit pnutí a PL pozadí jsme zkoumali vliv parametrů depozičního procesu na tenké
diamantové vrstvy rostlé na SiO2 substrátech. Konkrétně jsme systematicky zvyšo-
vali podíl CH4 vůči H2 z 2 na 15% a studovali, jak CH4 ovlivňuje chemické, struk-
turní a PL vlastnosti narostlých vrstev. Dále jsme zkoumali vliv diamantové bariéry,
která byla na SiO2 substrát nadeponována před depozicí vrstvy obsahující SiV cen-
tra za účelem předejití kontaminace vzorků atomy Si ze substrátu. Pro studium
strukturních změn jsme využili Ramanovu spektroskopii, skenovací elektronovou
mikroskopii a mikroskopii atomárních sil. Zjistili jsme že s rostoucí koncentrací CH4

se diamantové Ramanovo maximum tenkých vrstev posouvá k hodnotě typické pro
monokrystalický diamant, jednotlivá diamantová zrna tvořící polykrystalické dia-
mantové vrstvy se zmenšují a drsnost povrchu se snižuje. Pro studium optických
vlastností jsme využili časově nerozlišenou, časově rozlišenou a nízkoteplotní časově
rozlišenou fotoluminiscenční spektroskopii. Pozorovali jsme posun SiV linie nulového
fononu (ZPL) směrem k hodnotám naměřeným v monokrystalickém diamantu a
mírné zkrácení času doznívání fotoluminiscence SiV ZPL s rostoucím množstvím
CH4. Nakonec jsme zkoumali teplotní závislost 10-300 K polohy maxima, šířky a
času doznívání PL SiV ZPL. Pozorovali jsme modrý posuv a rozšíření SiV ZPL a
zkracování času doznívání PL SiV center se zvyšováním teploty.
Klíčová slova: nízkoteplotní fotoluminiscence, doznívání fotoluminiscence,

Ramanova spektroskopie, diamant, SiV centrum
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Introduction

Diamond is a crystalline form of the elemental carbon with its atoms arranged in
a crystal structure called diamond cubic. Due to the arrangement of atoms in dia-
mond, it has the highest hardness and thermal conductivity of any natural material.
Diamond also has many attractive optical properties, one of the most important
being the possibility to host light-emitting defects, the so-called color centers.

To this day, more than 500 color centers have been discovered in diamond, [1] one
of the most important and most studied being the silicon-vacancy (SiV) center.
The SiV center garnered attention due to its excellent optical properties such as a
narrow zero phonon line and its ability to be used as a single photon emitter. Due to
these properties, SiV centers in diamond have strong potential use for bio-imaging,
quantum optics, quantum computing and optical sensing.

Diamonds can be fabricated in laboratory in a single-crystal or poly-crystal form.
The polycrystalline diamond is composed of diamond grains with sizes starting from
100 nm or even less for very thin layers. [2] The fabrication process of the polycrys-
talline diamond is much cheaper and faster than the fabrication of single-crystal
diamond, however, the optical quality of the polycrystalline diamond is worse due
to the presence of a non-diamond carbon phase (sp2 phase) in-between the grains,
which introduces additional absorption losses and background photoluminescence
(PL) signal. Therefore, many attempts have been made to lower the presence of
the unwanted defects such as the fabrication parameters optimization, the substrate
choice, the usage of post-processing techniques. [3, 4] However, there is still a room
for improvement. This work deals with thin diamond layers containing SiV centers
deposited on SiO2 substrates and their optical characterization. All of the samples
in this work were grown by plasma enhanced chemical vapor deposition technique
using CH4 gas as a source for carbon atoms and a silane gas (SiH4) as a source of
Si atoms for SiV centers.

One of the main goals of this work is to identify deposition parameters that will
lead to samples with the optimized SiV to the background PL emission ratio. To
identify deposition parameters most suitable for the growth of thin diamond layers
with SiV centers, we systematically increased the amount of CH4 present in the
atmosphere during growth from 2%-15%. We also investigated the influence of a
protective diamond barrier layer deposited prior to the growth of the SiV rich layer
on the optical properties of the resulting samples. This diamond barrier was grown
with the intention to prevent the sample contamination with the Si atoms from
the SiO2 substrate during the deposition. To characterize the structural changes,
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we employed the tools of Raman spectroscopy, SEM and AFM and to characterize
the optical properties, we employed the tools of steady state, low temperature and
time-resolved µ-PL spectroscopy. Lastly, we employed the tools of low temperature
time-resolved spectroscopy to obtain insight into temperature dependence of the SiV
ZPL peak position and width, and the SiV PL decay times.

This work is organized in the following way. Chapter 1 presents a theoretical intro-
duction to the methods used for optical characterization of the samples, gives a basic
information on the color centers in diamond and their fabrication and introduces the
SiV center in detail. The first part of Chapter 2 covers the samples investigated in
this work, the instruments used to prepare them and the instruments used to inves-
tigate their structural and optical properties. First part of Chapter 3 introduces the
results obtained by Raman spectroscopy, scanning electron microscopy and atomic
probe microscopy explaining the structural changes of the grown samples. Second
part of Chapter 3 introduces the results obtained by steady-state, time-resolved and
low temperature time-resolved µ-PL spectroscopy showing the optical properties of
the grown SiV centers. Finally, in Chapter 4 we summarize the obtained results.
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Chapter 1

Theoretical part

In this chapter, we introduce the measurement techniques used to characterize the
studied samples and the studied color centers. The first half of this chapter intro-
duces Raman spectroscopy and scanning electron microscopy as means to examine
the structural changes of the samples and confocal micro-photoluminescence spec-
troscopy as a mean to examine the optical properties of the centers. The second
part of this chapter introduces diamond as a material suitable for the growth of
color centers, the physical properties of the chosen color centers, and the fabrication
techniques used to generate color centers in diamond. Finally, we briefly compare
properties of polycrystalline and monocrystalline diamond.

1.1 Raman spectroscopy

Raman spectroscopy is based on Raman scattering (or Raman effect), which is an
inelastic scattering of photons. The sample is illuminated by a laser beam which
interacts with the vibrational states of molecules and the incident photons are scat-
tered. The incident photons can be scattered in following ways.

I. Elastic scattering. Elastic scattering is the predominant mode of scattering.
When scattered elastically, the photon energies of the scattered photons are
conserved.

1. Rayleigh scattering. Rayleigh scattering is the elastic scattering of light
or other electromagnetic radiation by particles much smaller than the
wavelength of the radiation, approximately up to 1/10 of the wavelength.
The intensity of the scattering is described by Rayleigh’s law

I ≈ 1

λ4
, (1.1)

where λ is the wavelength of the radiation. According to Rayleigh’s scat-
tering law, the amount of scattering of the light is inversely proportional
to the fourth power of the wavelength. [5, 6]
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2. Mie scattering. Mie scattering is the elastic scattering of particles larger
than the wavelength of the incident radiation. Unlike Rayleigh scattering,
Mie scattering is not strongly wavelength dependent. [7]

II. Inelastic scattering. When scattered inelastically, the photon energies of
the scattered photons are not conserved and some of the energy of the particle
is either lost or increased. Inelastic scattering is less probable than elastic
scattering, only approximately 1 in 1 million scattered photons in scattered
inelastically.

Raman scattering. Raman scattering is an inelastic scattering of photons
on optical phonon lattice consisting of Stokes and anti-Stokes scattering.

a) Stokes scattering. Stokes scattering is a type of an inelastic scattering
of photons, where the scattered photons end up having lower energy and
higher wavelength than the incident photons. Stokes scattering is more
probable than Anti-Stokes scattering.

b) Anti-Stokes scattering. Anti-Stokes scattering is a type of an inelas-
tic scattering of photons, where scattered photons end up having higher
energy and lower wavelength than incident photons.

The shift in the photon energy during Raman scattering gives us information about
the vibrational states of the sample. Each material has its own vibrational finger-
print, which can be used to identify the material composition of the investigated
sample.

Figure 1.1: Energy-level diagram showing the states involved in elastic Rayleigh and
inelastic Raman scattering.
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1.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of electron microscopy that employs
a focused beam of electrons to scan the surface of a sample. The electrons interact
with the surface of the sample in several ways leading to several detection modes.
The different types of interactions are shown in Figure 1.2. The most important and
used detection modes are secondary electrons and back-scattered electrons.

Secondary electrons. Secondary electrons (SE) are the product of inelastic in-
teraction between the focused electron beam and the sample and originate from the
near-surface region of the sample. They also have very low energies in the order
of 50 kV, which limits their mean-free path in the sample. The SE detection mode
gives us better information about the surface of the sample than the back-scattered
electrons.

