Czech Technical University in Prague

Faculty of Electrical Engineering
Department of Physics

(S

FABRICATION AND
CHARACTERIZATION OF DIAMOND
PHOTONIC STRUCTURES

Doctoral Thesis

Jan Fait

Prague, July 2020

Ph.D. Programme: Electrical Engineering and Information Technology (P2612)
Branch of study: Electrotechnology and Materials (2602\V009)

Supervisor: prof. RNDr. Bohuslav Rezek, Ph.D.
Supervisor-Specialist: RNDr. Lukds Ondié, Ph.D.



Acknowledgements

I would like to express my deep gratitude to my supervisor Bohuslav Rezek for his guidance
and support during my PhD studies. | am also grateful to my supervisor-specialist Lukas Ondi¢
for his guidance, willingness to help me with many aspects of my research, and all the fruitful
discussions.

I would like to thank to my colleagues from the Institute of Physics of the Czech Academy
of Sciences: Alexander Kromka and Marian Varga for managing the diamond depositions and
fabrication of photonic structures and many fruitful discussions about that topic, Jan Cermak
and Stépan Stehlik for their help with AFM measurements and many helpful discussions, Pavla
Bauerova for her kind assistance with SEM measurements, Jifi Stuchlik for amorphous Si
depositions, Zden¢k Remes for PDS measurements, and Anna Artemenko for XPS analysis. |
also thank my fellow PhD students Matéj Hyvl, Daria Miliaieva, and Petra Matunova for many
inspiring discussions.

I also want to express my thanks and gratitude to Michael Trupke, who supervised my work
at the University of Vienna, and members of his team Stefan Putz, Georg Wachter, Sarah
Riesenbauer, and Rui Vasconcelos for their support.

Last but not least I would like to thank to my family and friends for their support. My special
thanks go to my wife Eliska.



Declaration

I, Jan Fait, hereby declare that the work in this dissertation titled “Fabrication and
characterization of diamond photonic structures” has been carried out by me in cooperation
with other team-members from the Institute of Physics of the Czech Academy of Sciences and
Faculty of Electrical Engineering of the Czech Technical University in Prague. My contribution
is specified in the “Own contribution of the author” part. I declare that I have written my
dissertation thesis independently and consistently quoted the sources in the submitted work. |
agree with the publication of the dissertation thesis.



Abstract (EN)

Diamond as a wide band gap semiconductor material features many interesting optical and
electronic properties, including photoluminescent color centers. The color centers are highly
sensitive to the surface chemistry and surrounding environment and can be thus utilized for
nanoscale detection of weak magnetic fields, temperature, or molecules. Isolated color centers
can be used as the sources of non-classical states of light such as single photons or entangled
photons. Yet many practical uses of diamond color centers are hindered by the high refractive
index trapping the light inside diamond. Therefore, we focus here on effective generation and
collection of light originating from thin synthetic diamond layers by using photonic crystals.
Photonic crystals, which are periodically ordered structures with a period comparable to the
wavelength of light, enable to locally modify density of photon states and control propagation
of light. We introduce new methods for the fabrication of photonic crystal slabs and photonic
crystal cavities that allow to achieve spectral overlap between the photonic modes of the
structure and the narrow spectral line of the silicon vacancy (SiV) centers in diamond. Both the
top down approach, when the patterns are created directly into a diamond layer, and the bottom-
up approach, when the substrate is patterned first and the diamond layer is grown on top copying
the pattern, were used. We compute, fabricate and characterize various structures by angle-
resolved photoluminescence and transmission spectroscopy, micro-photoluminescence
measurements as well as scanning electron and atomic force microscopy. In particular, we
show that the resonant coupling of the excitation beam into the photonic crystal slabs leads to
more than 100x enhancement of the outcoupled photoluminescence intensity compared to an
original diamond layer. In addition, Si micro-mirrors can be used to assemble open Fabry-Perot
microcavities with high quality factor and small mode volume exceeding performance of all
open-access optical microcavities to date. We also show that a micropatterned thin layer of
amorphous Si can be used to suppress diamond nucleation and leads to the growth of
photoluminescent diamond patterns. The method can be further downsized by nanostructuring
amorphous Si using local application of electric field in atomic force microscopy. Various
applications from biosensors and quantum information processing to photovoltaic energy
harvesting may benefit from these results.

Key words: diamond, color centers, nanostructuring, photonic crystals, optical resonators,
photoluminescence, light extraction, microscopy, spectroscopy, optical simulations



Abstrakt (CZ)

Diamant je polovodic se Sirokym zakédzanym pasem, ktery se vyznacuje mnoha zajimavymi
optickymi a elektronickymi vlastnostmi, mezi které se fadi pfitomnost tzv. barevnych center.
Barevna centra jsou citliva na chemické vlastnosti povrchu a okolniho prostiedi, diky ¢emuz je
1ze vyuzit pro detekci slabych magnetickych poli, teploty nebo pfitomnosti molekul. Jednotliva
barevna centra lze dale vyuzit jako zdroj kvantovych stavl svétla tvofenych izolovanymi fotony
anebo kvantove provazanymi fotony. Nicméné praktické vyuziti diamantu s barevnymi centry
je negativné ovliviiovano vysokym indexem lomu, kvili kterému ziistava emitované svétlo
zachyceno uvnitf materialu. V této praci se proto zamefujeme na tcinnou generaci a sbér svétla
z tenkych, synteticky pfipravenych diamantovych vrstev za vyuziti fotonickych Kkrystala.
Fotonické krystaly, periodicky uspofadané struktury s periodou srovnatelnou s vinovou délkou
svétla, umoziuji lokalné ménit hustotu optickych stavli a usmériovat Sifeni svétla. V praci
piedstavujeme nové metody pro piipravu planarnich fotonickych krystali a rezonatort
zalozenych na fotonickych krystalech, které umoziiuji dosdhnout spektralniho piekryvu mezi
optickymi mody a emisni ¢arou kiemikovych vakanci (SiV center) v diamantu. Pro vytvareni
fotonickych struktur byly vyuzity postupy shora dolu (top-down), pii kterém jsou vzory
vytvafeny piimo v tenké diamantové vrstvé, a ze spodu nahoru (bottom-up), pii kterém jsou
vzory vytvofené jiz na substratu a riist diamantu je fizen témito vzory. V praci modelujeme,
vytvafime a charakterizujeme rizné fotonické struktury pomoci méfeni thlové rozliSené
fotoluminiscence a transmise, mikro-fotoluminiscence, rastrovaci elektronové mikroskopie a
mikroskopie atomarnich sil. Konkrétn¢ ukazujeme, Ze rezonan¢ni navazani excita¢niho zafeni
do planarniho fotonického krystalu umoznuje vice nez stondsobné zesileni fotoluminiscence ve
srovnani s nestrukturovanou vrstvou. Dale ukazujeme, Ze pomoci zrcadel vytvofenych
v kiemiku lze sestavit oteviené mikro-rezonatory Fabry-Perotova typu s nejvétsim dosud
pozorovanym pomérem faktoru kvality ku objemu optickych modi ve srovnani s ostatnimi typy
otevienych rezonatori. V praci rovnéz ukazujeme, ze amorfni kiemik efektivné potlacuje
nukleaci diamantu a Ize ho tak vyuzit jako masky pro selektivni rist diamantovych vzortu
S barevnymi centry. Velikost diamantovych vzort Ize dale zmenSit jejich vytvarenim za vyuZiti
lokalni aplikace elektrického pole pomoci mikroskopu atomarnich sil. Dosazen¢ vysledky jsou
piinosné v mnoha oborech od biosenzori pies kvantové zpracovani informace aZz po
fotovoltaické zdroje energie.

Kli¢ova slova: diamant, barevna centra, nanostrukturovani, fotonické krystaly, optické
rezonatory, fotoluminiscence, vyvazovani svétla, mikroskopie, spektroskopie, optické simulace
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Aims of the thesis

In this thesis we aim to investigate fabrication and properties of diamond photonic structures
by experimental methods and theoretical simulations. The main goal is to use the photonic
structures for improving the extraction efficiency of light emitted by color centers (SiV centers
in particular) in polycrystalline diamond. We study various types of photonic structures
(photonic crystal slabs, photonic crystal cavities, and Fabry-Perot micro-cavities) fabricated by
top-down or bottom-up approach and their combination. In particular, we aim to obtain spectral
overlap of photonic modes with narrow emission lines of color centers, to maximize the
intensity of extracted light, to efficiently excite the emitters inside material, and to analyze the
effect of structural and material imperfections on light extraction.






Introduction

This work is devoted to photonic structures in diamond that allow to control emission and
propagation of light. The basic instruments, such as lenses and mirrors, for controlling light
propagation are known from antiquity. These basic instruments are based on the geometrical
optics, where only reflections and refractions on material boundaries are applied. Nevertheless,
the geometrical optics can correctly describe the propagation of light solely for objects with
dimensions significantly larger than the wavelength of light. To describe properties of light
when interacting with objects of small dimensions that are comparable with the wavelength of
light, the wave optics must be used. The wave optics allows to treat more phenomena such as
diffraction or scattering of light and also to understand the physical fundamentals of ray optics.
Nevertheless, it is not capable of describing the interaction of light with electric charges and
thus cannot explain processes such as emission or absorption of light. For this, the light must
be treated as the electromagnetic wave, whose behavior is described by Maxwell’s equations.

The areas of optics mentioned above are based on the classical physics. However, some
optical phenomena, such as emission of light from elementary sources or light with special
behavior, such as sub-Poissonian statistics or entanglement between photons, cannot be
explained without the introduction of quantum physics. Currently, the quantum physics
provides the most complex description of the optical phenomena. Within this work the quantum
description is limited to the range of photon optics, which is based on the classical optics with
the addition of some quantum properties of light, namely the corpuscular nature, localization,
and fluctuation of quantum fields and energy. The light is treated as consisting of photons that
are localized particles, on one hand, but simultaneously extended in the space due to their wave
character. The restriction to photon optics does not allow to describe all quantum properties of
light, which is beyond the scope of this work. However, it allows us to describe, for example,
the interaction of light with individual emitters or to describe relevant statistical properties of
light.

In the line with the theoretical advances in understanding the physics of light, new
technological procedures for material processing have been invented throughout centuries. In
the end of the 20" century, the methods for fabrication and direct characterization of sub-micron
sized structures became accessible (scanning electron microscopy, atomic force microscopy,
electron beam lithography). This progress allowed to realize experiments that were already
known from microwave region of electromagnetic radiation and theoretically predicted in the
region of visible light with much shorter wavelengths. One of the most important achievements
was the fabrication of photonic crystals, i.e. periodic structures with period comparable with
the wavelength of visible light.

The power of the photonic crystals consists in their ability to locally alter the density of
photon states and thus directly and controllably affect the propagation and emission of light.
Thanks to this property, photonic structures based on photonic crystals can be used to create
qualitatively new devices or to enhance the performance of already existing devices by
controlling the light propagation at the nanoscale.

One particular issue that the photonic structures might resolve is the enhancement of light
generation, and extraction of light from materials with high refractive index. The high refractive
index causes that light is trapped inside the material, which significantly decreases the



performance of devices such as light emitting diodes or solid-state single photon sources. On
the other hand, it offers an opportunity to fabricate efficient photonic structures, for which high
refractive index contrast is essential. Subsequently, light may not only be completely extracted
from the material but also the performance of individual emitters can be improved.

In this work, we use photonic structures — photonic crystal slabs and photonic crystal cavities
— to enhance the emission rate of photons emitted inside a thin polycrystalline diamond layer
and to efficiently extract the light from the layer. Diamond is very attractive material due to its
unique physical properties such as the well-known hardness, high thermal conductivity,
chemical inertness, or biocompatibility. Besides, diamond has also very interesting optical
properties. This is mainly the ability to host isolated photoluminescent defect centers (called
color centers), which are capable of emitting single photons, that have attracted wide interest
in recent years. The color centers have many potential applications including single photon
sources for quantum communication, or light sources for biomarkers in medicine or biosensors.

The photonic structures may enhance the performance of such devices by various
contributions. Firstly, they may increase the light extraction from diamond layers either by
suppressing the emission into some directions or by diffracting light that would be otherwise
trapped in diamond into specific direction. Secondly, the structures may increase the
spontaneous radiation rate of color centers as they change the local optical properties. This
increases the (single) photon count rate, which is of crucial importance for quantum-based
communication systems. Finally, they can also increase the intensity of electric field in some
places and thus enhance the interaction of light with matter. This may be particularly interesting
for quantum information processing as well as for energy harvesting or sensing.

We were especially interested in the extraction of photoluminescence from silicon vacancy
(SiV) centers in diamond. Particularly we used photonic crystal slabs to redirect the light
emitted by ensembles of SiV centers by Bragg diffraction. The photonic crystal slabs serve as
highly directional light sources with narrow spectral lines, which can be used in applications
such as bio-sensing or light generation. The more complex structures that we studied, namely
the photonic crystal cavities, can be also used for sensing applications. Our experiments that
were demonstrated on these structures fabricated in polycrystalline diamond and with
ensembles of color centers may be expanded to monocrystalline diamond with single photon
emitters in future. Structures capable of hosting single photon sources (nitrogen vacancy, NV,
centers in diamond) were studied during my stay at the University of Vienna.