Back-scattered electrons. Back-scattered electrons (BSE) are the result of elas-
tic interaction between the focused electron beam and the sample. BSE come from
deeper situated regions of the sample and provide information about the crystal-
lography of the sample. BSE are highly sensitive to differences in atomic number,
where the higher the atomic number is, the brighter the material appears in the
obtained image. BSE detection mode is less suitable for surface examination than
the SE detection mode.

Figure 1.2: Graphical representation of different types of signals produced during
SEM measurement. Taken from Thermo Fischer Scientific website. [8]
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1.3 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM)
that is used for three main purposes - force measurement, topographic imaging,
and manipulation. The main advantage of AFM is its ability to obtain images of
almost any type of surface, including polymers, ceramics, composites, glass, and
biological samples and its demonstrated resolution in the order of nanometers. The
AFM consists of a cantilever with a probe in the form of a sharp tip situated at the
end of the cantilever. The probe is used to scan the surface of a sample. Depending
on the contact of the sharp tip with the surface, we can categorize following imaging
modes shown in Figure 1.3.

Contact mode. In the contact mode, the probe is in a constant contact with the
surface of the sample. To obtain the signal from the surface, we further use config-
uration introducing a constant or a feedback parameter, for example the constant
force mode or the constant height mode.

Tapping mode. In the tapping mode, the probe oscillates at a high frequency
close to the resonance. The frequency and the amplitude of the driving signal are
kept constant, leading to a constant amplitude of the probe oscillation as long as
there is no interaction with the surface. As the probe gets closer to the surface of
the sample, the amplitude of the probe oscillation changes and this change is used
to obtain the AFM image. Tapping mode is used mainly for soft samples or liquids.

Non-contact mode. In the non-contact mode, the probe is not in contact with
the sample surface but oscillates above it at the resonant or slightly higher frequency.
The Van der Waals forces, which are strongest just above the surface, decrease the
resonance frequency of the probe. This decrease in the resonant frequency com-
bined with the feedback loop system maintains a constant oscillation frequency by
adjusting the tip-to-sample distance in response to the change. Measuring the tip-to-
sample distance at each point of the sample allows us to obtain the samples surface
topography (AFM images).

Figure 1.3: Graphical representation of different types of imaging modes used to
obtain AFM images. Taken from JPK Instruments handbook and modified. [9]
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1.4 µ-photoluminescence spectroscopy

Luminescence is a term describing the process of spontaneous emission of light from
a material which is the result of the relaxation of atoms from excited state to the
ground state in the material. Photoluminescence (PL) is a special type of lumines-
cence induced by electromagnetic radiation. µ-PL spectroscopy is a technique used
to characterize optical properties of a material based on its PL signal which is col-
lected from a small area of the sample (<10 µm) employing a microscope objective.
In practice, the excitation and the emission light is focused via the similar objective.

1.4.1 Steady-state photoluminescence spectroscopy

Steady-state PL spectroscopy is a type of spectroscopy which uses continuous wave
laser to stimulate the emission of photons. We used this measurement technique to
obtain the PL of samples as a function of the wavelength.

1.4.2 Time-resolved photoluminescence spectroscopy

Time-resolved PL spectroscopy is a type of spectroscopy which enables to obtain
information about the dynamics of the PL signal. It employs pulsed laser to stimulate
the emission of photons. The emitted photons can be detected by a number of
techniques, such as a photon counting or using the principle of a streak camera.

Photon counting Photon counting is a detection method in which individual
photons are counted using a single-photon detector and then converted into the
signal. Simple photon counter consists of a photomultiplier, an amplifier, a discrimi-
nator, a counter, and a digital-to-analog converter. The number of photons counted
by detector Nc is proportional to the number of photons incident on the detector Ni

but never equal. In fact, these two values satisfy the following inequation

Nc < Ni. (1.2)

The proportionality constant between these two values is the quantum efficiency of
used photocatode η which describes the quantum yield of the used photocatode. The
quantum efficiency of good photomultipliers lies in the range η = 20 − 30%. The
disadvantage of this detection method is its susceptibility to the detection of un-
wanted external photons. This problem can be resolved by shielding of instruments,
usage of screened cables and good earthing. The tremendous advantage the photon
counting method is the ability to detect single photons. [10, 11]
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Streak camera A streak camera converts information about time course of lu-
minescence signal into spatial information. The measured light propagates through
the spectrometer to the entrance slit and is projected onto the photocatode posi-
tioned on the front of the evacuated tube (Figure 1.4). After entering the evacuated
tube, the generated electrons are firstly accelerated by the electric field and then
deflected by the source of high voltage. As a result, generated electrons are vertically
deflected with known velocity and trajectory. This means that time information was
successfully converted into spatial information. Generated electrons are subsequently
multiplied by the microchannel plate detector and then collected on the phosphor
screen. The photons collected on the phosphor screen are then read out by a CCD
camera to a computer. In practice, a spectrometer is placed in front of the streak
camera detector in order to convert spectral information into the horizontal plane of
the CCD camera. The advantage of a streak camera system over the photon counting
method is the ability to measure the intensity of the PL as a function of wavelength
and time simultaneously. [11]

Figure 1.4: The operating principle of the streak camera. Taken from the Hamamatsu
Photonics product catalog. [12]

1.4.3 Low temperature time-resolved photoluminescence spec-
troscopy

Low temperature time-resolved PL spectroscopy uses a pulsed wave laser to stim-
ulate the emission of photons at low temperatures, in our case down to 12 K. We
used this measurement technique to obtain temperature dependent PL spectra of a
diamond the samples.
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1.5 Diamond

Along with graphite, diamond is one of the two main crystalline forms of carbon.
In principle, diamond is a metastable phase as graphite is thermodynamically more
stable than diamond. Diamond is known to have the highest hardness and thermal
conductivity of any natural materials. Along with that, diamond also has excellent
optical properties stemming from its crystallographic structure. In this section, we
introduce the crystallographic structure and the band structure of diamond.

Crystallographic structure Diamond is a solid form of pure carbon which crys-
tallizes in a crystal structure called diamond cubic. The diamond cubic is a crystal
structure which consists of the repeating pattern of a unit cell of 8 atoms. In dia-
mond, each atom of carbon is joined to four neighbouring carbon atoms by sigma
(σ) bonds in tetrahedral structure. σ-bonds represent the strongest type of chemical
covalent bond and they are formed by overlapping between atomic orbitals. Each
bond is at the angle of 109.5◦ to the adjacent bond. The carbon-carbon bond length
is 0.154 nm and the unit cell length is 0.358 nm. [13]

Figure 1.5: The crystallographic structure of diamond. [13]

Band structure of diamond Diamond is a semiconductor with a wide band
gap of 5.49 eV corresponding to the deep ultraviolet wavelength of 225 nm. At the
Brillouin zone center Γ, the direct gap energy equals 7.3 eV. [1, 14] This means that
pure diamond appears as a colorless crystal and does not emit light in the visible
nor infrared range. [15] Imperfections in the diamond structure, such as impurity
atoms or vacancies, can lead to discrete energy levels within the band gap. Colors in
diamond and the visible PL emission then originate from these lattice defects and
impurities.
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1.6 Color centers in diamond

A color center is a special type of a point crystallographic defect in which a vacancy
in a crystal lattice is occupied by one or more unpaired electrons. So far, more
then 500 color centers have been discovered in diamond. [1] Color centers have the
ability to absorb light and emit photons, and their presence is necessary for obtain-
ing sub-bandgap PL from diamond. The PL emission of a color center is composed
of a zero-phonon line (ZPL), which results from a direct transition of the center
from an excited to the ground state, and from a phonon-sideband, which originates
from the coupling of the excited electrons with the diamond lattice and their subse-
quent radiative relaxation into the ground state. In this chapter, we introduce the
nitrogen-vacancy center and group IV centers, which are among the most studied
color centers. The appeal of these particular color centers is their potential to be
used in quantum optics, quantum computing and as biosensors.

1.6.1 Nitrogen-vacancy centers

The nitrogen-vacancy (NV) center is a point defect in the diamond lattice that
consists of a lattice vacancy and a nitrogen atom, which substitutes for a carbon
atom. NV centers form two charge states, neutral NV centers (NV0) and negative NV
centers (NV−), where NV− centers have one extra electron located in the vacancy.
NV centers, mainly NV− centers, appeared suitable for applications in quantum
technologies, particularly quantum computing and quantum key distribution, due
to their capabilities of single photon emission, their long coherence time and the
possibility to use them as qubits. [16, 17] ZPL of the NV0 and NV− is located at
575 and 638 nm, respectively, as shown in Figure 1.6. However, one of the main
disadvantages of NV centers that is preventing their ’real-world’ application is the
strong coupling of the NV centers with the phonons even at low temperature. Both
NV0 and NV centers have a strong phonon side band (PSB) as shown in Figure 1.6.
The ratio between the PL from ZPL and PSB is called the Debye-Waller factor
(DWF) and it is typically very low for NV centers. The highest DWF value observed
in experiment is 19,3%. [18] Therefore, other types of colors centers with high DWF,
such as group IV color centers, are investigated.

Figure 1.6: PL spectra of NV0 (blue) and NV− (red). Taken from [19] and modified.

10



1.6.2 Group IV color centers

Group IV color centers can be used as single photon emitters with controlled spin.
[20] Their potential to be used in quantum optics and quantum computing as qubits
is higher than NV centers due to their high DWF (up to 70%). [21, 22] Similarly to
the NV centers, the group IV color centers also form neutral and negatively-charged
states.

Silicon-vacancy center. The negatively charged silicon-vacancy (SiV−) center
is, following the NV center, the most studied color center in diamond and will be
discussed in detail in the following section as it’s investigated in this thesis.

Germanium-vacancy center. The germanium vacancy (GeV−) center is a point
defect in the diamond lattice that consists of one germanium atom situated intersti-
tially between two adjacent lattice vacancies. [23] GeV− ZPL at room temperature
is located at 602 nm, as shown in Figure 1.7.

Tin-vacancy center. The tin-vacancy (SnV−) center is a point defect in the di-
amond lattice that consists of one tin atom situated interstitially between two ad-
jacent lattice vacancies. SnV− ZPL at room temperature is located at 620 nm, as
shown in Figure 1.7.

Lead-vacancy center. The lead-vacancy (PbV−) center is a point defect in the
diamond lattice that consists of one lead atom situated interstitially between two
adjacent lattice vacancies. PbV− ZPL at room temperature is located at 554 nm, as
shown in Figure 1.7.

Figure 1.7: Typical PL spectrum of SiV−, GeV−, SnV−, and PbV− at room temper-
ature. Taken from [20] and modified.

11



1.7 Silicon-vacancy center in diamond

SiV− center is one of the most studied group IV color centers due to its excellent
optical properties and relatively easy preparation. In this section, we introduce the
crystallographic and electronic structure of the SiV− center and its low temperature
optical characteristics.

1.7.1 Crystallographic structure

The SiV− center is a point defect in the diamond lattice that is formed by replacing
two neighboring carbon atoms in the diamond lattice with one silicon atom placed
between these two newly formed vacancies. The structure of the SiV− center is
shown in Figure 1.8. This structure has a D3d point group symmetry, meaning that
the SiV− center structure has a 3-fold rotation axis with additional mirror planes
parallel to the 3-fold axis, wxhich results in a double orbital degeneracy.

Figure 1.8: Crystallographic structure of the SiV− center in diamond.

1.7.2 Electronic structure

Due to spin-orbit coupling, both ground and excited states of the SiV− ZPL are split,
resulting in a doublet structure. [24, 25] The doublet structure of the SiV− center is
shown in Figure 1.9. The ground and excited states are therefore split to four energy
levels denoted in the bra-ket notation as |e1⟩, |e2⟩ and |g1⟩, |g2⟩, respectively. At low
temperatures (4 K), we can observe four different transitions between these energy
states:

A : |e1⟩ ⇒ |g1⟩ ,
B : |e1⟩ ⇒ |g2⟩ ,
C : |e2⟩ ⇒ |g2⟩ ,
D : |e2⟩ ⇒ |g1⟩ .

(1.3)
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Applying strong laser beam, the four energy states can be further splitted. The
splitting of energy states under a strong laser beam is called the Autler-Townes effect.
The Autler-Townes effect (also known as AC Stark effect) is the dynamical equivalent
to the Stark effect, which describes the splitting of energy states under a constant
electric field. After applying strong laser beam on the transition D, we obtain four
new energy levels: |e2, n⟩, |g1, n+ 1⟩, |e2, n− 1⟩, and |g1, n⟩. [26] These four energy
levels are called dressed states. In quantum optics, dressed states are eigenstates
of the total Hamiltonian of the system including interactions. The dynamics of the
system is then fully described as the superposition of said dresses states. [27] Each
two dressed states created by the Autler-Townes effect are separated by energy given
by the following formula

ΩAT =
√
∆2 + Ω2, (1.4)

where ∆ is the difference between the resonance frequency of the system and the
laser’s wavelength and Ω is the Rabi frequency, which describes the fluctuations in
the population of two level systems. [26, 27] The split of the states |e2⟩ and |g1⟩ by the
Autler-Townes effect into the doublet states separated by the energy ΩAT results in
the creation of symmetrical Mollows triplets which are signature for dressed states.
The graphical representation of energy states, possible transitions between energy
states and the Autler-Townes effect is shown in Figure 1.9.

Figure 1.9: Graphical representation of the SiV− ZPL split and the Autler-Townes
effect.

1.7.3 Low temperature optical characteristics

The PL spectra of SiV centers are temperature dependent and decreasing the tem-
perature of the studied material leads to uncovering a four-line structure correspond-
ing to the electronic structure of the SiV center discussed in section 1.7.2. [28] The
four-line structure of the SiV ZPL in monocrystalline diamond appearing at low
temperatures is shown in Figure 1.10. At room temperature, the phonon-electron
interaction increases resulting in a strong broadening of the PL spectra and thus
overlapping of bands with close energies. [29] The study of the temperature depen-
dence of PL bands can thus provide information about the process of electron-phonon

13



interaction and spin coherence, which is crucial for quantum optics and quantum
computing. [30, 31]

Figure 1.10: Temperature dependence of the SiV ZPL fluorescence in monocrystalline
diamond. Taken from [28] and modified.

Furthermore, it has been also observed that upon cooling, the SiV ZPL blueshifts. [28,
29, 32, 33] Blueshifting of the ZPL peak position upon cooling has been also ob-
served for other color centers, e.g. NV centers. [34, 35] For applications in quantum
optics, it is necessary to know the precise temperature dependence of SiV ZPL.
In literature, the blueshift of SiV ZPL is explained by the contraction of diamond
lattice and thus temperature dependent band gap. [36]

1.7.4 Generation of the SiV center in diamond

Polycrystalline and monocrystalline diamond thin films are grown by chemical vapor
deposition (CVD). CVD is a vacuum deposition method used mainly to produce
solid thin films and coatings. In the typical CVD process, the substrate is exposed
to one or more volatile precursors present in the atmosphere. The precursors then
react with the substrate on its surface to produce the desired thin layer or coating.
The process of deposition of thin diamond films has been studied extensively over
the years. [37, 38] SiV centers can be prepared either by ion implantation or CVD
followed by the subsequent post-processing in the form of thermal annealing.
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Ion implantation Ion implantation is the only method that can generate color
centers by implanting impurities after the growth process is complete. These im-
purities can be implanted at defined positions by masking or ion straggling. Ion
straggling is an effect that occurs because of scattering of the incident ions as they
travel through the material. The kinetic energy carried by the incident ions will
be dissipated as a result of said scattering and the incident ions will change their
original direction. The depth of implantation can be thus affected by the kinetic
energy of the incident ions because the higher the kinetic energy, the greater the
deviation. [4, 20]

Chemical vapor deposition CVD combined with doping can be used to prepare
the color centers in-situ. [20] The most common dopants used for SiV center gener-
ation are SiH4 gas and solid source of Si placed in the CVD aparature. The optical
properties of the SiV centers, the quality of the grown diamond film, and the deposi-
tion process depend on several deposition parameters - temperature, power density
and the amount of CH4 to H2 used as a precursor. [39] For example, it has been
shown that growing the diamond films at low temperatures (<400◦C) slows down the
deposition rate [40, 41] and increasing the power density leads to an improvement in
film quality, growth rate, and also to a strong change in film morphology. [39] While
influence of CH4 has been observed, full comparative study is yet to be made.