Another possibility of increasing the light extraction, which we also studied, is the usage of
diamond nanoparticles. This approach is based on the fact that light cannot be confined in
particles, which are smaller than the wavelength of light. The extraction efficiency is thus
significantly increased when compared to the bulk diamond. For sensing applications, which
additionally takes advantage of the large surface to volume ratio of nanoparticles, the precise
placement of diamond nanoparticles on substrate might be important for efficient light
collection. Therefore, we studied bottom-up fabrication techniques for the localized growth of
diamond with optically active SiV centers.

This thesis is divided into the first part describing state of the art and theoretical background
(4 chapters), and the second part with chapters describing our own experimental procedures and
achieved results. The thesis is then complemented with reprints of selected journal articles,
where the results were published.



In the first part, the motivation, concepts, and theory relevant for our experiments are
explained. In the first chapter, we introduce the basic principles for light extraction and
photoluminescence enhancement as well as the methods for measuring the performance of
photonic structures for these purposes. The most important effects that we discuss are the
extraction of light from modes guided in thin layers of materials with high refractive index and
the enhancement of radiative decay rate via the increased density of photon states. We also
point out the directionality of light source and its effect on light collection. The limiting factors
for light extraction and photoluminescence enhancement, namely the absorption and scattering
of light are also discussed.

In the second chapter, the principles of photonic crystals function are outlined and their use
for light extraction is reviewed in detail. We particularly focus on two types of photonic
structures: the weak photonic crystal slabs, which are usually used for efficient light extraction
from large areas of the samples, and photonic crystal cavities, which are especially important
for radiative count rate enhancement for emitters spatially localized in a small volume of
material inside the cavity. The simulation methods that we use to design photonic structures are
also briefly summarized.

Chapter three is devoted to diamond as optical and semiconductor material. After
summarizing its material properties, the methods for growth of synthetic diamonds are
described with the focus on the chemical vapor deposition (CVD) technique. The next section
deals with photoluminescent “color” centers in diamond. The properties of NV and SiV centers,
as well as the methods for fabrication of the color centers are summarized.

In the end of the first part, the possibilities of fabrication of photonic structures in diamond
are described. Instead of giving details about the particular methods, the approaches (bottom-
up and top-down) and their advantages are sketched. Besides the well-established methods,
such as photolithography, focused ion-beam milling, or electron beam lithography, the
modification of hydrogenated amorphous silicon by conductive atomic force microscope is
presented as an alternative method.

Subsequently, our specific experimental methods used for sample fabrication, and optical
and material characterization are shortly described in the fifth chapter. More detailed
description of the experimental methods can be found in the attached articles.

In the sixth chapter, the most important results of our work are outlined, and main
achievements are emphasized. The first part describes our work on weak photonic crystals for
light extraction from diamond. The second and third parts are devoted to photonic crystal
cavities and Fabry-Perot cavities for interaction with diamond color centers. The final part
summarizes our work on the micro-structuring of hydrogenated amorphous silicon and on the
selective diamond growth achieved by patterning the hydrogenated amorphous silicon layer.
The related journal articles that show more details to the performed research and contain more
extensive discussions are attached at the end of the thesis. In the conclusion, we summarize the
results and their impact, and present ideas for further research activities.
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1. Efficient light generation

There are two main types of solid light sources that can be used for light generation. The
first type is a thermal source, which is any object with a non-zero temperature, and the emission
of light is denoted as incandescence. For sufficiently dense objects, such as solids, liquids, or
dense gases, the thermal spectrum is continuous and may be approximated by the black-body
radiation. The spectral distribution of the black body radiation follows the Planck’s law [1,2].
Both the total power output (described by the Stefan-Boltzmann law) and the wavelength for
which the emission intensity is highest (described by the Wien’s displacement law, Fig. 1), are
functions of temperature. An example of a thermal source that may be well approximated by
black body source is the Sun. Generally, the radiation from dense thermal sources deviates from
the radiation of black body due to its dependence on the material composition and the surface
properties (such as shape or roughness [3]) in the case of solids. The deviation is quantified by
the property of the surface called emissivity. Nevertheless, the character of the radiation
depends primarily on the temperature of the object.

The advantage of the solid thermal sources is that no extraction of light from the inside of
the material is necessary because the reabsorbed light is converted back to heat. Thus, light can
be considered as emitted by the surface of the solid thermal source. Nevertheless, thermal
sources have several drawbacks that limit their usage and efficiency for practical applications.
Firstly, light is emitted in the broad spectral region. Secondly, the temperature of the object to
emit significant fraction of radiation in the visible part of spectra must be higher than 2000K,
which is the minimal temperature usually achieved with incandescent light bulbs. The highest
achievable temperature of a solid is, on the other hand, limited by the material properties
(melting point, evaporation) to approximately 3500 K. Fig. 1 shows that the maximum power
is emitted in infra-red (IR) region for this temperature range, and the process of lighting (i.e.
emitting visible light) is inefficient. Thirdly, light is not directed into any particular direction.
Both effects, high temperature and random propagation of light, prohibit the miniaturization of
devices based on the thermal sources. Finally, solid thermal sources cannot be used for
applications that utilizes non-classical properties of light.

The second mechanism for light generation is luminescence, where light is emitted during a
radiative transition of excited electrons (or other excited atomic or molecular states) to a lower
energy level. Due to the given energy of individual electronic states or bands, it is possible to
achieve emission at narrow spectral lines (Fig. 1) from solid state sources [4,5]. Thus, the
spectral characteristic is primarily not influenced by material temperature. Instead, the emission
properties depend on the type of material being used and can be tuned over large spectral
regions by mixing materials together [4,6], introducing material impurities or mechanical stress
[7], changing dimensions (quantum wells, wires, dots) [8,9], or by placing the emitters into
specific environment (e.g. into optical cavity for lasing [5]). The usage of sources based on
luminescence instead of incandescence enables not-only to increase the efficiency of lighting,
but also to bring new devices that are not achievable with thermal sources. Examples of such
devices are lasers or applications based on single photon emitters that are currently under
development.

Luminescence can be further divided based on the mechanism of electron excitation [10]. In
the case of electroluminescence, which is the process mostly used in technological applications,
the electrons are excited by the electric field or directly injected by the electric current. In
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Figure 1: lllustration of spectra of different light sources. Red: black body radiation with temperature
5500K (~Sun), and 2000K and 3500K (~incandescent light bulbs); Orange: Balmer series of spectral
lines from hydrogen atoms; Blue: electroluminescence spectra of a blue (GalnN/GaN, 470 nm) and
a red (AlGalnP/GaAs, 625 nm) light emitting diode [14]. The electronic levels in crystals forms
continuous bands, which causes the broadening of spectral lines. Green: room temperature
photoluminescence spectra of ensemble of SiV centers in polycrystalline diamond with continuous
background luminescence from random defects in diamond crystal (measured only for 460 nm — 850
nm range).

contrast, luminescence as a result of absorption of non-ionizing radiation is denoted as
photoluminescence. Photoluminescence is often used for dynamic characterization of light
sources due to the ability to control the excitation process by using very short optical pulses for
excitation [11]. Despite electroluminescence was already observed on diamond color centers
[12,13], the realization is technologically more complicated, expensive and time consuming.
Therefore, we are mainly interested in the photoluminescence process in our experiments. Other
types of luminescence (such as cathodoluminescence, chemiluminescence or bioluminescence)
are not discussed in this work.

The emission of photons can be either spontaneous or stimulated by the incoming photon
[15]. In common cases (including the processes in this work), most electrons stay in the lower
energy states and the absorption of photons dominates over the stimulated emission. Therefore,
the processes studied in this work are spontaneous and the rest of this chapter is devoted solely
to the effects related to spontaneous emission.

The average time that the electron stays in the excited state before it spontaneously decays
to the lower energy state is called luminescence lifetime z. Apart from the radiative transitions,
in which the photons are produced, also non-radiative transitions can occur. During the non-
radiative transition, the energy may be carried away by some other means, e.g. the excitation
of collective oscillations of crystal lattice (phonons) or excitation of other electrons (Auger
effect). The majority of non-radiative transitions ends up producing heat. The efficiency 7 of
photon emission is given by ratio of radiative decay rate 7 (count rate) to total decay rate /ot

L ) L S 11

Ur—lﬂtot' tot = Ir nr__[r an_T (1.1)

where I'nr, and zr and znr are non-radiative decay rate, and radiative and non-radiative lifetime,
respectively. The radiative decay rate is often called count-rate. The efficiency #r quantifies the
fraction of all excitations that result in the emission of photon. Processes with short lifetime
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(typically < 100 ns) are denoted as fluorescence and they correspond to dipole transitions
allowed by selection rules for change of quantum numbers [16,17]. The forbidden transitions,
which must decay via higher order multipoles and have lifetime longer by few orders of
magnitude (> 10 ps), are denoted as phosphorescence.

In many cases, there are multiple possible radiative transitions, and only one of them is of
interest. An example is the emission of photons from color centers in diamond, where the
transition may occur without interaction with the crystal lattice, or at a lower energy (longer
wavelength) with simultaneous phonon excitation (phonon sideband), or non-radiatively via
intermediate levels. Moreover, the energy levels may be split due to external or residual
magnetic and electric field. The total branching ratio 7wt quantifies the fraction of all excitations
that lead to the emission via the chosen transition, while radiative branching ratio #i quantifies
the fraction of photons emitted by the chosen transition:

(1.2)

where 77 is the decay rate of the chosen transition (e.g. emission of photon without interaction
with crystal lattice for color centers in diamond).

In this work we are mainly focusing on the photoluminescence originating from diamond
color centers that are localized in thin diamond layers (i.e. in material with high refractive
index). Particularly, we study photonic structures as a way to maximize the optical signal
coming from the color centers. Photonic structures help to enhance the collected optical signal
in two fundamental ways: (i) light is efficiently extracted from diamond and ideally also
redirected to some significant (vertical) direction, where it is collected (section 1.1), and (ii) the
photon count-rate from individual emitters is enhanced (section 1.2). A practical difference in
these two approaches is that light re-direction can be used for light extraction from large sample
area (> mm?), whereas significant photon count-rate enhancement in photonic cavities requires
confinement of emitters into small volume (~um?®). Both approaches must be considered for
maximizing the light collection efficiency from any photonic structure.

1.1 Light extraction

When luminescence occurs inside a solid material, light propagates through the material
before, eventually, reaching a boundary with surrounding medium (usually with smaller
refractive index, most often air). On the boundary, part of light is refracted into the surrounding
medium in accordance with Snell’s law and other part is reflected back into the high refractive
index material (Fig. 2). Only rays that hit the boundary under angle smaller than critical angle

. (N2
6. = arcsin (n_1) (1.3)
can escape from the material with the refractive index nz into the medium with refractive index
n2 < ni. The critical angle for propagation from diamond (n; = 2.41) to air (n2 = 1) is ~24.5°
(Fig. 2a). When immersion oil (n2 = 1.55) is applied to improve extraction, the critical angle
increases to ~40°. The area limited by the critical angle is denoted as an escape cone. The escape
cone occupies only 9% of the surface of the half-sphere for the diamond/air boundary. Even
light that propagates within the escape cone is partially reflected with the reflectance given by
Fresnel equations (Fig. 2b) [18]. The total light extraction efficiency into upper direction
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Figure 2: (a) Point emitter in a high-index medium (diamond): only small part of light can escape from
diamond into air (green cone). The apex angle of the escape cone (6:;) may be increased by using
immersion oil (light green). (b) Reflectance as a function of the angle of incidence for light propagating
from diamond into air.

(without considering any scattering and without multiple reflections) is thus less than 4.5%.
Most of the light is reflected back into the material or propagates directly into the other half of
the space (towards substrate).

During propagation in the material, light can be re-absorbed. The absorption probability
increases with the distance travelled inside the material (I) and the loss of intensity in
homogeneous material is described by the Beer-Lambert law

I D) = Iy(A)e %@l (1.4)

where aa is the absorption coefficient (dependent on wavelength 1) and lo the initial intensity
of light. Light that is re-absorbed in material is mostly transformed to heat, which decreases the
total external quantum efficiency and may limit the lifetime of some high-power lighting
devices due to overheating. The absorbed power can be reduced by improving the material
properties (decreasing the absorption coefficient) or by reducing the path length travelled by
light inside material, which is the aim of efficient light extraction.

Beside absorption, light may be scattered on the inhomogeneities inside material, such as
boundaries between individual grains inside polycrystalline materials. The Rayleigh scattering
applies for particles significantly smaller than the wavelength of light. The power scattered by
one scattering particle Ps is quantified by the scattering cross section os

PS = O-SIO (15)

In the case of a dielectric sphere with diameter ds and relative permittivity &s placed in a medium
with permittivity e the scattering cross-section is
_ 2m°dg

& — &2
=55 16

3¢

where A is wavelength. The Rayleigh scattering cross-section is almost independent on the
shape of the particle and formula (1.6) may be used to estimate the scattering of various objects
within the Rayleigh limit (dimensions smaller than ~50 nm for visible light). The main
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characteristics of Rayleigh scattering is its strong dependence on the wavelength of light and
on the size of the scattering particle.