Thermal annealing Thermal annealing is a post-processing method. In the case
of ion implantation, thermal annealing process is needed for achieving the highest
possible conversion rate from substitutional atoms into color centers. Thermal an-
nealing causes diffusion of vacancies which is a process where an atom on a normal
lattice site jumps into and adjacent vacancy. This process is needed to successfully
convert substitutional atoms and vacancies into color centers after ion implanta-
tion process. Thermal annealing is also used after the CVD process to repair any
additional defects created during the growth. [3, 4]

1.8 Comparison between monocrystalline and poly-
crystalline diamond layers

The distinction between monocrystalline (MCD) and polycrystalline diamond (PCD)
layers lies in their grain structure. MCD (or single crystal) is composed of a single
grain of diamond. PCD layers are composed of multiple diamond grains grown close
together. This difference in grain structure is cause for several differences between
MCD and PCD layers.

Polycrystalline diamond layers. As previously stated, PCD thin films are po-
tentially interesting for applications in sensing. [42] Their surface can be structured
into the form of a two-dimensional photonic crystal, [43] which can be further used
for the fabrication of two-dimensional photonic crystal-based sensors for biology.
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The principle of sensing using photonic crystals is based on the existence of the so-
called guided resonances, the resonant wavelength of which strongly depends on the
surroundings. [44] Another advantage of PCD is that light-emitting defects, such as
color centers discussed in section 1.6, with a defined emission line can be embed-
ded into it during the CVD growth. However, the usage of the emission line of the
colour centers, eg. SiV centers, to sense the changes in the surroundings is limited
by the presence of defect related background PL stemming from the presence of
non-diamond carbon phase, structural defects, and strain in the PCD.

Monocrystalline diamond layers. The single crystal structure of MCD layers
opens up new application possibilities. MCD layers are suitable for fabrications of
diamond electronic devices due to their high thermal conductivity [45] and high
carrier mobility [46]. With PCD layers, both of these parameters depend on the
individual diamond grain size. MCD layers are also more suitable for application
in quantum optics [47, 48] because unlike PCD layers, they do not posses defect
related PL background. The disadvantage of MCD is their costly and time consuming
preparation process.
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Chapter 2

Experimental part

In this chapter, we will intrdouce the prepared samples, the deposition process and
the instruments and measurement setups used to obtain Raman sectra, SEM images,
AFM images, steady-state, time-resolved and low temperature time-resolved PL
spectra.

2.1 Preparation of samples

To investigate the influence of CH4 on the grown samples, we prepared group of
samples with varying amounts of CH4 in the atmosphere during growth (2-15%) with
and without the diamond barrier. Additionally, we prepared two more samples to test
the influence of the diamond barrier and one more sample for the low temperature
measurement.

CH4 series. The samples with varying concentrations of CH4 were prepared by
plasma enhanced chemical vapor deposition (PE CVD) on the Seki Diamond Sys-
tems SDS6K (SEKI). SEKI system is designed for long deposition processes of thick
diamond layers with the possibility of remote monitoring. The possibility to control
the process with a computer ensures stable plasma discharge and allows us to control
the density of SiV− centers by regulating the SiH4 gas flow. The diamond thin films
were grown on SiO2 substrate (fused silica) with the following deposition parameters:
pressure 30 Torr, power 2000 W , temperature 460◦C±10◦C and gas flow 300 sccm
for H2 and 3 sccm for H2+SiH4. These samples were prepared with the following
concentrations of CH4 present in the atmosphere during the growth: 6 sccm (2%),
12 sccm (4%), 18 sccm (6%), 24 sccm (8%), 30 sccm (10%) and 45 sccm (15%). In
order to be able to compare the absolute values of the PL intensity, the thickness
of the studied samples has been kept similar within the error range. Full list of the
samples prepared with varying concentrations of CH4 is given in the Table 2.1.
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Sample Abbreviation Thickness [nm] CH4

SE221121 SE2% 198 2%
SE221102 SE4% 192 4%
SE221115 SE6% 220 6%
SE221114 SE8% 222 8%
SE221111 SE10% 270 10%
SE221110 SE12% 220 12%
SE221109 SE15% 243 15%

Table 2.1: List of prepared samples including their properties.

CH4 series with diamond barrier. The samples with varying concentrations of
CH4 and diamond barrier were prepared under the same conditions as the samples
without the diamond barrier. The diamond barrier was prepared on the Universal
plasmatic system Roth&Rau (RR). RR is a plasmatic system suitable for the growth
of nanocrystalline, microcrystalline and porous diamond layers at low pressures and
low temperatures. The purpose of this diamond barrier grown on the SiO2 substrate
prior to the deposition of the SiV rich layer is to prevent the contamination of the
samples with Si atoms from the substrate. The thickness of the diamond barrier was
kept around 100 nm. The samples grown with diamond barrier were discussed in
detail in previous work and we will thus include only the most important findings.
Full list of the samples prepared with varying concentrations of CH4 and diamond
barrier is given in the Table 2.2.

Sample Abbreviation Thickness [nm] CH4

SE211214B SE2%+RR 273 2%
SE210909B SE4%+RR 297 4%
SE211219 SE6%+RR 280 6%
SE220128 SE8%+RR 256 8%
SE220126 SE10%+RR 270 10%
SE220124 SE15%+RR 263 15%

Table 2.2: List of samples prepared with diamond barrier including their properties.

Barrier control group. To further verify the influence of the diamond barrier, we
prepared the samples SEB2% and SEB2%+RR. These samples were prepared with
the same concentrations of CH4 but the sample SEB2% was prepared without the
diamond barrier and sample SEB2%+RR was prepared with the diamond barrier.
The samples were prepared on the SEKI instrument under the same circumstances
as the samples from the CH4% series. The properties of the samples are given in the
Table 2.3.
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Sample Abbreviation Thickness [nm] CH4 Diamond barrier
SE211011 SEB2% 220 2% no
SE211214B SEB2%+RR 273 + 100 2% yes

Table 2.3: Properties of the samples SEB2% and SEB2%+RR.

Sample NCD. For the low temperature measurement, we prepared the sample
NCD190305A (NCD). The sample NCD was prepared by PE CVD on the Microwave
plasmatic system Aixtron (AIXTRON), which is a fully automated system designed
to grow diamond layers with the possibility of incorporating color centers. The sam-
ple was grown on a SiO2 substrate with a solid Si source placed near the substrate
as a source of Si atoms with the following deposition parameters: pressure 45 Torr,
power 3 kW, temperature 750◦C and concentration of CH4 3 sccm (1%). This led
to the diamond film with a thickness of 300 nm and a high density of light-emitting
negatively charged SiV centers.

Reference diamond (EDP). As a reference to our grown samples, we used the
sample EDP. The sample EDP is a monocrystalline diamond with SiV centers that
was purchased from EDP Corporation, Japan. Sample EDP was used as a reference
due to its properties, such as high quality of SiV centers.

2.2 Measurement methods, setups & instruments

Raman and steady-state micro PL spectroscopy. Raman and steady-state
micro PL spectroscopy was measured on the Renishaw inVia Reflex microspec-
trophotometer using the HeCd laser (Kimmon Dual Wavelength HeCd, model IK5651R-
G) with the wavelength of 442 nm for the excitation.

Scanning electron microscopy. SEM images were obtained by MAIA 3 (Tes-
can) scanning electron microscope in SE mode at 10 kV and with total magnification
60000x.

Atomic force microscopy. AFM measurements were performed on Bruker Di-
mension ICON AFM in semi-contact PeakForce QNM mode, using conical Aspire
CFM probes. Semi-contact PeakForce mode combined with sharp (guaranteed tip
radius < 10 nm) probe allows for highly-controlled and accurate low-force measure-
ment. All measurements were processed in Gwyddion software. [49]
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Figure 2.1: Microspectrophotometer Renishaw inVia Reflex (left) and Scanning elec-
tron microscope MAIA 3 (right).

Time-resolved PL spectroscopy setup. The source of a laser beam was a
solid state Yb:KGW pulsed laser (Pharos, Light Conversion) with the fundamental
wavelength of 1030 nm, tunable repetition rate in the range of 1-200 kHz, 200 fs
pulses duration, and energies up to 1.5 mJ in the pulse. Second harmonic with the
wavelength of 515 nm was generated by inserting a non-linear optical crystal into
the path of the laser beam. The laser beam was guided through the set of mirrors
and focused on the sample via an objective (NA=0.12). The PL was collected via the
similar objective and subsequently focused onto the entrance slit of the spectrometer
coupled to the streak camera. Graphical representation of the measurement setup is
shown in Figure 2.2.