Scattering cross-section of larger objects (larger than ~50 nm) denoted as Mie scattering can
be solved analytically only for special shapes of scattering particles (e.g. ellipsoids). Generally,
the Mie scattering cross-section is roughly constant for the wavelengths in the visible region.
Instead, it is more influenced by the shape of scattering particles.

In analogy to absorption the decrease of the intensity of the transmitted light due to scattering
is exponential and it may be expressed in the terms of scattering coefficient as

I() = Iye™%Y; ay = N0, (1.7)

where N;s is the concentration of scattering particles (identical scattering particles with scattering
cross-section os are considered for simplicity). In contrast to absorption, the scattering of light
may improve the extraction of light from material because light initially propagating outside
the escape cone can be redirected into the escape cone due to scattering, or scattered on the
rough surface and leave the material despite being incident outside the escape cone.

1.1.1 Extraction efficiency

In order to quantify the light extraction, we define extraction efficiency as the ratio between
the intensity of light that is emitted by the sources in the material lo and the intensity that is
extracted from the structure into the upper half space (air) lext

I extr ()\)
Io@)

Nextr(A) = (1.8)

The extraction efficiency usually depends on the wavelength A. It was already mentioned that
the extraction efficiency is less than 4.5% for emitters located in bulk diamond. The extraction
efficiency is important for theoretical considerations and comparison of individual systems used
for light extraction. However, not all the light that leaves the material can be really exploited
for the intended application (e.g. spectral measurement, information transfer, or imaging).

In this work, we are mainly interested in collection of the extracted light by simple optics —
microscope objectives and optical fibers. In order to quantify the part of light that is actually
collected by the collection optics, the collection efficiency can be defined as

I col O\)
Iy(A)

Neot(D) = (1.9)

where lcor is the intensity of collected light. The collection efficiency depends on the system
that is used for the extraction and on the collection optics. An important parameter of the
collection optics is the numerical aperture (NA) that characterizes the range of angles over
which the detection system can accept light. Equally important for collection efficiency is the
area of the surface from which the light is emitted, because high NA objectives cannot be used
to collect all the light emitted/extracted from large sample areas.

The theoretical limit for collection efficiency is the extraction efficiency, which is achieved
for a point source and collection optics with NA = 1. In real systems, the collection efficiency
is lower due to the limited NA of the collection optics and large area of the sources. Moreover,
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the collection optics with high NA is expensive and must be placed very close to the light
source, which is not possible for some applications. An alternative way to capture the extracted
light is the use of an integration sphere [19]. Although the light can be collected by integration
sphere, it cannot be further utilized (e.g. for transmitting information). Moreover, the
integration spheres are expensive, and the sample design and dimensions are limited by the
dimensions of the sphere. Another, more convenient, way to increase the collection efficiency
is directing the light into some preferential direction, where it can be collected even with optics
with small NA. This approach will be further elaborated in the next sections.

The collection efficiency cannot be directly measured, because the total intensity of light
emitted by the sources is usually not known. The quantity that can be measured is the
enhancement factor that compares the intensity obtained from a modified source I™9¢ with the

intensity measured for a reference source 1:5{

da
IZo!
Iref '

col

EF = (1.10)

In this work, the intensity of the samples with photonic structures for light extraction is
compared with the reference intensity of the unprocessed sample.

The value of the enhancement factor depends not only on the properties of the photonic
structure but also on the parameters of the collection optics. For highly directional beams the
use of collection optics with high NA may lead to decrease of the enhancement factor. The
reason is that more light is captured from the reference while there is not much light coming
under larger angles for directional beams. Note that the use of the same optics for measurement

of 194 and "%/ is assumed in Eq. 1.10.

col

Besides, the modified and reference sources may differ in other physical properties that
affect the enhancement factor. For instance, the total volume of the luminescent material and
the surface area differ in the case of planar layer and layer equipped with photonic crystal (PhC)
slabs [20,21]. During the fabrication of photonic structures, new defects can be created in the
material, which may change the optical properties. The performance of individual emitters is
often (deliberately) altered. Finally, the structures used for light extraction may also lead to
coupling of excitation beam into the sample that leads to more efficient excitation efficiency.
All these effects are projected into the measured enhancement factor and the enhancement
factor must be properly analyzed to extract the required information.

A typical application, for which the extraction of light from material with high refractive
index is of critical importance, is in light emitting diodes (LEDs) [22—24]. Light is emitted from
the p-n junction, which is typically located inside the semiconductor. Traditional ways to
increase the extraction efficiency of LEDs are based on the limitation of the total internal
reflection by closing the LED into a dome-shaped package [25]. Subsequently, the emitted light
hits the surface almost perpendicularly on the whole half-sphere. Another approach is
roughening of the LED surface that increase the randomness of the light propagation in material
and increase the probability of light to hit the surface within the escape cone, and also improves
the light extraction due to scattering [26,27]. The surface of LED diode can also be provided
with anti-reflection coating to limit the Fresnel reflections [28]. A combination of these
methods is often used. These methods can be employed for other types of samples as well.
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Nevertheless, a common drawback for some applications is that these methods extract light
without directing it into any significant direction. On the other hand, structuring the surface in
a periodic manner may increase both the extraction of light and its directionality.

1.1.2 Etendue

An important characteristic of light sources is the radiation pattern that describes the
variation of the power radiated by a light source as a function of the direction. The most
common is the Lambertian radiation pattern, for which the angular intensity distribution follows
the cosine law

1(0) = I,(cos8)™;m =1 (1.11)

with 6 the viewing angle and I, the radiant flux on the normal to the surface. The Lambertian
radiation pattern is followed by thermal sources and by luminescent solid material sources with
flat and/or highly scattering surfaces. The luminous intensity of light travelling in a given
direction per unit area of the source (luminance) is constant for all angles. For m > 1 in (1.11),
the luminance is higher for the angles close to normal and light becomes more directional as is
clearly seen on Fig. 3a.

The directionality of the light source can be described by the quantity called etendue, which
describes how the light is extended in space and spread in angles [29]. Etendue of an optical
system is defined as [30,31]

dE = n?cos A dRdA (1.12)

with dA the infinitesimal surface element, d©2 the infinitesimal solid angle at an angle 6 from
the normal to dA, and n the refractive index of the surrounding medium (see Fig. 3b). The lower
the etendue of the optical system, the more directional is the light. The important property of
etendue is that it can be never decreased by passing through an optical system, in which the
optical power is conserved [32]. It is thus necessary for the applications, in which the light
directionality is crucial, such as imaging or projective techniques, to use sources that produce
directional light beams. Otherwise the light can be made more directional only in the expense
of undesired losses of optical power or extension of the beam in the lateral direction.

a Viewing angle (deg)

0 0.5
Normalized intensity (a.u.)

Figure 3: (a) Lambertian radiation pattern (grey) and radiation pattern with high directionality (red):
m = 50 in Eq. 1.11; (b) Etendue of the optical system is defined by Eq. 1.12, where dA is the
infinitesimal surface element, dQ the infinitesimal solid angle at an angle 8 from the ns (normal to dA).
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The directionality of light is important also when the collection optics is placed far away
from the light source. This may be the case of light sources used for sensing in an aggressive
environment where the collection optics cannot be placed. Collection optics with high
numerical aperture (NA) and long working distance in the same time is difficult to fabricate
and costly. By directing the light into a significant direction, the emitted light can be collected
with affordable low NA collection optics, such as optical fibers placed far away from the source.

1.1.3 Thin layers

In many cases, the emitters are localized in a thin layer of material deposited by one of the
methods for thin film deposition (e.g. chemical vapor deposition CVD, metal organic vapor
phase epitaxy MOVPE, molecular beam epitaxy MBE). This is the case of some light emitting
diodes [33] as well as of diamond [34]. We will further analyze situation when the refractive
index of the thin layer is larger than refractive index of the substrate. In such case, the layer
forms asymmetric planar dielectric waveguide.

Planar dielectric waveguide, e.g. diamond deposited on quartz glass, supports guided optical
modes that are trapped inside the layer (Fig. 4; simulated by online mode solver [35]). The
modes propagate in arbitrary direction within the plane because of the rotational symmetry of
the waveguide. There are two groups of modes, TE (transversal electric) and TM (transversal
magnetic), distinguished by the polarization of the field. For the modes propagating in x-
direction, the TE modes have one non-zero component of electric field (Ey) and two non-zero
components of magnetic field (Hx and H;), while the TM mode has one non-zero component of
magnetic field (Hy) and two non-zero components of electric field (Ex and E;). Only electric
field is shown in Fig. 4 since we are interested in the emission of light by electric dipoles. The
electromagnetic field is not completely confined inside the layer, but its evanescent tails are
extended into the surrounding material. Therefore, changes in the surrounding medium can be
detected by observing the properties of the modes [36-38].

Sufficiently thin layers (with respect to wavelength) support only fundamental modes [18].
Symmetric structures (i.e. same medium is below and above the waveguide) support solely the
fundamental modes when the thickness d of the layer fulfills the condition

Ao
d<—= (1.13)

2{n2 —n2

where Ao is the vacuum wavelength, and ns and na is the refractive index of the layer and of the
surrounding medium (air), respectively. Thicker layers then support also higher order modes.
The fundamental TE mode (TEo) is supported by an arbitrarily thin waveguide. Symmetric
structures always support also the fundamental TM mode (TMo). This is not the case for
asymmetric structures, where the TMo mode is supported only by a waveguide with sufficient
thickness. For the asymmetric structures, the modes themselves become asymmetric and the
condition (1.13) is not valid anymore. Nonetheless, when the refractive index of a substrate is
taken as na, the thickness of the structure supporting only the fundamental modes is larger than
the obtained value d, which can be used as the lowest estimate.

Fig. 5 shows the dispersion diagram, which is the dependence of the angular frequency w on
the component of the wave-vector parallel to the slab |kj|, of the dielectric slab waveguide. Both
o and |kj| are given in units normalized to the slab thickness d. The slab behaves identically for
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Figure 4: Profile of the intensity of the fundamental TE and TM modes (vacuum wavelength 650 nm;
moving towards positive x direction) supported by thin (100 nm) diamond layer deposited on glass.
TE mode has one non-zero component (Ey), while TM mode has two non-zero components (Ex and
E;) for the modes propagating in x-direction. The modes were simulated using online mode solver in
dielectric waveguides OMS [35]. Dash-and-dot lines show the edge of the simulation domain.

the identical ratio between the slab thickness and frequency (wavelength) of light, when the
material dispersion is neglected. The dispersion diagram is usually used to analyze photonic
structures.

There are three parts of the dispersion diagram of a dielectric slab. The blue part is the escape
cone where light can propagate freely through the slab and into air. The area of escape cone is
limited by the light line in air |kj| = ko = w/c, which corresponds to light propagating under the
critical angle for the total internal reflection inside the slab. The white part is the region of
guided modes. Only a discrete set of frequencies is allowed for a given k;. A modal effective
refractive index Nefr can be defined for each mode as

Nopy = < g (1.14)

The modal effective refractive index is the weighted average of the refractive indices of the slab
and the surrounding with the contribution of individual materials based on the ratio of energy
of the mode that is spreading in the respective material. In the last part of the dispersion diagram
(yellow) no light can exist because this part lies below the light line in the dielectric medium
(diamond) given by |kj| = nsw/c.

The number of modes is increasing with the growing thickness of the slab or alternatively
with the shorter wavelength of light. Dashed area in Fig. 5a denotes the part of the diagram with
only fundamental modes. The structures that we use in this work belong mostly in this area.
Nevertheless, very thin structures have modes with the majority of the field localized outside
of the dielectric slab (Fig. 5b, red curve). The fraction of energy that is localized in the structure
is very small, which weakens the effects of the photonic structures on the mode and also
decrease the fraction of light being emitted into such mode. Therefore, we were mainly
interested in structures with thickness slightly below the multimode regime.
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Figure 5: (a) Dispersion diagram, dependence of angular frequency (w) on the magnitude of in-plane
part of k-vector (|k;|), for symmetric slab waveguide with thickness d — diamond layer in air. The blue
area is the escape cone. White area corresponds to the region with guided modes: TE and TM mode
are denoted with blue and red color, respectively. Blue dashed line illustrates the band-folding of the
TEo mode caused by Bragg diffraction grating. The yellow area lies below the light line in diamond.
(b) Nlustration of a symmetric structure. Profile of the fundamental TE mode for weak guiding (red;
d/Ao ratio 1/40; bottom of the “Fundamental modes only” dashed area in (a)) and strong guiding (blue;
d/Ao ratio 1/4.4 — top of the “Fundamental modes only” area). The modes were simulated using the
online mode solver in dielectric waveguides OMS [35].