LASER

SPECTROMETER

SC
M1

BE

M2M3

DM
M4

L

PZT

OBJE
CTIVE

Figure 2.2: Graphical representation of the measurement setup. List of abbrevia-
tions: M1−4 - mirrors, L - lens, DM - dielectric mirror, BE - beam expander, PZT -
piezoelectric table, SC - streak camera.
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Low temperature time-resolved PL spectroscopy. Low temperature mea-
surements were performed at FMP CUNI (Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 3, 12116 Prague 2) with a measurement setup simi-
lar to the one shown in Figrure 2.2 complemented with a He cryostat. The source of
a laser beam was a pulsed laser (Tsunami Spitfire, Spectra Physics) followed by a
Topas (Light Conversion) tunable optical parametric amplifier providing the excita-
tion wavelength 525 nm, 100 fs pulse duration, and 1 kHz repetition rate. The low
temperautre PL decay was measured at the following temperatures: 300 K, 280 K,
260 K, 240 K, 220 K, 200 K, 180 K, 160 K, 140 K, 120 K, 100 K, 80 K, 60 K, 40 K,
20 K and 12 K.
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Chapter 3

Results & discussion

In this chapter, we show the results obtained by Raman spectroscopy, SEM, and
AFM, which gave us information about the structural changes stemming from in-
creasing the amount of CH4 in the atmosphere during the growth and from the
presence of the diamond barrier. Then we present results of the steady-state, time-
resolved, and low temperature time-resolved PL spectroscopy, which provided us
with the information about the change in optical properties of the prepared SiV
centers.

3.1 Raman spectroscopy

CH4 series. Raman spectroscopy was measured to obtain information about the
structural properties of the samples and the spectral position of the diamond Raman
peak, which gives us information about the quality of the prepared sample in com-
parison with the monocrystalline diamond EDP. Raman spectra of the investigated
samples normalized to the diamond peak are shown in Figure 3.1. We can identify
the following Raman peakspeaks and bands in the measured spectra of each sample:
a diamond peak at 1332 cm1, a band in the range of 1000-1200 cm1 corresponding to
the trans-polyacetylene (TPA), and a broad band ranging from 1430 to 1650 cm−1

which is a superposition of a TPA band (1430-1470 cm1) and a G-band (1500 to
1650 cm1). The latter indicates the pres- ence of an amorphous sp2 carbon situated
predominantly in-between the diamond grains, [50, 51, 52] whereas the TPA chains,
which are present in the diamond thin films as a by-product of the CVD [53], are
placed mainly at the diamond grain boundaries. [54]

Figure 3.2 shows Raman spectra normalized to the diamond peak in the region 1400-
1700 cm−1 that shows the evolution of TPA and G-band bands with increasing the
amount of CH4 which we will now discuss in detail. First we note that the dip in all
the spectra at around 1490 cm1 is a result of a malfunction in the spectrometer and
thus doesn’t bear any physical meaning. It was omitted when fitting the spectra.
Figure 3.2 a) shows Raman spectra of the samples SE2% and SE4%. We can see that
the G-band peaks of these two samples overlap, suggesting very similar amount of sp2

phase with respect to the diamond phase for both concentrations of CH4 and a small
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Figure 3.1: a) Raman spectra of the samples SE2-15% normalized to the Raman dia-
mond peak. b) Raman spectra of the samples SE2-15% in the region 1400-1700 cm−1.

increase in the TPA peak intensity for the sample SE4%. Figure 3.2 b) compares
Raman spectra of the samples SE4% and SE6%. We see a noticeable decrease in
the G-band intensity of the sample SE6% compared to the sample SE4% suggesting
decrease in the amount of sp2 phase with respect to the diamond in this sample.
Figure 3.2 c) shows the Raman spectra of the samples SE6% and SE8%. The Raman
spetra for these two samples overlap and thus don’t show any change. Figure 3.2 d)
shows the Raman spectra of the samples SE8% and SE10%. The sample SE10%
shows significant rise in he Raman intensity of the non-diamond band compared
to the sample SE8% suggesting a rise in the non-diamond phase content compared
to the diamond phase for these specific growth parameters. Figure 3.2 e) shows
subsequent decrease in the Raman intensity of the non-diamond for the sample
SE12%. Finally, Figure 3.2 f) shows shows that increasing the CH44 content from
12% to 15% do not influence the ratio of diamond and non-diamond phases. From
this comparison, we can say that the samples with the lowest amount of sp2 phase
with respect to the diamond phase are the samples SE6% and SE8%. We also observe
rise in the TPA peak intensity with increasing the amount of CH4 which we will be
explained in the following two sections.

To obtain the information about the spectral position of the Raman diamond peak,
the diamond Raman peak was fitted in Origin [55] with the Lorentz function in the
following form

y = y0 +
2A

π

w

4(x− xc)2 + w2
, (3.1)

where y and x are the independent variables, A is an amplitude, w is the width of
fitted peak and xc is the peak maximum. The obtained spectral positions of Raman
diamond peak are shown in Figure 3.3 a) and the detail of the Raman diamond
peak of the samples SE2%, SE8%, SE15% and EDP are shown in Figure 3.3 b).
For the samples SE2-8%, we see that with increasing the amount of CH4 in the
atmosphere during growth the values of the Raman diamond peak position slowly
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Figure 3.2: Raman spectra normalized to the diamond peak in the region
1400-1700 cm−1 of the samples a) SE2-4%, b) SE4-6%, c) SE6-8%, d) SE8-10%,
e) 10-12% and f) SE12-15%.

increase towards the monocrystalline reference sample EDP. The samples SE6% and
SE8% are the closest to the reference sample EDP in spectral peak position values.
For the samples SE10-15%, the spectral peak position values exceed the value of the
monocrystalline reference.

Figure 3.3: a) Raman diamond peak spectral peak position of the samples SE2-
15% and EDP obtained by fitting the measured Raman spectra with the Lorentz
function 3.1. b) Detail of the Raman diamond peak of the samples SE2%, SE8%.
SE15% and EDP.
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Furthermore, we fitted the overall the Raman spectra in Python to evaluate the
diamond quality factor fq. The quality factor fq reflects the ratio of diamond and
non-diamond sp2 carbon phase. [56, 57] Ideal monocrystalline diamond sample would
have fq value of 100%. We calculated the fq factor for individual samples in Python
using the following formula

fq =
75 · Asp3

(75 · Asp3 + Anon−sp3)
· 100, (3.2)

where Asp3 is the area under the Raman diamond peak and Anon−sp3 is the area
under the non-diamond Raman phases band composed of the TPA and G-bands. [56]
Calculated fq factors of the prepared samples are shown in Figure 3.4 a). We can see
that the values of the fq factor is the highest for the sample SE2% and then decreases
with increasing the amount of CH4 used during deposition. We also calculated the
the ratios sp3/TPA and sp3/G-band shown in Figure 3.4 b). Again, the sample
SE2% has the highest sp3/TPA and sp3/G-band ratios from the prepared series of
samples pointing to the highest intensity of the Raman diamond peak with respect
to the non-diamond phases from the prepared series. In Figure 3.4 b) we can also
see an increase in the amount of TPA with increasing the amount of CH4 that will
be explained in the two following sections. We would like to note that these results
are not consistent with the discussion provided above with respect to the Figure 3.2
which will be investigated in detail in the near future.
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Figure 3.4: a) fq factors and b) sp3/TPA and sp3/G-band ratios of the measured
samples obtained by fitting the data in Python.

In conclusion, the Raman spectroscopy showed that increasing the amount of CH4 in
the atmosphere during growth leads to shifting the spectral position of the Raman
diamond peak of the fabricated polycrystalline diamond. We found that the samples
with the most suitable properties for our desired applications are the samples SE6%
and SE8% because their Raman diamond peak is at the same spectral position as
the monocrystalline diamond reference showing that no-additional stress is present
in the samples and except for the sample SE2%, they provide the highest content of
the diamond material with respect to the sp2-related carbon phase.
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CH4 series with diamond barrier. Figure 3.5 shows Raman spectra normalized
to the Raman diamond peak of the samples prepared with protective diamond bar-
rier. The spectra shows prominent TPA peak (1500 cm−1) and G-band (1600 cm−1).
We can also see that the G-band noticeably increases in intensity for the samples
SE8-15% suggesting a higher amount of sp2 to the diamond phase present in sam-
ples deposited with higher concentrations of CH4. Furthermore, the Raman spectra
show a D-band at 1345 cm−1 indicating further presence of non-diamond sp2 carbon
phase. [50]

Figure 3.5: a) Raman spectra of the samples SE2-15%+RR normalized to the dia-
mond peak. b) Raman spectra of the samples SE2-15%+RR in the region
1400-1700 cm−1.