The emitters that are localized inside the layer may emit light via two output channels: into
the radiative modes, which means that the light is radiated directly to the space (air/substrate),
and into the guided modes. Since, the substrate has higher index of refraction than air, part of
the radiative modes can be radiated only into the substrate. These modes are sometimes referred
to as substrate modes. Commonly, only the light emitted directly into air is used for
detection/imaging. The radiative modes emitted towards the substrate may be reflected back
into air by placing a reflector at the back side of the substrate. The light coupled to the guided
modes may be eventually collected at the edges of the device. Nevertheless, it must travel a
long distance inside the medium and the probability of reabsorption is increased.

The distribution of light between the radiative and guided modes depends on the orientation
of emitters, on the thickness of the layer (with regard to the wavelength), and on the position of
the emitter inside the layer. The coupling to the individual modes depends on the local density
of photon states (LDOS), which is the density of states (DOS) in the position of the emitter (see
the section 1.2.1 Fermi’s golden rule), and which is continuous in k for radiative modes while
only discrete set of k is allowed for guided modes for a given frequency (Fig. 5a). The LDOS
of guided modes in the place of emitter is proportional to the distribution of the electric field of
the modes (Fig. 4) and is also polarization dependent. For instance, light emitted by vertically
oriented dipole source cannot be coupled to the TE modes, or light emitted by the horizontally
oriented dipole in the middle of the layer (for symmetric structure) cannot couple to the
fundamental TM mode that has a zero field in that place. There is an optimal thickness
(normalized to wavelength) of the layer for maximized coupling to the TEo mode, which
roughly corresponds to the top of the “Fundamental modes only” area in Fig. 5a. In a thinner
waveguide, the energy of the TEo mode is localized mostly out of the waveguide (Fig. 5b, red)
and the DOS is decreased. This decreases the probability of the emission into the guided modes
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Figure 6: Schematic of the Bragg diffraction of fundamental (Eo) and first order (E1) TE modes on a
patterned dielectric layer with reciprocal lattice vector G. Spatial profile of modes propagating in
opposite direction are denoted with black dashed lines. The modes are extracted into angles defined
by the Bragg diffraction condition (green arrows; dashed for contribution from counter-propagating
modes). For the particular case of diffraction into vertical direction the counter-propagating modes
are extracted into the same direction.

and light is preferentially emitted into radiative modes. On the other hand, the mode is more
spatially spread out also for thicker waveguides, because the waveguides themselves are
extended over larger space, and the LDOS is decreased again. Moreover, light can be coupled
also to higher order modes in thick structures. Note, that the TMo mode is usually present in the
structure with the optimal thickness for the TEo mode [18].

There are two approaches how to redirect the light, initially coupled to the guided modes,
into air. The first approach is to make the surface of the layer rough as was already discussed.
The second method lies in the introduction of periodic diffractive elements. The basic example
is a 1-D grating fabricated on the surface of the waveguide. The light emitted in the layer is
diffracted on each period of the grating out of the structure and the propagation direction is
given by the constructive interference between waves diffracted on each period (Fig. 6) — Bragg
diffraction. Note, that the Bragg diffraction efficiency of the individual guided modes depends
on the overlap between the modes and the diffracting structure, respectively. Light coupled to
different modes is thus diffracted with different efficiency.

The direction of propagation of the diffracted light depends on the relation between the
wavelength (wave-vector) of light and the reciprocal lattice vector (given by the lattice
constant) of the grating. The in-plane wave-vector kj of the radiative modes fulfills the
condition

21
0
On the other hand, the in-plane wave-vector of guided modes is larger than this limit and the
light is trapped inside the layer (Fig. 5a). The Bragg diffraction on the grating causes that the
in-plane wave-vector of guided modes is changed by integral multiple of the reciprocal lattice
vector G of the grating:
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where ki) and kg are the in-plane wave-vectors before and after diffraction, respectively, and
m is an integer. If the condition (1.15) is fulfilled for the wave-vector after diffraction, light is
diffracted out of the layer into space (Fig. 6).

The angle of Bragg diffraction for a given grating depends on the wavelength of light. Thus,
the grating may be used to separate individual wavelengths. Nevertheless, for a spectrally
narrow light sources (such as SiV centers in diamond), the structure may be optimized to
diffract the light into a selected direction (or a set of directions). The preferred angle of Bragg
diffraction for applications is the vertical direction, which occurs for |kqj| = 0. At the vertical
direction, the extracted light can be easily collected via simple optics. Furthermore, the
vertically extracted mode is two-fold degenerate due to the fact that two counter-propagating
modes contribute to the extraction into the vertical direction as sketched in Fig. 6.

The Bragg diffraction corresponds to folding of the guided modes at some point of the
dispersion diagram (as schematically illustrated in Fig. 5a for the fundamental TE mode) and
their subsequent intersection with the escape cone. The simple case of the 1-D grating was
introduced here to present the basic idea of light extraction from thin layers. For practical
realization of light extraction, structures with 2-D periodicity over the surface are more
efficient. These structures will be described in the second chapter devoted to the PhCs.

1.2 Radiative rate enhancement

The second method for enhancing the light intensity collected from the light source is to
directly enhance the number of photons emitted from individual emitters, and ideally to force
the emitters to emit photons into some preferred direction for their easy collection in the same
time. The simplest elemental light source has the form of oscillating electric dipole, which has
toroidal radiation pattern in the far-field (Fig. 7). Higher multipoles (magnetic dipole, electric
quadrupole etc.) have significantly lower transition rates and are not considered here. In typical
light sources, there are many elemental dipoles with random orientation and the resulting
radiation pattern is Lambertian. Nevertheless, the dipoles may be also oriented along one or
more significant directions (for example in crystals) and their ordered orientation may influence
the resulting radiation pattern. Another specific case is a light source consisting of only one
elemental source that can be used for generation of single photons.

1.2.1 Fermi’s golden rule

The interaction of light with matter on the scale of individual emitters cannot be treated
classically, and quantum approach must be used. The time-dependent perturbation theory can
be used to derive the radiative rates, where the quantum system is perturbed by the presence of
electromagnetic radiation [39]. The probability of the radiative transition of electron between
the initial and final state is given by Fermi’s golden rule [39,15]

2 A B
lisp = (ZZ) [Kf 1Vl g (hv) (1.17)

where Vs is the perturbed Hamiltonian of the system, i, f denotes the initial and final state, g(4v)
is the local density of final photon states in the place of the emitter for light with frequency v,
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Figure 7: Cross-section (x-z plane) of the far-field radiation pattern of a dipole source with electric
dipole moment do. The intensity is proportional to sin?g, with ¢ being the angle with respect to the
axis of the dipole moment, and rotationally symmetric around the axis of dipole (z axis).

and h is the Planck constant. The factor A quantifies the perturbation of the quantum system by
electromagnetic field, and it is proportional to the electric dipole moment of the transition dif
for fluorescence. The transition dipole moment describes the strength of transition between the
two states. Transition dipole moment is specific for each quantum system and equals zero for
the transitions forbidden by the selection rules. In such case the system is forced to transit via
higher multipoles and the decay rate is slower by few orders of magnitude (resulting in
phosphorescence). Factor A may be influenced by the neighborhood of the system, e.g. by
defects in the crystalline material. Material stress (e.g. in nanoparticles) may lift some of the
bulk material symmetries and allow the transitions that are forbidden in bulk material with low
stress, which leads to a significant reduction of lifetime. For instance, the transition from a
shelving state in SiV centers is allowed for nanodiamonds due to stress [40]. Nevertheless, we
have not attempted to influence the factor A in this work. Our effort was to use material with
optimal optical properties, which involves reduced stress (where possible) and limited
concentration of undesired impurities.

We focus on the factor B (density of photon states) in Eq. 1.17 and its use to enhance or attenuate
the count-rate and to improve the directionality of the optical emission. In free space, the DOS
is proportional to the square of frequency v? and the emission is not directed into any specific
direction and follows the dipole radiation pattern (Fig. 7). Usually, more transitions exist, by
which the electron can transit from the higher to lower energy state, and which differs in the
energy of emitted photons 4v. By selectively increasing the DOS for one of the radiative
transitions, the count-rate of such transition may be enhanced at the expense of the count-rates
(decay rates) of the other radiative or non-radiative transitions. Both quantum efficiency and
radiative branching ratio (fraction of photons emitted via the chosen transition) are increased in
such case. Even in the case of only one possible transition, the count-rate is increased due to
the reduced lifetime that the electron spends in the excited state. The DOS may also be
increased/decreased only for some directions. The radiation pattern then deviates from the
dipole radiation pattern. This can be used to improve collection efficiency.

A placement of emitters into thin dielectric slab, which was already discussed, may alter the
LDOS and improve/reduce the coupling into the guided modes of the slab and the total radiation
rate. However, it is not possible to significantly enhance selected transitions with such simple
structure. The significant enhancement of a DOS for a narrow energy (frequency) bandwidth
may be achieved by confining the emitter into an optical cavity.

23



1.2.2 Purcell effect in cavities

The simplest type of cavity is a Fabry-Perot resonator that is composed of two mirrors
(Fig. 8a). Such a cavity supports a set of optical modes (resonances) in the form of standing
waves with frequencies given by the optical distance between the mirrors (cavity length). The
frequency distance between the individual modes is denoted as a free spectral range and
depends directly on the cavity length. The mode bandwidth, usually characterized by its full
width at half maximum (FWHM), depends on the optical losses in the cavity. The higher the
optical losses in the cavity are, the broader are the modes of the cavity (Fig. 8b).

There are two parameters that describe the performance of the cavity. The first one is the
finesse F that compares the mode linewidth Avr with the free spectral range 4vrsr

_ Avpsg T 21
Av, parcsin <1 - J1- lrt) Lre (1.18)
2411,

The finesse is directly related to the total round-trip losses I+ of the cavity where the
approximation is valid for cavities with low losses (Ir: < 10%). The finesse expresses the average
number of photon roundtrips before a photon leaves the cavity or is lost via dissipation.
Therefore, the finesse does not explicitly depend on the cavity length (the loss occurs usually
on cavity mirrors in Fabry-Perot cavities). Nevertheless, the optical losses may depend on the
cavity length, e.g. when the beam diameter on the mirrors is changed with the length of the
cavity or when the medium inside the cavity is absorbing or scattering. The losses usually
depend on the frequency of light, and the maximal finesse is achieved only for one cavity mode.

The second parameter describing the cavity performance is the quality factor (Q-factor) that
compares the mode linewidth with the frequency of the cavity mode vr and also quantifies the
losses of the cavity in one (optical) cycle

Q=—=2n— (1.19)

where AE is the energy lost in one optical cycle when there is total energy E stored in the
resonator. The Q-factor describe the temporal confinement of the light inside cavity, and it thus
grows with the increasing cavity length, because most of the light is lost on the mirrors in the
case of FP cavities. The Q-factor is the number of optical cycles (in radians) before the energy
in resonator drops to 1/e of the initial value or equivalently the average number of optical cycles
after which a single photon is lost from the cavity. It is advantageous in some cases to separate
the total Q-factor into more contributions based on the mechanism of optical losses. For
instance, cavity losses may be caused by losses on the cavity mirrors, and absorption and
scattering in a material. The total Q-factor is then

1 _ 1 4 1 4 1
Q Qmir Qabs Qscat

(1.20)

where Qmir, Qabs, and Qstat IS the Q-factor with only mirror losses, absorption losses, and
scattering losses considered, respectively. This approach is often used for design of PhC
cavities.
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Figure 8: (a) Schematic picture of Fabry-Perot cavity and the field of a mode (blue). (b) Schematic
dependence of the DOS on frequency of light. The DOS is proportional to the square of frequency v?
in free space, whereas the LDOS is significantly increased for narrow frequency ranges inside
cavities. The lower are the round-trip losses inside cavity, the narrower is the spectral linewidth Av;
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The LDOS inside the cavity is increased (Fig. 8b) in comparison with a free space, which
may be used for radiative rate enhancement. The effect of the cavity on the emitter count-rate
is described by the Purcell factor [41]

3 AN/ 0
Fo =gz (3) (veff) (.21)

where o is the wavelength of light in vacuum, n refractive index of the medium, and Ve the
effective volume of the cavity mode. The effective cavity volume quantifies the spatial
confinement of the cavity mode and is defined by the formula [42]

_ e(r)|E(r)|?
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where ¢ is the relative permittivity, E electric field strength, and rc is the position with maximum
electric field strength (antinode). The Purcell factor is the maximal achievable ratio of the decay
rate of the emitter placed inside the cavity with regard to the emitter placed in a homogeneous
medium. Nevertheless, the actual enhancement of the emitter decay rate depends on the exact
position and orientation of the emitter inside cavity. Moreover, there must be spectral overlap
between cavity mode and the transition that is being enhanced. The total decay rate for an
individual emitter inside cavity can be thus written as [43]

A
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where dijj is the emitter dipole moment for the radiative transition, re the emitter position, v the
emitter frequency, vr and Avr the frequency of mode and its bandwidth, and 7 the decay rate of
the emitter in a homogeneous medium. We suppose in (1.23) that the transition linewidth is
much smaller than the cavity mode linewidth (4v << Avr). The factors A, B, and C quantify the
effects of alignment of the emitter dipole moment with regard to the electric field of the cavity
mode, of the electric field strength in the place of the emitter with regard to a place with
maximum electric field, and the spectral detuning from the cavity resonance, respectively. In
order to maximize the decay rate, following conditions must be fulfilled: (1) the cavity Q-factor
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must be maximized (reduced optical losses), (2) Vesr must be minimized, (3) frequency of the
cavity mode must overlap with the frequency of the transition, and (4) emitter must be in the
position of largest electric field of the cavity (e.g. beam waist or Fabry-Perot cavities; center of
the cavity in Fig. 8) and oriented parallel to that field.