The measured diamond Raman peaks of the samples prepared with the diamond
barrier were fitted in Origin with the Lorentz function 3.1. The obtained spectral
positions of Raman diamond peak are shown in Figure 3.6. We can see that with
increasing the amount of CH4 in the atmosphere during growth, the values of Raman
diamond peak slowly increase towards the monocrystalline reference sample EDP
meaning that with increasing the amount of CH4 in the atmosphere, the quality
of the fabricated polycrystalline diamond is improving towards the monocrystalline
diamond. Unlike the samples prepared without the diamond barrier, the Raman
diamond peak values do not reach the monocrystalline diamond value.
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Figure 3.6: Raman diamond peak spectral peak position of the samples
SE2-15%+RR and EDP obtained by fitting the measured Raman spectra with the
Lorentz function 3.1.

Barrier control group. Figure 3.7 shows the normalized Raman spectra of the
samples SEB2% and SEB2%+RR. Confirming the findings from the CH4 series
prepared with and without the diamond barrier, we can see that the presence of di-
amond barrier causes higher content of non-diamond sp2 phase in the grown samples
as evidenced by the higher G-band intensity and by the occurence of the D-band in
the Raman spectrum.

Figure 3.7: a) Raman spectra of the samples SEB2% and SEB2%+RR normalized
to the Raman diamond peak. b) Raman spectra of the protective diamond barrier
normalized to the G-band.
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3.2 Scanning electron microscopy

Polycrystalline diamond films are composed of multiple diamond grains grown closely
together. It has been shown that increasing the amount of CH4 in the atmosphere
during the growth of the thin polycrystalline diamond films has an effects on the
shape, size and distribution of the individual diamond grains. [57, 58] SEM images
of the samples SE2%, SE8%, SE15%, SE2%+RR, SE8%+RR, and SE15%+RR are
shown in Figure 3.8. We can see that the samples with the lower concentrations of
CH4 (SE2% and SE2%+RR) are composed of larger diamond grains situated further
apart from each other. Increasing the amount of CH4 present in the atmosphere dur-
ing growth leads to smaller diamond grain sizes. The individual diamond grains also
appear to be situated closer to each other. This can be explained by the smaller dia-
mond grain sizes which would lead to increase in the amount of TPA present on the
surface of the individual diamond grains. This corresponds with the Raman spectra
discussed in the section 3.1, where we can clearly see an increase in the amount of
TPA with increasing the amount of CH4. In order to quantify differences in between
the SEM images of the samples with and without the barrier, further studies are
required. However at first sight, the samples grown with the diamond barrier seem
to have larger voids in between the grains also for the high CH4 concentration. The
Raman spectra showed increase in the sp2 to diamond phase ratio which suggest
that the voids are filled with the non-diamond sp2 carbon

Figure 3.8: SEM images of the samples SE2%, SE8%, SE15%, SE2%+RR,
SE8%+RR, and SE15%+RR.
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3.3 Atomic force microscopy

AFM images of the samples SE2%, SE8% and SE15% were obtained to calculate
the roughness of the surface and to confirm the findings of SEM and Raman. The
obtained AFM images are shown in Figure 3.9. The mean square roughness (RMS)
of height irregularities was calculated in Gwyddion [49] after filtering the data and
getting rid of contamination based irregularities. We obtained the following values
of RMS: 41.7 nm (SE2%), 22.4 nm (SE8%) and 16.8 nm (SE15%). We can see that
with increasing the amount of the CH4 in the atmosphere during growth, the RMS
value is decreasing, suggesting that the surface of the samples is closing in. This
corresponds with the SEM images shown in Figure 3.8 and Raman spectra shown
in Figure 3.1 that shows increase in the amount of TPA situated on the surface of
grains.

Figure 3.9: AFM images of the samples a) SE2%, b) SE8%, and c) SE15%.

3.4 Steady-state photoluminescence spectroscopy

CH4 series. Steady-state PL spectroscopy was measured to obtain the informa-
tion about the SiV ZPL to PL background ratio and the spectral position of the SiV
ZPL peak, which gives us information about the quality of the prepared samples in
comparison with the monocrystalline diamond EDP. Figure 3.10 shows PL spectra
of all the measured samples SE2-15% normalized to the SiV ZPL. The PL spectrum
of each sample possesses a clear SiV− ZPL located at around 739 nm and an adja-
cent PSB. The SiV ZPL is superimposed on the spectrally broad defect-related PL
band ranging from 450-900 nm, which acts as a PL background. We can see that the
samples with the lowest intensity of the defect-related PL background with respect
to the ZPLintensity are the samples SE4% and SE8%.

To obtain the information about the spectral position of the SiV ZPL, the measured
ZPL was fitted in Origin with the Lorentz function 3.1. ZPL peak positions of the
measured samples are shown in Figure 3.11 a) and Figure 3.11 b) shows detail of
the SiV ZPL of the samples SE2%, SE8%, SE15% and EDP. We can see that with
increasing the amount of CH4 present in the atmosphere during growth, the values
of SiV ZPL spectral position slowly decreases towards the monocrystalline reference
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Figure 3.10: a) PL spectra of the samples SE2-15% normalized to the SiV ZPL. b)
PL spectra of the samples SE2-15% in the region 450-700 nm showing the defect
related PL background.

sample EDP, which shows that with increasing the amount of CH4 present in the
atmosphere during growth the quality of the SiV centers and their optical properties
are improving towards the monocrystalline diamond.

Figure 3.11: a) SiV ZPL spectral peak position of the samples SE2-15% and EDP
obtained by fitting the measured PL spectra with the Lorentz function 3.1. b) Detail
of the SiV ZPL peak of the samples SE2%, SE8%, SE15%, and EDP.

We further processed the PL spectra in Matlab to obtain the information about the
ratio between the SiV emission (ZPL+PSB) and the defect-related PL background.
The PL spectra were fitted using Gaussian (g) and Lorentzian (l) functions in the
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following form

g =
A

w
√
2π

· exp
(
−(x− xc)

2

2w2

)
,

l =
1

πw
· w2

(x− xc)2 + w2
,

(3.3)

where x is the independent variable, A is the amplitude, w is the width of fitted peak
and xc is the peak maximum. The PL spectra were fitted in the following way: ZPL
at around 738 nm was fitted with a Lorentzian function, PSB at around 770 nm
with a Gaussian function, and the PL background ranging from 450-900 nm was
fitted with 2 Gaussians. The fit of the PL spectra of the sample SE2% taken as an
example is shown in Figure 3.12.

Figure 3.12: Fit of the PL spectrum of the sample SE2% in Matlab. a) Complete
fit. b) Fits of individual sections of the PL spectra by Gaussian and Loretzian
functions 3.3.

This complex fit of the PL spectra was used to obtain the numerical values of the
SiV emission to the defect-related PL background ratio RSiV/bg. We calculated the
RSiV/bg in Matlab using the formula

RSiV/bg =
AZPL + APSB

AB

, (3.4)

where AZPL is the area under the ZPL peak, APSB is the area under the PSB
peak and Abg is the area under the two Gaussian functions used to fit the PL
background for the region 700-800 nm. The calculated values of RSiV/bg are shown
in Figure 3.13 a). The samples with the highest values of RSiV/bg are the samples
SE4-8%. We further used the results of the fit to calculate the DWF. As previously
discussed in Section 1.6.1, the DWF is defined as the ZPL to the PSB ratio. It
is known from the literature that the DWF of SiV centers reaches values up to
70%. [21, 22] We calculated the DWF using the following formula

DWF =
AZPL

AZPL + APSB

, (3.5)
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where AZPL is the area under the ZPL peak, APSB is the area under the PSB peak.
The calculated values are shown in Figure 3.13 b). All of the calculated DWF values
are between 64-69% which is in accordance with literature. [21, 22] We can see that
with increasing the amount of CH4 in the atmosphere during growth, the DWF value
decreases, suggesting decrease in the SiV ZPL intensity with respect to the PSB due
to the enhanced coupling of centers to phonons or with non-radiative channels.

Figure 3.13: Calculated values of a) RSiV/bg and b) DWF.

CH4 series with diamond barrier. Figure 3.14 shows PL spectra of the samples
prepared with diamond barrier normalized to the SiV ZPL. All of the spectra shows
defect-related PL background that is very high in intensity. Similarly to the PL
spectra of the samples grown without the diamond barrier, the sample with the
highest SiV to the PL background ratio is the sample SE4%+RR.

Figure 3.14: a) PL spectra of the samples SE2-15%+RR normalized to the SiV ZPL.
b) PL spectra of the samples SE2-15%+RR in the region 450-700 nm showing the
defect-related PL background.