The volume of the cavity may be decreased by decreasing the distance of mirrors in standard
Fabry-Perot cavity configuration [44]. Nevertheless, the radius of curvature of mirrors must be
decreased accordingly to reduce the transversal extent of the mode. The fabrication of mirrors
with small radius of curvature and low optical losses is not trivial [45-49].

In order to further reduce the cavity volume, other cavity configurations [50,51], such as
micro-pillar [52,53], micro-disk [54,55], micro-sphere [56,57], nano-beam [43,58,59], or PhC
cavities [60-63] were designed and fabricated (even in diamond). Despite having smaller
volume than Fabry-Perot cavities, the different configurations bring new problems such as
higher cavity losses, difficult tuneability, or the introduction of material strain, which changes
the emitter properties.

Tab. 1 compares some key features of Fabry-Perot cavities and PhC cavities. The main
advantages of Fabry-Perot cavities are easy configuration and spectral tunability by length
modulation (e.g. by a piezo actuator), which may be used for cavity locking [64]. It is also an
open system, and a thin slab or a nanoparticle may be inserted without the need of fabrication
in the material itself. This might be important as fabrication may introduce defects and cause
stress inside material that negatively affects the emitter properties. On the other hand, PhC
cavities allow larger spatial confinement of the modes and low mechanical noise thanks to their
monolithic architecture. A photonic band gap of the PhC cavity can be used to suppress
undesired radiative transitions (e.g. in color centers phonon sideband). The properties of PhC
cavities are further discussed in Section 2.2.3 Photonic crystal cavities.

Tab. 1: Advantages of Fabry-Perot and PhC cavities

Fabry-Perot cavities 2-D PhC cavities

Open cavity Very small volume

No material fabrication No interface inside cavity
Easy tuning Low mechanical noise
Directed emission 2-D Band gap

1.3 Single photon sources

The generation of single photons is of high importance for applications such as quantum
communication or quantum information processing [65-68]. The ideal single photon source
emits exactly one photon in one excitation cycle [69]. To differentiate the single photon source
from other sources, the autocorrelation measurement can be performed. Whereas light with
super-Poissonian distribution (photon bunching) is generated by thermal sources and light with
Poissonian distribution (coherent light) by common lasers, the light with sub-Poissonian
distribution (photon anti-bunching) is generated by single-photon sources (Fig. 9). The
autocorrelation function can be measured by Hanbury Brown-Twiss interferometer consisting
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Figure 9: Schematic picture of light sources with different photon statistics: (a) super-Poissonian
distribution of thermal source — bunching; (b) Poissonian distribution of ideal laser — coherent light;
(c) sub-Poissonian distribution of single photon source — anti-bunching. BS — beam-splitter, Det. —
detector, Cor. — time correlator that measures time between subsequent detections on the detectors.
The right part shows the second order autocorrelation function (g@(r)) as a function of the time delay
(Ar) for the respective source.

of a beam-splitter and two detectors as illustrated in Fig. 9. The time interval between individual
detections is measured. In the case of a pure single-photon source the probability of
simultaneous detection by the two detectors is zero, which is manifested by a dip reaching zero
in the autocorrelation function for zero time-delay (photon anti-bunching) [70].

Single isolated atoms or ions may be used as single photon emitters. Nevertheless, it is
challenging (but not impossible [71]) to localize the isolated atoms/ions at a particular place
with a given polarization of an atomic dipole in a cavity, so that the photons can be collected
via cavity modes. The use of artificial atoms, such as isolated point defects in crystals (e.g.
color centers in diamond) or quantum dots, is a more reliable way of generating single photons.
These artificial atoms create spatially isolated and localized electronic states usually in the
electronic band gap of the surrounding dielectric or semiconductor material. They can thus work
as single-photon emitters with a given position in the solid material. The advantage of quantum
dots lies in the possibility of tuning the emission wavelength by controlling the size of the
guantum dots. On the other hand, it is challenging to fabricate quantum dots with identical
properties, which hinders their use in quantum networks. In contrast, isolated point defects of
the same type in chemically pure crystals are indistinguishable from each other. Moreover,
various defect centers, e.g. in diamond [72] or silicon carbide [73,74], emit light in different
regions of the visible and near infra-red spectra, and suitable sources can be found for a given
application.
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Collecting photons emitted by single photon sources localized in a solid material is non-
trivial for the reasons described above, i.e. the photons are not directed into any significant
direction and there are reflections on the materials boundary. There are multiple ways to
increase the collection efficiency.

Firstly, by preparing the centers in nanoparticles smaller than the wavelength of light the
Fresnel reflections at the boundary may be prevented [72,75]. This approach is based on the
fact that light cannot be confined in particles that are smaller than its wavelength. The extraction
efficiency is thus significantly increased over the bulk diamond. Placement of nanoparticles
into given locations may simplify efficient light collection. The disadvantage of this method
lies in the localization of single photon emitters near the surface of the nanoparticle. This may
cause the enhanced count-rate on one hand, but can also lead to higher non-radiative transition
probability, emission line broadening, coherence times reduction, and causes deviations
between individual emitters placed in different nanocrystals [69].

Secondly, the emitted light may be re-directed into some preferred direction. For this
purpose, diffraction gratings for thin layers or solid immersion lenses [76] for bulk material can
be used. The collection efficiency is, however, smaller in comparison with the other approaches.

Thirdly, optical cavities may be used to improve the collection efficiency of single photons.
The optical cavities not-only force the emitter to emit light into the cavity mode, but also
enhance the photon count-rate and improve the quantum efficiency as discussed in the previous
chapter. A special property of the optical cavities is that they enhance the interaction between
light and matter at single-photon level [65]. Cavities can be thus used also to excite defects by
single photons. The probability of such excitation without the use of cavity is negligible because
the interaction cross-section of photons with single emitters is very low. Cavities with
embedded single photon emitters are thus considered as building blocks for the quantum
networks.
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2. Photonic crystals

In analogy to solid state physics, where a periodic arrangement of atoms or molecules in a
crystal lattice affects the motion of electrons, the photonic crystals (PhCs) have periodically
modulated index of refraction which affects the propagation of photons [77]. In order to interact
with light, the characteristic length scale of PhC unit cell must be of the order of the wavelength
inside the material. Analogously to solid state physics, the periodic modulation of refractive
index alters the local density of photon states (LDOS) inside the PhCs due to diffraction of light
on individual periods. This leads to various interesting phenomena such as formation of
photonic band gaps (frequency regions with no photonic states), or inversely increased LDOS
for some frequencies. PhCs have several applications such as light guiding, spontaneous
emission rate attenuation/enhancement in accordance with Fermi’s golden rule, or Bragg
diffraction of light into defined direction.

2.1 Basic properties and dimensionality

The propagation of light in PhCs may be derived from Maxwell’s equations [78]. The
derivation, which is described in Ref. [77] in detail, leads to the master equation for propagation
of light in heterogeneous dielectric medium

1 2
V x (EV x H(r)> - (%) H(r) @.1)

where r is the spatial coordinate, ¢ heterogeneous dielectric function, H macroscopic magnetic
field (which is used to describe the complete electromagnetic field), @ angular frequency and ¢
speed of light. The macroscopic electric field E can be found from the H field

i

E(r) =
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As well as Maxwell’s equations, the master equation (2.1) is scale invariant. This means that
when all distances in PhC are expanded or contracted by the same amount the PhC properties
remain unchanged — only the mode profile and frequency (wavelength) of light will be rescaled
appropriately

€'(r) =€e(r/s) » H'(r) =H(r/s) and o' = w/s (2.3)

where s is the scaling parameter, and r the position vector. This has important consequences
for designing or simulating PhC structures. Structures with ideal properties, e.g. largest
photonic band gap, may be found first for an arbitrary frequency (frequency normalized with
regard to the period of PhC) and subsequently the band gap can be shifted to desired spectral
position by simple rescaling of the physical dimensions. Similarly, there is no fundamental
value of the dielectric constant and scaling of the dielectric constant leads to the scaling of
frequencies while the field patterns remains unchanged:

€'(r) =e()/s?> > H(r) =H(r) and w' = sw (2.4)

Note, that the relation between E and H field Eq. 2.2 is changed in this case since it depends
explicitly on ¢. Also note that Eq. 2.4 requires the change of dielectric constant in the whole
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structure, which may not be possible in many practical cases, where air is used as one of the
mediums and its dielectric constant cannot be altered.

By solving the master equation (2.1), its eigenvalues (frequencies ) and eigenvectors
(spatial profiles of the electromagnetic modes H(r) corresponding to the frequencies w) can be
found. The solution of the master equation in a medium with discrete translational symmetry,
which can be described by the equation ¢(r) = ¢(r + R) (i.e. PhC with lattice vectors R), are
Bloch states:

Hy, (1) = ™y () (2.5)

where k is the wave-vector and uk(r) = uk(r + R) is a periodic function with the same periodicity
as is the periodicity of the PhC. The solution has a form of a plane wave multiplied by periodic
function with the periodicity R.

2.1.1 One-dimensional photonic crystals

The simplest case of PhC is similar to a Bragg mirror (distributed Bragg reflector) — periodic
arrangement of dielectric layers with different dielectric constant (refractive index, see Fig. 10).
Such structures are known for more than one hundred years, when they were studied by Lord
Rayleigh [79]. This simple structure is ideal for demonstration of the basic concepts of PhCs.
Nevertheless, it is also of practical importance for fabrication of highly reflective mirrors, e.g.
for assembling Fabry-Perot cavities (as in one part of this work).

The light incident on the material with 1-D periodicity is partially reflected on each boundary
between the two materials. There is a constructive interference between the light waves
reflected from individual boundaries for certain frequencies, and the intensity of the transmitted
light decreases exponentially with each period in such case. The total transmittivity reaches
hypothetically zero for an endless structure. The periodic arrangement of layers thus suppresses
the propagation of light within certain frequency range through the structure in the near to
perpendicular direction with respect to the orientation of the layers. The frequency range is
referred to as a photonic band gap in analogy to solid state physics.

A point-of-view analogous to solid state physics can be also used to derive the properties of
the periodic structures. The propagation of light in 1-D PhC may be represented using
dispersion diagram (Fig. 11). The dispersion diagram in a homogeneous medium consists of
straight lines (when material dispersion is neglected for simplicity, blue line in Fig. 11a). When
an artificial periodicity is introduced into the structure, i.e. the structure is considered as
periodic, but every layer has the same refractive index so far, the dispersion diagram become
periodic in k-space (Fig. 11a, red dashed lines). This property arises from Eq. 2.4, which implies
that the electromagnetic field follows the periodicity of the structure. Subsequently, all
information about the light propagation is already contained in one period of the dispersion
diagram, which is duplicated for larger wave-vectors. Usually the period around zero wave-
vector, which is called (first) Brillouin zone, is shown. The dispersion diagram of periodic
structures is often called a photonic band diagram in analogy to solid states physics.

Finally, if a sufficiently large refractive index change is introduced and propagation of light
in normal direction with respect to the orientation of layers is considered, the dispersion bands
are bent, and the photonic band gap opens at the edge of the Brillouin zone (Fig. 11b) [77]. The
band gap arises due to the periodic distribution of electric field in the periodic medium in
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Figure 10: Schematic picture of 1-D PhC composed of stacked uniform layers with different dielectric
constants €. Red line shows the electric field profile of the dielectric band at the edge of the first
Brillouin zone.

accordance with Eg. 2.4. The bands at the edge of Brillouin zone have the same periodicity but
they differ in the localization of the electric field. The electric field of the band below the band
gap is localized primarily in the dielectric medium with higher index of refraction (see Fig. 10),
which decreases its frequency. This band is therefore referred to as dielectric band. On the other
hand, the band above the band gap has larger fraction of the electric field (in comparison with
dielectric band) localized in the dielectric medium with lower refractive index and its frequency
is higher. Since the medium with lower index of refraction is mostly air (especially in the case
of PhCs with higher dimensionality), this band is called air band. Additional band gaps may
open at higher frequencies at the crossings of bands.

Inside the photonic band gaps, the LDOS is zero for the direction normal to the planes of the
PhC. Light with the frequency lying in the band-gap cannot propagate into the structure and the
structure thus works as a perfect reflector. However, the evanescent tail of the incident wave
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Figure 11: (a) Schematic dispersion diagram for homogeneous medium (blue line, material
dispersion is neglected). In periodic medium and propagation in the direction of the periodicity, the
dispersion diagram becomes periodic in k-space (with period 21r/L, where L is the lattice constant in
real-space) and all relevant information is contained in the first period — the Brillouin zone. The bands
(red dashed line) are folded on the edge of the Brillouin zone. (b) When the refractive index change
is introduced the bands are bent and the band gap opens at the edge of Brillouin zone and at the
band crossings.
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extends into the structure, and when we limit the number of layers, a small part of the energy
may be transferred. An emitter that emits light inside the photonic band gap and that is placed
into the 1-D PhC is forced not to radiate light in the direction normal to the planes. However,
the DOS in other directions is not significantly altered and thus this simple structure is not
suitable for directing light or enhancing the count-rate. There are two ways how to modify the
1-D structure in order to achieve such properties. The first way consists in the introduction of a
defect in the 1-D PhC, which may be achieved for example by extending the width of one layer
or changing the refractive index of one material in one period. Subsequently, the defect states
appear inside the band gap [77]. Due to the very narrow frequency bandwidth of these states,
the LDOS inside the defect can be significantly higher than the DOS of free space. In fact, these
structures are nothing else than Fabry-Perot cavities that were already described in Section
1.2.2. The other possibility how to obtain more useful properties is to extend the periodicity
into more dimensions. Subsequently, the DOS is altered for a plane or even for a whole space
and the emission and propagation of light may be controlled.

2.1.2 Multi-dimensional photonic crystals

The idea of extending the dimensionality of periodic structures was first proposed by
Yablonovitch [80] and John [81] in 1987. 2-D PhCs are periodic along two axes and
homogeneous along the third axis (Fig. 12). 3-D PhCs are then periodic along all three axes.
Originally, the structures were proposed to suppress spontaneous emission into unwanted
directions in laser resonators and thus to increase the efficiency of lasers. Nevertheless, the
application spectrum was soon expanded into many other areas with PhCs being currently used
or proposed as parts of light sources [24,29], spectral filters and couplers [82], waveguides [83]
or solar cells [84-86].

We will not discuss the properties of the 3-D PhCs here (the reader is referred to the Ref.
[77]). Although they allow to confine light in all three directions, they are challenging to
fabricate, and they were not studied in this work. Strictly speaking, neither 2-D PhCs, which
are homogeneous in z direction (Fig. 12) and endlessly tall (i.e. much taller than their lattice
constant in real applications) were studied in this thesis. Nevertheless, structures studied in this
thesis have many similarities with the 2-D PhCs and therefore we will briefly discuss their
properties.

The physics of PhCs with the 2-D dimensionality can be also described by the master
equation (2.1) and the modes have a form of Bloch waves (2.4). However, the results are much
more complex than in the 1-D case for several reasons:

Firstly, the propagation of light in the 2-D PhC depends on its polarization. The modes that
propagate in the plane of periodicity (x-y plane in Fig. 12) can be separated into the TE and TM
modes, which have the magnetic field and the electric field oriented perpendicularly to the plane
of periodicity, respectively. The frequency of bands differs for TE and TM modes. Although
some 2-D PhCs have a photonic band gap for both polarizations at some frequency range,
usually band gaps exist only for one polarization in the given PhC structure.

Secondly, various lattice symmetries exist in 2-D. The most common lattice symmetries,
which we also use in our work, are square and hexagonal (Fig. 12). Moreover, the columns may
be formed either by material with high refractive index (mostly dielectric rods in air, Fig. 12a,b)
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Figure 12: 2-D photonic crystals with various geometries. (a) and (b) PhCs composed of columns
with high index of refraction, with square and hexagonal symmetry, respectively. (¢) and (d) PhCs
composed of cylindrical inclusions in a medium with higher index of refraction, with square and
hexagonal symmetry, respectively. Note that the dimensions of 2-D PhCs extend to infinity in all
directions.

or material with low refractive index (mostly air holes in dielectric, Fig. 12c,d). Note, that the
cross-section of the columns does not have to be circular in principle.

Thirdly, the Brillouin zone is two dimensional for 2-D PhCs, which makes the illustration
of the whole band diagram difficult. The 2-D PhCs have usually some other symmetries
(rotation, mirror) in addition to the discrete translational symmetry. These symmetries are
replicated in the Brillouin zone and as a result there are regions in the Brillouin zone related to
each other. The part of the Brillouin zone reduced by the symmetries of PhC lattice is called
irreducible Brillouin zone (see, e.g. the inset in Fig. 14b in the next section). The global minima
and maxima of photonic bands almost always occur at the edges of the irreducible Brillouin
zone. Hence the band diagram is usually visualized only for wave-vectors at the edges of the
irreducible Brillouin zone (along the high-symmetry directions) where the band gap size may
be easily seen.

2.1.3 2-D PhC slabs

The 2-D and 3-D PhCs offer better control over the propagation of light when compared to
1-D PhC structures. Nevertheless, the complexity of such structures makes their fabrication
very challenging and expensive. On the other hand, PhC slabs represents relatively easy-to-
fabricate structures, which retain many interesting properties of 2-D PhCs [87]. The
fundamental difference from 2-D PhCs is the limited size in the direction perpendicular to the
plane of the periodicity, which is usually in the range from dozens of nanometers to few
micrometers. Thin dielectric layers can be deposited on a substrate by various methods such as
CVD, MBE or MOVPE. Similarly, there are various methods for subsequent structuring of the
thin layers: photolithography, electron beam lithography (EBL) [88], nanosphere lithography
[89], and others [90-93], which will be discussed in chapter 4.
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PhC slabs are often referred to as 2-D+1 structures because they consist of a dielectric or
semiconductor slab with high refractive index (higher than the surrounding) and the 2-D
periodic structure fabricated on the layer. The layer without PhC acts as a planar waveguide,
where light propagates in the form of electromagnetic modes, which are confined in the layer
due to the total internal reflection (see Section 1.1.3). The addition of the 2-D periodic structure
allows (i) to change the LDOS in the layer, (ii) to manipulate the light propagation, and (iii) to
efficiently diffract light from the layer.

There are three basic types of planar photonic structures that may be used to increase the
count-rate and/or light extraction from sources in thin dielectric layers (Fig. 13): weak PhC
slabs, strong PhC slabs, and PhC cavities, which will be discussed in the following sections in
detail. The structures are composed of periodic patterns (mostly square or hexagonal) of
dielectric or semiconductor columns, or air holes placed on top or etched into the planar slab.
The use of other material than air is possible in principle. For example, the air can be substituted
by water or other liquids, when the photonic structures are used for bio-sensing [94-96].
Nevertheless, the refractive index contrast is reduced in such case and the photonic effects are
weakened.

In contrast to standard 2-D PhCs, the polarization of modes is generally not maintained for
the PhC slabs due to the presence of a substrate. In vertically asymmetric structures, the TE and
TM modes are coupled to each other and the energy can slowly leak from one type to the other.
Note that all structures that are placed on a substrate are asymmetric because the field extends
into the surrounding material (see Fig. 4 in Chapter 1). The modes can be still denoted as TE-
like (even symmetry with respect to the plane in the middle of the structure) and TM-like (odd
symmetry), because the energy leakage is slow. However, the losses caused by the leakage may
be detrimental for some applications (like PhC waveguides or cavities).

The coupling between TE and TM modes can be completely suppressed by restoring the
mirror symmetry in the vertical direction. This is usually done by etching of the substrate after
the PhC slab fabrication, which leads to the formation of a suspended membrane (details in
Chapter 4. Fabrication of photonic structures in diamond). Other, less common way of making
the structure symmetric is to place a material similar to the substrate on top of the structure
[97]. It should be noted that the symmetry in the theoretically symmetric structures can be
broken due to defects originating in the fabrication process, which also leads to the coupling
between the TE and TM modes.

The PhC slabs, where the periodic layer does not extend through the whole layer (Fig. 13a),
does not have any photonic band gap. These structures are denoted as weak PhC slabs and they
can be used to diffract light out of the layer as the DOS is not significantly affected. The light
is out-coupled into air utilizing the same mechanism (Bragg diffraction) as gratings that were
already described in section 1.1.3. The advantage over the 1-D structures is that light
propagating in more directions is extracted and the degeneracy at vertical direction (that
corresponds to the I'-point in band diagram) is higher (Fig. 14a). However, when the
perturbation is increased over a certain level, the bands are bent and the degeneracy at the I'-
point is lifted.

PhC slabs may be also used to prevent the propagation of light within some frequency range
(band gap) inside the slab (Fig. 14b). These structures are denoted as strong PhC slabs, because
they have large modulation of refractive index, which significantly alters the DOS. Note that
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Figure 13: Three basic types of planar photonic structures that can be used for light extraction: (a)
weak PhC slab; (b) strong PhC slab; and (c) PhC cavity.

the band gap is not complete which means that it only suppresses the propagation of guided
modes, while the radiative modes are still supported (due to the existence of the escape cone,
Fig. 14b). Moreover, the propagation is usually suppressed only for one polarization of modes
(TE for structures with air holes in a slab) in a given frequency range. For asymmetric
structures, the modes can couple to the other polarization and the band gap is lost in such case.
The strong PhC slabs may be used to create resonators by introducing localized defects into the
periodicity (Fig. 13c). These structures allow to confine light in all three directions similarly to
the 3-D PhCs. Localized photonic states with high DOS are introduced into the band gap due
to this defect, which increases the spontaneous emission rate from emitters placed inside such
PhC cavity. The weak and strong PhC slabs are described in the next sections in more detail.

2.2 Weak PhC slabs

2-D PhC slabs in a weak regime are characterized by low perturbation, which results in
negligible band bending, and therefore they don’t possess any band gap (Fig. 14a). The low
perturbation may be achieved by choosing two materials with similar refractive indices.
Nevertheless, weak PhC slabs are usually composed of a waveguide layer and a periodic
photonic structure fabricated on the top of the layer (Fig. 13a). This arrangement effectively
reduces the refractive index contrast.

a b
0.8 : .
=
T 0.6
£ 0]
& 0.4
[
[1b) .
>0
go.z-
L . : :
0.0 ; : . .
r M K rr M K r

Figure 14: Photonic band structure of PhC slabs for TE polarized modes (simulated by MPB, see
subchapter “2.3 Computer simulations”). The PhC slabs are formed by dielectric layer (ns = 2.41) with
air holes with hexagonal lattice symmetry (such as in Fig. 13b). The thickness of the layer is w = 0.4L,
where L is the lattice constant. The grey shaded area with black boundary line denotes the escape
cone. (a) Weak PhC slab with holes depth henc = W/8. The interesting regions for Bragg diffraction
with high degeneracy are located at -point (green circles). (b) Strong PhC slab with holes throughout
the whole slab. Only two lowest lying bands with band gap in between are plotted. The inset shows
the Brillouin zone of hexagonal lattice with highlighted irreducible Brillouin zone and highlighted high-
symmetry points.
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Despite the absence of the band gap, the weak PhC slabs can be still used for light
manipulation, namely for Bragg diffraction of light out of the thin dielectric/semiconductor
layers. Since the diffracted light is not confined inside the layer anymore, the modes are called
leaky modes. Sometimes, leaky modes are referred to as guided resonances, due to their narrow
bandwidth for a given angle of diffraction. Due to the reciprocity of light propagation, the light
incident on the structure from air can be coupled into the leaky modes. This effect can be used
to map the spectral position of leaky modes and to enhance the excitation efficiency (resonant
excitation).

2.2.1 Leaky modes mapping

The diffraction angles of leaky modes can be mapped by measuring the angle-resolved
transmission efficiency of light through the PhC slab (Fig. 15a square lattice, vertical direction).
When a spectrally broad, collimated beam passes through the PhC slab under a specific angle
of incidence, light with wavelength, for which the coupling condition is fulfilled, couples to
leaky modes and minima are observed in transmission. Each minimum corresponds to coupling
of light to one of the leaky modes of the structure. The minima in transmission are observed
because there is a half-wavelength phase difference and thus destructive interference between
the straight propagating light and light that is firstly coupled to leaky modes and then out-
coupled again. The measurement is possible only in the case that the slabs are placed on a
transparent substrate. An alternative is to measure the angle-resolved reflection efficiency. The
reflection efficiency is complementary to the transmission efficiency for long wavelength (1 >
nsL for the normal incidence). For shorter wavelengths however, the light may be also Bragg
diffracted on the PhC lattice to the real diffraction orders, which causes differences between
reflection and transmission spectra.

Angle-resolved transmission efficiency of a given PhC can be simulated by using rigorous
coupled-wave analysis technique (RCWA; see Section 2.3). An example of such simulation for
the I'-X direction of a square lattice PhC is shown in Fig. 15b. The square lattice, and the I'-X
direction especially, enables to distinguish modes propagating in different directions in the real
space based on their polarization (Fig. 15¢). For the complete understanding of the leaky mode
distribution, the Bragg diffraction into other directions must be also considered. This can be
done by plotting the modes in the k-space for one wavelength (Fig. 16).