To obtain the information about the spectral position of the SiV ZPL, the measured
PL spectra of the samples prepared with diamond barrier were fitted in Origin
with the Lorentz function 3.1. Peak positions of the measured samples are shown
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in Figure 3.15. We can see that with increasing the amount of CH4 present in
the atmosphere during growth, the values of the SiV ZPL spectral position slowly
decreases towards the monocrystalline reference sample EDP, which shows that with
increasing the amount of CH4 the quality of the fabricated polycrystalline diamond
is improving towards the monocrystalline diamond.

Figure 3.15: SiV ZPL spectral peak position of the samples SE2-15%+RR obtained
by fitting the measured PL spectra with the Lorentz function 3.1.

Barrier control group. Figure 3.16 shows normalized PL spectra of the samples
SEB2% and SEB2%+RR. We can see that in accordance with the PL spectra of
CH4 series prepared with and without the diamond barrier, the intensity of the
defect related PL background is higher for the sample SEB2%+RR prepared with
the diamond barrier and the diamond barrier thus seems to be worsening the RSiV/bg.
We would like to note that the sample SE2B% has the highest RSiV/bg from all the
so far fabricated samples. In comparison with the sample SE2% fabricated within
the CH4 series, the RSiV/bg is better by the order of magnitude and we do not have
the explanation for this difference so far. We were not able to reproduce such a good
sample again using the same deposition parameters and thus this effect remains as
one of the open questions that will be investigated in the near future.
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Figure 3.16: Normalized PL spectra of the samples SEB2% and SEB2%+RR.

3.5 Comparison of the diamond sample series

In this section, we would like to make comprehensive comparison between the sam-
ples grown with and without the protective diamond barrier and summarize results
obtained by Raman and steady-state PL spectroscopy. Figure 3.17 shows Raman and
PL spectra of the samples SE8%, SE8%+RR and SE15%+RR. We compare spectra
of the samples SE8%, SE15%+RR because of having similar and almost similar Ra-
man diamond peak positions to the monocrystalline reference, respectively, and in
the same time having the highest SiV ZPL to the PL background ratio. The sample
SE8%+RR was added to have direct comparison of samples grown with the same
deposition parameters but differing in the starting material (glass for the SE8% and
diamond barrier for the SE8%+RR). In Figure 3.17 a), we can see that the sam-
ples SE8%+RR and SE15%+RR grown with the protective diamond barrier posses
strong TPA and G-band that are much higher in intensity than those of the sample
SE8%. Unlike the samples SE8%, the Raman spectra of the samples SE8%+RR
and SE15%+RR also show D-band. In Figure 3.17 b), we can see that the sam-
ples SE8%+RR and SE15%+RR grown with the protective diamond barrier possess
higher PL background intensity with respect to the ZPL than the sample SE8%.

Figure 3.18 shows spectral peak positions of the Raman diamond peak and SiV
ZPL obtained by fitting the Raman and PL spectra respectively with the Lorentz
function 3.1. Figure 3.18 a) shows the obtained values of the Raman diamond peak
spectral position. We can see that with increasing the amount of CH4 in the at-
mosphere during the deposition, the Raman diamond spectral peak position of the
samples grown with the protective diamond barrier increases towards the values
of the monocrystalline diamond reference EDP. For the samples grown without the
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Figure 3.17: a) Raman spectra of the samples SE8%, SE8%+RR, and SE15%+RR
normalized to the diamond peak. b) PL spectra of the samples SE8%, SE8%+RR,
and SE15%+RR normalized to the SiV ZPL.

protective diamond barrier, we see that with increasing the amount of CH4 in the at-
mosphere during growth the values of the spectral Raman diamond position slowly
increase towards the monocrystalline reference sample EDP only for the samples
SE2-8%. The samples SE6% and SE8% are the closest to the reference sample EDP
in spectral peak position values. For the samples SE10-15%, the spectral peak po-
sition values exceed the value of the monocrystalline diamond reference EDP. Fig-
ure 3.18 b) shows the spectral peak positions of the SiV ZPL. We can see that with
increasing the amount of CH4 in the atmosphere during the deposition, the spectral
position of the SiV ZPL decreases towards the monocrystalline diamond reference
EDP for both series of samples, grown with or without the protective diamond
barrier.

Figure 3.18: a) Spectral positions of the Raman diamond peak of the samples SE2-
15%, SE2-15%+RR and EDP. b) Spectral position of the SiV ZPL of the samples
SE2-15%, SE2-15%+RR and EDP.

Figure 3.19 shows comparison of the calculated values of RSiV/bg and DWF for the
samples grown with and without the diamond barrier. We can see that the values

36



of both RSiV/bg and DWF are consistently lower for the samples grown with the
diamond barrier than without, confirming that the diamond barrier seems to be
worsening the optical properties of the prepared samples.

Figure 3.19: Calculated a) RSiV/bg and b) DWF values of the samples SE2-15% and
SE2-15%+RR.

Figure 3.20 shows PL spectra of samples grown using 2% of CH4, with and without
diamond barrier, and with the SiH4 gas flow switched off normalized to the defect-
related PL background. We provide this PL spectra to further show that the diamond
barrier is deterioating the RSiV/bg. The high PL background at the spectral region of
the SiV emission also does not enable to verify if the diamond barrier is serving its
purpose which was to block the unwanted contamination of diamond with Si from
the substrate. Based on the measured PL spectra we conclude that the diamond
barrier is not needed to grow a sample with no SiV centers.

Figure 3.20: PL spectra of samples prepared using 2% of CH4, with (black) and
without (gray) diamond barrier, and with the SiH4 gas flow switched off normalized
to the PL background.
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3.6 Time-resolved photoluminescence spectroscopy

Time-resolved PL spectra of the samples SE2-15% were measured in the spectral
window of 565-820 nm and within the temporal window of 5 ns. The decay curves
of the SiV ZPL were obtained by integrating the signal within 2 nm wide vertical
window centered at the SiV ZPL maximum. These decay curves contain information
not only about the decay dynamics of the SiV centers, but also about the decay
dynamics of other defects. An example of the PL signal from the streak camera with
the depicted 2 nm wide integrating window is shown in Figure 3.21 a). To obtain
the information about the respective PL decay times, the decay curves were fitted
with the following function

y ∼ y0 + A1 · (1 + erf (−(x− x0)/t1) · exp(−(x− x0)/t1))

+ A2 · (1 + erf (−(x− x0)/t2) · exp(−(x− x0)/t2)),
(3.6)

where A1,2 is an amplitude, x and y are independent variables and t1 and t2 are the
decay times of the defects and the SiV centers respectively. An example of a decay
curve fitted with the function 3.6 is shown in Figure 3.21 b).

Figure 3.21: a) PL intensity of the sample SE8% as a function of the wavelength
and time as measured by the streak camera. The integrating 2 ns spectral window
used to obtain decay curves is depicted by yellow rectangle. b) Decay curve fitted
with the function 3.6.

The obtained decay times are shown in Figure 3.22. We can see that with increasing
the amount of CH4 in the atmosphere during growth, the SiV ZPL decay times get
shorter, but the defect-related PL decay times remain the same within the error
margin. Along with the Raman spectra, the decrease in the SiV centers decay times
with increasing the amount of CH4 might be related to the coupling of the SiV
centers ZPL to non-radiative defects. These defects are situated within the grains
or at the surface as the propagation of the excited carriers from the SiVs to the sp2

phase being in-between the grains is of low probability.
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Figure 3.22: PL decay times of SiV ZPL and defects obtained by fitting the decay
curves with the function 3.6.

3.7 Low temperature time-resolved photolumines-
cence spectroscopy.

Low temperature time-resolved PL spectra of the sample NCD were measured in
the spectral window of 395-900 nm and within the temporal window of 10 ns. The
decay curves of the SiV ZPL were obtained by integrating the signal within 2 nm
wide vertical window centered at the SiV ZPL maximum. The defect decay curves
were obtained by integrating the signal within 20 nm wide vertical window ranging
from 640-660 nm. Figure 3.23 a) shows the SiV ZPL decay curves measured at the
following temperatures: 12 K, 100 K, 200 K, 300 K and Figure 3.23 b) compares
SiV ZPL and defect decay curves measured at 12 K.

To obtain the information about the dependence of the PL decay time on temper-
ature, we fitted the decay curves in Origin with the function 3.6. Figure 3.24 a)
shows the SiV ZPL decay times obtained for three different combinations of fitting
parameters:
I) A1 = 0, g as a free parameter – in this fit, the decay of the fast defects is not
fitted directly (A1 = 0) but included in the width g of the function describing the
resolution of the detector.
II) A1 = 0, g = 0.19 – in this fit, we fix the width g by the value evaluated from the
response of the system to the short laser pulse and we assume that the decay of the
fast defects is much shorter than this resolution hence it is omitted.
III) free A1, g = 0.19 – here we fix the resolution of the system and try to extract
the value of t1 by the deconvolution.
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Figure 3.23: Low temperature decay curves. a) Normalized decay curves measured
at 12 K, 100 K, 200 K and 300 K. b) Normalized SiV decay curves and defects
(640-660 nm) decay curves measured at 12 K.