Fig. 16a shows the k-space for a structure without PhC. The TEo mode (green cone/circle)
lies outside the escape cone (black cone/circle) and is guided inside the material. Reciprocally,
no light from air can be coupled to the mode. Note that the TMo mode is ignored for this
analysis. The introduction of translational periodicity with a lattice constant L into the structure
creates the periodicity in k-space with period 27/L (Fig. 16b). Each black point corresponds to
the node of the reciprocal lattice and all of them are equivalent to the point at kx = ky =0 (I'-
point). The whole k-space is filled with cells that are copies of the cell centered at ky = ky = 0,
which is the Brillouin zone. The Brillouin zone can be further reduced by the rotational
symmetry of the square lattice to irreducible Brillouin zone (grey area), which contains all
relevant information about the photonic modes of the structure.

Simultaneously with the Brillouin zone, the modes and the escape cone are also replicated
within the k-space. Fig. 16¢ shows the effect of periodicity on the TEo mode for the wavelength
653 nm, where light impacting from the vertical direction is coupled to the structure (point 1,
see also Fig. 15 where the coupling at 653 nm is clearly visible in the measured and simulated
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Figure 15: (a) Measured transmission efficiency for light incident at vertical direction (0 deg) for PhC
slab with square geometry and lattice constant L = 345 nm. (b) Angle-resolved transmission efficiency
for incident beam impacting under the given angle of incidence along I'-X direction. Simulation for the
same PhC slab as in (a). Picture taken from [21], where complete description of the simulation details
can be found. (c) Polarization of the individual branches of the TEo mode: s-polarized (blue) and p-
polarized (red). The points (1-4) correspond to points indicated in Fig. 16.

transmission efficiency). The modes from neighboring reciprocal lattice points intersect with
the Brillouin zone and the escape cone and the coupling to these modes from space is thus
allowed. The light impacting from vertical direction can be coupled to the TEo mode that
propagate in four possible directions. The light polarized in the x direction is coupled to the
modes propagating in +ky and -ky directions (red circles in Fig. 15c) because only the transversal
component of TEo mode is non-zero. Similarly, light polarized in the y direction (blue circles
in Fig. 15c¢) is coupled to the modes propagating in +kx or -kx. Unpolarized light is then divided
to s- and p-polarized components, which are then coupled to the respective modes. The area
inside escape cone circle may be measured or simulated by the RCWA method (Fig. 17). The
dashed line (I'-X direction) corresponds to the horizontal cut in Fig. 15 for the respective
wavelength of 653 nm.
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Figure 16: (a) Light line (black circle/cone) and TEo mode (green circle/cone) in k-space as a function
of energy/frequency/wavelength (bottom) and for one frequency (top). Material and waveguide
dispersion are neglected for simplicity. (b) The reciprocal lattice is composed of equivalent cells with
the Brillouin zone centered at ky = ky = 0. The irreducible Brillouin zone is shown in grey color. (c)
Bragg diffraction represented in the k-space. Part of the TEo mode is in-/out-coupled during first order
diffraction process (solid green) and part in second order diffraction process (dotted green). The light
impacting from the vertical direction that is polarized in x direction is coupled to the modes propagating
in +ky or -ky direction (red circles) because only the transversal component of TEoc mode is non-zero.
Similarly, light polarized in y direction is coupled to the modes propagating in +kx or -k (blue circles).
Faint blue circles centered at kx = ky = £211/L denote TEo mode formed by second order diffraction
process. (d) Alternative way of illustration of Bragg diffraction in k-space — the extraction cone is
replicated instead of the TEo mode. (e) Same as (c) for longer wavelength. (f) Same as (c) for shorter
wavelength. The points (1-4) in (c), (e), and (f) correspond to the respective points indicated in Figs.
15b and 17a,b.

An alternative visualization is shown in Fig. 16d, where the escape cone is drawn
periodically instead of the mode. This visualization is more convenient for reasoning about the
extraction efficiency. Due to the fact that whole mode circle (green circle) lies within the escape
cones, regardless of the in-plane propagation direction within the slab, the light from the TEo
mode can be extracted from the slab into air. The parts that are drawn as the solid line are
extracted during first order diffraction process. The dotted parts correspond to the contributions
of the cells centered at ky = +2x/L and ky = £2x/L, and higher order diffraction processes are
needed for extraction of these parts [29]. The consequence of this is that the diffraction length
is much longer for these directions, which will be discussed in the section about the extraction
length.

When the wavelength is increased, the diameter of the circles corresponding to both the
modes and the light line is decreased (Fig. 16a). Note that the change of the wavelength is
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Figure 17: (a) The leaky modes in escape cone simulated by RCWA method for wavelength 653 nm
(the same structure as in Fig. 15). Inset shows the top view of the PhC in real space (structure similar
to Fig. 13a). (b) Same as (a) for wavelength 625 nm. Labeled points in (a) and (b) corresponds to the
respective points in Figs. 15 and 16. (¢) Angle-resolved transmission efficiency for p-polarized light
for wavelength 653 nm. (d) Angle-resolved transmission efficiency for s-polarized light for wavelength
653 nm. The collection circle for objective with 0.9 NA is shown by white circle. The wave-vector in
the units of 21/A is equal to the sine of the angle of incidence.

considered small and the material dispersion and dispersion caused by different fraction of
mode propagating in high refractive index material is neglected. Thus, the diameter of the
circles corresponding to TEo mode and to the light line are decreased by the same amount. Three
things happen in the k-space (Fig. 16e) after the increase of the wavelength (the lattice constant
remains unchanged). Firstly, there is no circle that intersects the I'-point, so the modes cannot
be coupled to light propagating in the vertical direction. Secondly, the circles from zones with
ky = 2m/L intersect no longer with the I'-X line in x direction. Therefore, there is only one
intersection with I'-X line — point (2) in the band diagram in Fig. 15, which corresponds to the
contribution from cell centered at kx = 2n/L. The light incident along the I'-X direction must be
polarized in y direction otherwise it cannot be coupled into the structure. The y direction
corresponds to the s-polarized incident beam (Fig. 15b). The p-polarized beam propagating in
the same direction transmits through the structure with reflectance given by Fresnel equations.
Therefore, the structure can be used also as a polarization filter. Thirdly, the light from cells
centered at kx = £2n/L and ky = +27/L is located outside the light line circle all the time. Thus,
the light for this wavelength cannot be completely diffracted from the slab (missing parts in the
green circle in Fig. 16e remain guided in the slab).

Fig. 16f show the situation for a wavelength shorter than in Fig. 16¢. Again, there is no mode
for the vertical direction. Nevertheless, there are two modes on the I'-X line. The point (3)
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corresponds to the contribution from the cell centered at ky = -27/L. This mode is again purely
s-polarized. The point (4), which was missing for longer wavelengths, corresponds to the
contribution from cells centered at ky = =2a/L. This mode is propagating parallel to neither axis
of the square lattice within the PhC. Nevertheless, it propagates close to the y-axis and can be,
thus, considered as mostly p-polarized regarding the incident beam. The fraction of s-polarized
contribution increases for shorter wavelengths.

When the wavelength is further shortened, the point (4) reaches the X-point. At this point
the circle intersects with the circles from cells centered at kx = 2a/L and ky = £2n/L. This
corresponds to the band crossing highlighted in Fig. 15c. After that, the original circle from ky
= +27/L leaves the light line circle and the first order diffraction stops contributing to the
coupling between guided and radiative modes. The coupling is happening via second (or even
higher) order diffraction processes that moves back to the I'-point with shorter wavelengths,
and eventually reaching the I"-point for wavelength slightly below 500 nm (Fig. 15).

2.2.2 Extraction and collection efficiency

The band diagram and the k-space representation that were discussed in connection with
light in-coupling in the previous section (Figs. 15 and 16) can be used also for considerations
about the extraction and collection efficiency of light outcoupled from the structure via leaky
modes. Nevertheless, there are some important differences between in-coupling and out-
coupling of light into and from the photonic structure. When a collimated beam is incident on
the PhC, it can couple to the TEo mode that propagates in one direction. Only at the points of
high symmetry (e.g. the I"-point) with the degeneracy, the in-coupled light can propagate into
more than one in-plane direction as discussed in detail in the previous sections. This
corresponds to a set of discrete points in the k-space. However, the light that is emitted by
sources in the layer is coupled to modes that propagate in all possible directions within the PhC
plane, which for a single wavelength corresponds to the whole circle in Fig. 16d.

In order to extract light from the layer completely, all parts of the circle must lie inside the
light line circle of some reciprocal lattice cell (Fig. 16d). When this happens, the extraction
efficiency reaches 100% for a material with no absorption (50% into one half of the space). The
rate of extraction is quantified by the extraction length, which is the distance that the mode
travels inside PhC structure before its energy drops to 1/e due to Bragg diffraction. When
absorption is present, the extraction length must be reduced as much as possible to achieve high
extraction efficiency. The extraction length of Bragg diffraction from the layer increases
(exponentially in the first approximation) with the number of diffraction processes that are
needed. There is already a large difference between the first-order Bragg diffraction process
originating from the four neighboring cells in the k-space and the second-order Bragg
diffraction process originating from the cells centered at kx = £2x/L, ky = £2a/L. This is
explicitly shown in Fig. 18a where the angle-resolved photoluminescence from thin
polycrystalline diamond layer with a PhC on its surface is plotted [21]. The folded TEo band
originating from the second order diffraction process is significantly less intensive than the
unfolded band for the same wavelength.

The highest extraction efficiency for a desired wavelength is obtained when the reciprocal
lattice vector G has similar length as the in-plane wavevector of the mode k; (Fig. 16c). Then,
the arc length of the modes that lies inside the light line circle is maximized. This is also very
convenient for high collection efficiency. The collection efficiency can be estimated from the
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Figure 18: (a) Angle-resolved PL intensity along I'-X direction: The intensity of the folded TEo band
(second-order diffraction process) is much lower than the intensity of the unfolded TEo band (first-
order diffraction process). Picture taken from Ref. [21]. (b) Detail of the extraction cone from Fig. 16c.
The red and blue circle corresponds to the part of the k-space that is collected with low NA = 0.05
and high NA = 0.9 collection optics, respectively. (c) PL intensity measured with low NA = 0.03 (red)
and high NA = 0.9 (blue) collection optics. Whereas narrow spectral peaks appear in the spectra
measured with low NA optics, the enhancement is similar for the whole spectra for the measurement
with high NA optics. (d) Bragg diffraction represented in the k-space for the weak PhC with the
hexagonal lattice symmetry. The whole TEo circle is in-/out-coupled via first-order diffraction
processes, which improves the extraction efficiency in comparison with square lattice.

k-space using the collection circle. The collection circle is centered at I'-point when the
collection optics is placed parallel to the normal of the sample. There are two limiting cases of
the collection optics (Fig. 18b): high NA collection optics that collects light over large area of
angles (microscope objective) and small NA collection optics that collects only small fraction
of angles but can probe larger area of the sample (optical fiber, camera). The |G| = k; condition
is advantageous in both cases. Moreover, low NA collection optics allows to capture only leaky
modes that lie in very narrow spectral range. The leaky modes thus form very narrow spectral
lines (resonances) in the spectra as can be seen in Fig. 18c. This may be utilized for sensing
applications, where the spectral shift of these resonances (caused e.g. by changes of refractive
index in the surrounding environment) may be used as one of the detection channels [96].

So far, the considerations were made for the square lattice, which allows relatively easy
analysis of the results. In order to extract light more efficiently from the layer, the lattice with
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hexagonal symmetry can be used. There are contributions from six neighboring cells for the
hexagonal lattice (Fig. 18d) in contrast with four neighboring cells of the square lattice.
Subsequently, all light is extracted via first-order diffraction process, which leads to higher
extraction efficiency. Note, that this is not true for material with larger refractive index than
diamond, where the diameter of light line circle is relatively smaller when compared to the
diameter of the guided modes in the k-space. In such case, higher order diffraction processes or
lattice with even higher symmetry are required [98]. The hexagonal symmetry is also
advantageous for low NA collection optics because it increases the degeneracy at the I'-point
and improves the collection efficiency.

2.2.3 Extinction length

In non-absorbing materials, the extraction length does not have any effect on the extraction
efficiency. In order to quantify the speed of extraction efficiency, the modal extraction
coefficient uq can be defined as

I(D) = IyeHat (2.7)

where | is the distance travelled in a PhC slab, which is supposed to be larger than the lattice
constant of the PhC L, and lo and I the initial and final intensity of light coupled to some mode
after travelling the distance I, respectively. Generally, the modal extraction coefficient depends
on the propagation direction and is zero for the directions that are not extracted (e.g. missing
parts of the green circle in Fig. 16e). An inverse of the modal extraction coefficient is the
effective extraction length I = 1/uq, which is the distance after which the intensity of light in
the mode decreases to 1/e due to the Bragg diffraction.