We tested these three combinations in order to evaluate the influence of uncertainty
in the fit of the fast decay constant t1 on the SiV ZPL decay times t2. We can see
that for all the three combinations of the fitting parameters, the SiV decay times
get shorter with increasing temperature and that the results of the fits are at the
given temperature for the most cases similar within the fitting error which evidences
the correctness of the extracted t2 value. The decrease of t2 with increasing tem-
perature suggests the existence of a non-radiative recombination channel at higher
temperatures which was also observed in the previous section 3.6. The observed tem-
perature dependence can be described by the Mott-Seitz model for the non-radiative
relaxation in the following form

τ = τ0/(1 + α exp(−∆E/kBT )), (3.7)

where τ and T are independent variables, τ0 is the decay time, α is attempt frequency,
∆E is activation energy and kB is the Boltzmann constant. The decay time τ0 is the
decay time at zero temperature. The obtained values of activation energy for the
three cases are:

A1 ̸= 0, g = 0.19 : ∆E = 59, 29307± 16, 44563 meV,

A1 = 0, g ̸= 0.19 : ∆E = 57, 97279± 11, 08706 meV,

A1 = 0, g = 0.19 : ∆E = 62, 47685± 12, 35874 meV.

(3.8)

Figure 3.24 b) shows the defect-related decay times. By fitting the decay curves with
the function 3.6, we obtained both fast and slow component of the defects decay.
We can see that with increasing temperature, the decay times for the defects are
also shortening.

Figure 3.25 shows low temperature time-resolved PL spectra. We can see that with
decreasing the temperature, the intensity of the SiV ZPL peak increases. We can
also see that upon cooling, the SiV ZPL spectral peak position shifts towards higher
values. This so called blue shifting of the SiV ZPL upon cooling in accordance with
literature. [28, 32, 33]
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Figure 3.24: PL decay times as a function of the sample temperature. a) SiV center
decay times obtained by fitting the decay curves with the function 3.6 using three
different combinations of fitting parameters. The obtained decay times are further
fitted with the Mott-Seitz model. b) Defect decay times obtained by fitting the decay
curves with the function 3.6 without fixing the width parameter g.

Figure 3.25: PL spectra of the sample NCD dependent on temperature.

To obtain more precise information about the values of the SiV ZPL spectral peak
position and its dependence of temperature, we fitted only the SiV ZPL peak maxi-
mum in Origin with the Lorentz function 3.1. We also fitted the overall shape of the
PL spectra in MATLAB using the combination of Lorentz and Gaussian functions
in order to extract also the linewidth of the ZPL. The obtained SiV ZPL spectral
peak positions are shown in Figure 3.26. The slight difference in the peak values of
the two fits is arising from the uncertainty in the Matlab fit. We can see that the
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SiV ZPL peak positions remains relatively constant for the temperatures 12-140 K
and the blue shift starts around 160 K. From 160 K, the SiV ZPL peak position
shifts rapidly. In order to fit the measured ZPL peak shift with a physical model,
the obtained ZPL peak values were converted from nanometers to reciprocal cen-
timeters and then the shift of the SiV ZPL maximum measured at 20-300 K with
respect to the 12 K was calculated. The proposed temperature dependence models
in literature are T4 and aT2+bT4 where a, b are constants. [28, 35] The fit of the
calculated data with these two functions is shown in Figure 3.26 b). We came to
the same conclusion as in [28] and report that the the aT2+bT4 dependence fits our
results more closely.

Figure 3.26: a) SiV ZPL peak position as a function of temperature. b) SiV ZPL
shift as a function of temperature.

Figure 3.27 b) shows the temperature dependent values of the SiV ZPL width ob-
tained by the MATLAB fit shown in Figure 3.27 a). We can see that with incereas-
ing the remperature, the SiV ZPL width values are also increasing. We can see that
from 12 K to 300 K, the SiV ZPL width value doubles. The temperature dependent
broadening of the SiV ZPL is the result of electon-phonon coupling. [28]

Figure 3.27: a) MATLAB fit of PL spectra measured at 12 K. b) Dependence of the
width of the SiV ZPL on temperature.
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Chapter 4

Conclusions

In this work, we prepared diamond thin films on quartz containing SiV centers by
PE CVD. During the deposition, we systematically increased the amount of CH4

to H2 from 2 to 15%. Furthemore, we prepared samples with diamond barrier with
the intention to prevent the sample contamination with the Si atoms from the SiO2

substrate during the deposition. To investigate the structural changes, we employed
the tools of Raman spectroscopy, SEM and AFM. To investigate the optical prop-
erties, we employed the tools of steady state and time-resolved PL spectroscopy. To
investigate the temperature dependence of the SiV ZPL spectral position and PL
decay times, we prepared the sample NCD and employed tools of low temperature
time-resolved PL spectroscopy.

The Raman spectra showed that with increasing the amount of CH4, the Raman di-
amond peak position of the samples SE2-8% slowly increases towards the monocrys-
talline reference sample EDP. The samples SE6% and SE8% matched the diamond
Raman peak of the monocrystalline reference. For the samples SE10-15%, the di-
amond Raman peak position exceeded the value of the monocrystalline reference.
The amount of TPA present in the samples also steadily increased as it was shown
by the rise in the TPA peak situated around 1500 cm−1 and decrease in sp3/TPA
values. SEM images showed that with increasing the amount of CH4, the individ-
ual diamond grains forming the polycrystalline diamond get smaller, increasing the
overall surface area, and the surface of the samples seems to be closing in. This is in
accordance with the Raman spectra and the rise in the amount of TPA. The TPA
chains are situated at the grain boundaries and thus the increase in overall surface
area leads to increase in the amount of TPA. AFM measurement showed that with
increasing the amount of CH4, the RMS values decrease, which is in accordance with
the SEM images, and confirms that the surface of the samples is evening out.

The steady-state PL spectra showed that with increasing the amount of CH4 present
in the atmosphere during growth, the values of the SiV ZPL spectral position slowly
decrease towards the monocrystalline reference sample EDP, which shows that with
increasing the amount of CH4 present in the atmosphere during growth the quality
of the fabricated polycrystalline diamond is improving towards the monocrystalline
diamond. We further processed the PL spectra and calculated the RSiV/bg and DWF.
The samples with the highest values of RSiV/bg were the samples SE4-8%. All of the
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calculated DWF values were between 64-69% which is in accordance with literature.

Both Raman and steady-state PL spectroscopy showed that the diamond barrier is
worsening the properties of the prepared samples. Raman spectra showed that the
presence of the diamond barrier results in increase in the content of sp2 phase and
steady state PL spectroscopy showed increase in the intensity of the defect-related
PL background. The diamond barrier did not prevent the contamination of diamond
with Si atoms from the substrate, however, its advantage might be that it presents
a well-defined starting point of the deposition process.

Time-resolved PL spectroscopy gave us information about the decay dynamics of the
SiV centers and the defects. With increasing the amount of CH4 in the atmosphere
during growth, the SiV ZPL PL decay times get shorter, but the defect-related
PL decay times remain the same within the error margin. The decrease of the SiV
centers decay times with increasing the amount of CH4 was related to the coupling
of the SiV centers ZPL emission to non-radiative defects.

Low temperature time-resolved PL spectroscopy measured for the sample NCD gave
us insight into the temperature dependence of the peak position, decay time, and
width of the SiV ZPL. In accordance with literature, we observed blue shift of the
SiV ZPL spectral peak position. By calculating the SiV ZPL shift in repiprocal
centimeters and fitting the data, we obtained aT2+bT4 dependence of the SiV ZPL
peak position on temperature. We also observed widening of the SiV ZPL with
increasing temperature. The SiV ZPL width values doubled when increasing the
temperature from 12 to 300 K. Furthemore, we observed shortening of the SiV
PL decay times at higher temperatures suggesting the existence of a non-radiative
recombination channel as previously mentioned.

One of the goals of this study was to optimize deposition parameters to suppress
PL background and thus to prepare samples suitable for applications in optics and
bio-sensing. We conclude that the samples SE4-8% present the best candidates for
applications where the low content of non-radiative defects and high RSiV/bg are
necessary.
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