In reality, the extraction length must be reduced as much as possible to maximize the
extraction efficiency, because it competes with absorption and scattering. The total decrease of
intensity can be thus written as

I(D) = loe ™, u = pg + pg + i (2.7)

where u is the total modal extinction coefficient, which includes losses caused by Bragg
diffraction uq, absorption ua, and scattering us. Analogous to the modal extraction coefficient,
the effective extinction length lex = 1/u can be defined, which is the distance after which the
intensity of light in the mode decreases to 1/e (Fig. 19).

Instead of the extinction length, the number of optical pulses before the intensity of light
coupled to mode decreases to 1/e can be quantified. In analogy to optical cavities, this number
of optical pulses in radians is denoted as the Q-factor (Fig. 19). The number of optical pulses is
related to the frequency (radians per second) and to the wavevector (radians per pm):

.7)

where vy is the amplitude attenuation in time. Note, that one way how to look on the waveguide
IS to consider the waveguide as a cavity, where the bottom and top boundaries are mirrors, but
the light propagation is not restricted inside the slab plane.

The advantage of the Q-factor analysis is that it can be directly extracted from the angle-
resolved transmission efficiency or photoluminescence measurement. The Q-factor is the ratio
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Figure 19: (a) The decrease of the intensity of light with distance. The extinction length and Q-factor
expresses the physical distance and the number of pulses in radians, respectively, before the intensity
drops to 1/e of the initial value. lllustration for light with Wavelength 738 nm, coupled to mode with Nest
= 1.891, which corresponds to in-plane wavevector k; = 16.1 ym-, and Q = 113.4 (red line) and Q =
122.9 (orange dashed line). The extraction length and Q-factor Was simulated for diamond PhC slabs
(absorption coefficient of diamond 850 cm-t) shown in (b) — top view and side view of the unit cell.
Both structures have similar k;; = 16.1 pm! and thus similar modal absorption length and Qa (Q-factor
when only absorption is considered). The structure on top has ideal fill factor (Fr) and slightly higher
depth of etching and thus the light is extracted faster from the layer.

of the mode linewidth to the frequency/wavelength of the cavity mode as defined in Eq. 1.19.
However, the care must be taken not to measure the linewidth near the high degeneracy points
because the linewidth may be artificially broadened by the presence of multiple modes with
slightly shifted frequency (band splitting).

The Q-factor can be further divided into three parts Qa, Qs, and Qq accordingly to Eq. 1.20,
which corresponds to absorption, scattering, and Bragg diffraction of modes, respectively. The
absorption is undesired for light extraction, and the absorption length depends on the absorption
coefficient of the material and on the spatial overlap of the mode with the absorbing material.
The overlap may be reduced by choosing very thin waveguides. Nevertheless, the LDOS is
reduced in such case and this method has no practical meaning for the structures that we use
(the waveguide is formed solely by diamond). The scattering depends on the scattering
coefficient of the material and on the spatial overlap with the scattering material. It improves
the extraction efficiency in principle. However, it does not produce directed output and may be
thus undesired in some cases.

The extraction length due to Bragg diffraction depends on the dimensions of the photonic
structure and on the order of the diffraction process that leads to the extraction of light from the
material. As with absorption and scattering, the Bragg diffraction depends also on the spatial
overlap of the mode with the periodic structure, which is typically placed on top of the slab.
The deeper is the PhC etched into the slab, the shorter is the extraction (and extinction) length.
Fig. 19a shows an example for the PhC structure based on diamond in which the extinction
length is approximately 7 um which is almost 18 lattice periods. Note that the absorption Q-
factor (Qa) is lower than extraction Q-factor (Qg) and the majority of light is absorbed. The
fraction of extracted light may be increased by improving the material properties (lower
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absorption coefficient) or by etching the PhC deeper into the material. On the other hand, too
deep etching causes the bending of photonic bands and opening of band gap, which decreases
the degeneracy at the I"-point. Thus, it is not advantageous when the directionality of light and
spectral selectivity is of importance.

For simulations of the mode spreading in PhC, the structure can be separated in two layers.
The continuous bottom layer has the refractive index of the slab material (diamond in our case),
and the top layer is composed of the slab material and air (diamond columns in air in our case).
For simulations, the effective refractive index of the top layer can be defined as

Npne = Fn2 + (1 — Fy)n? 2.7

where ns is the refractive index of the slab material (diamond ns = 2.41 in our case) na is the
refractive index of the surrounding material (air, na = 1), and Fs the fill factor that quantifies the
ratio of area in the top layer occupied by the slab material with regard to the total area. For the
highest efficiency of Bragg diffraction, the fill factor must be close to 0.5 [29]. If the fill factor
is lower or higher, the columns have lower effect on the propagating modes, and thus the
extraction is slower. This can be simply understood as the refractive index contrast is
maximized for fill factor around 0.5. The effect of higher-order diffraction processes can be
neglected in the first approximation because their extraction length is much larger than the
extinction length caused by absorption and scattering for polycrystalline diamond.

The wavelength of the mode at the I'-point depends on a number of parameters: lattice type,
lattice constant, refractive index, thickness (height) of the non-perturbed slab layer, and height
and diameter of the columns. For the efficient extraction of light, the LDOS inside the layer as
well as the overlap with the PhC must be maximized (by choosing correct thickness). A care
must be taken not to make the PhC too high, which may result in the band bending and decrease
of degeneracy. In the same time, the fill factor must be kept around 0.5. Slight adjustment of
the parameters may be then used to tune the spectral position of leaky modes to the desired
wavelength without significantly reducing the extraction efficiency. The Q-factor and the
extinction length can be estimated from simulations.

The extraction length is of importance also with regard to the collection optics. When the
extinction length is known, a suitable optics can be then used for the collection of light. An
example is the use of an objective with a large numerical aperture (Fig. 18b) in confocal regime.
Despite collecting light almost in the whole escape cone, the overall collection efficiency may
be low, because the objective collects light only from small part of the sample, which may be
smaller than the extinction length. On the other hand, the short extinction length (low Q-factor)
means that the modes have large bandwidth. The result for light at certain wavelength is that
the leaky modes are spread over broader angular spectrum. Minimizing the extinction length is
thus not desired for applications, where the directionality of light is of importance and for
applications where the spectral selectivity is employed such as sensing.

2.2.4 Real structures

The real PhC slabs support not only the TEo mode but also the TMo mode and eventually
higher order modes. Similar considerations as for the TEo mode may be done for the TMo mode
as well, the spectral position of which is shifted to shorter wavelengths. The difference from
the TEo mode is that the TMo mode has a zero component of the electric field transversal to the
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propagation direction. Thus, the polarizations for coupling into the structure must be opposite
than for the TEo mode. For instance, light at 575 nm polarized in the x-direction is coupled to
the modes propagating in the x-direction (for situation in Fig. 16a). The TMo mode is spatially
localized near the slab boundaries of the structure (Fig. 4) and thus interacts strongly with the
PhC located on top of the slab. This reduces its extraction length, which is expressed in Fig. 17
as more pronounced minima of transmission efficiency achieved for the TMo mode compared
to the TEo mode.

The separation of emission into the individual modes is given by the location and orientation
of emitters within the PhC structure and by the LDOS of the PhC slab modes according to the
Fermi’s golden rule. The LDOS follows the intensity profile of the modes and the orientation
of the emitters depends on the material under study. In the case of polycrystalline diamond, the
emitters are localized either on the boundaries between the diamond grains, which orientation
is random, or inside the grains where the orientation of the emitter (typically a color center)
depends on the orientation of the crystal lattice. Nevertheless, there are 4 equivalent directions
in one grain and the grains have usually no preferred orientation, which means that the emitters
inside the grains have also random orientation.

The photonic structure may be also used to couple the excitation beam into the leaky modes
for effective excitation of the PL as was first observed for planar TiO2 PhC slabs with surface
deposited quantum dots [99] and is denoted as the resonant excitation. There are several angles
in Fig. 15 for which the resonant excitation is achieved with a 442 nm laser beam. For instance,
s-polarized light incident under 22.5° along the I"-X direction is coupled to the TEo mode.

Because the weak PhC slabs are mostly asymmetric, the TEo and TMo modes are coupled to
each other and the energy can slowly flow from one to another. Strictly speaking, the modes
cannot be denoted as TE and TM anymore, because of the coupling. Nevertheless, the coupling
can be neglected because it is only weak and thus negligible amount of energy is exchanged
within the extinction length, which is typically several to tens of micrometers long.

Another effect present in real structures is the re-emission of the photons after they are
absorbed in the material. This may slightly improve the overall extraction efficiency because
the light that is originally coupled to the modes that are not extracted (missing parts of the green
circle in Fig. 18e) may be re-emitted into the mode propagating in a different direction and can
be finally extracted. The improvement of extraction efficiency depends also on the ratio of
absorption, scattering and Bragg diffraction of the modes. The effect of re-emission is only
important for structures with absorption dominating over scattering and Bragg diffraction,
which are, however, not usually used in real applications.

2.3 Strong PhC slabs

2-D PhC slabs in the strong regime have sufficient modulation of refractive index, which
causes the photonic band bending and opening of the band gap (Fig. 14b). In principle, the
strong PhC slabs can be composed of dielectric rods in air or air holes in the dielectric slab.
Nevertheless, strong PhC slabs require the symmetry in the vertical direction, otherwise the TE
and TM modes are coupled to each other and the band gap is lost. The usual way to obtain a
symmetric structure is removing the substrate material which is much easier to achieve for the
case of dielectric slab with holes. We were thus interested mainly in the structures with holes,
which possess a photonic band gap for the TE-like modes. Structures composed of dielectric
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rods have the band gap for the TM modes. Note that even for the structures with mirror
symmetry in vertical direction and for only one polarization, the photonic band gap is
incomplete due to the presence of radiative modes (Fig. 14b).

There is an optimal thickness of the waveguide to achieve the largest ratio of the band gap
size to the middle frequency of the band gap. The optimal thickness for slabs with holes is
approximately half of the wavelength in the dielectric material [77]. When the thickness is
smaller, the fundamental mode is not so well confined in the layer. On the other hand, higher
order modes are supported for larger thicknesses (see Fig. 5), which decreases the band gap
size.

In contrast to the weak PhC slabs discussed in the previous section, the strong PhC slabs are
not suitable for diffraction of modes into the vertical direction because the degeneracy at the I'-
point is lifted due to the band bending caused by the large modulation of refractive index.
Instead, the strong PhC slabs with a photonic band gap can be used to improve the collection
efficiency by suppressing the propagation of light in the plane of the slab or as starting structures
for the fabrication of PhC waveguides and cavities, where the bandgap is utilized for light
confinement. The approach in which the in-plane light propagation is suppressed due to the
existence of the band gap is, however, not efficient for several reasons [100]. Firstly, the
extracted light is not directed into any specific direction and it has Lambertian radiation pattern.
Secondly, the presence of the band gap not only prevents the light propagation inside the PhC
slabs, but it also decreases the LDOS with respect to the emitter in the homogeneous medium.
This leads to the decrease of the radiative transition rate, which follows from Fermi’s golden
rule. Moreover, the non-radiative emission rate remains unchanged and efficiency of photon
emission is thus decreased. Thirdly, the propagation of light is suppressed only for one
polarization as was already discussed and thus part of the light is still trapped inside the guided
modes.

PhC waveguides and cavities can be created by introducing defects into the periodic structure
of the strong PhC slabs. For instance, by omitting a row of holes in the PhC slab, a linear defect
that works as a linear waveguide is created. Light cannot penetrate to the surrounding PhC
structure because of the existence of the band gap. It cannot couple to the radiative modes either,
because it lies below the light line. The simplest defect that can be used as a waveguide is the
W1 defect that is made of one missing line of holes inside the PhC slab [101,102]. The second
type of defects are point defects that can be used to confine light in all 3 directions and create
an optical resonator. An example of such cavity is plotted in Fig. 13c.

2.3.1 Photonic crystal cavities

The PhC cavities are composed of the strong PhC slab with a band gap that contains a point
defect in the PhC lattice. The cavity modes are spatially localized in the slab plane due to the
band gap and also in the vertical direction due to the total internal reflection. The PhC slabs
with holes have band gap usually only for the TE polarized modes. TM polarized modes can
propagate in the slab and, therefore, the coupling between TE and TM modes must be
suppressed to obtain cavities with low losses and thus high quality factors. To completely
suppress the coupling, the structures must possess mirror symmetry in the vertical direction as
discussed in previous sections. PhC cavities are thus usually fabricated in suspended dielectric
membranes. An alternative to the planar PhC cavities is the use of beam PhC cavities, where
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the light is confined in two directions by total internal reflection and in one direction by the
periodic structure [77].

There are countless planar PhC cavity designs with various mode properties. In this work,
we concentrate on the L3 cavity design that is formed by 3 missing holes in the hexagonal
lattice. The advantage of this cavity design is that the modes supported by the cavity have a
specific polarization and they can thus be differentiated by polarization measurement [103].
There are also cavities with even smaller volume such as the HO cavity (holes are only shifted)
or the H1 cavity (one missing hole) [104,105]. However, the modes of such cavities are either
unpolarized, or the cavities support degenerate modes with multiple polarizations.

The single defect cavity usually supports more than one cavity mode. The H1 cavity supports
the unpolarized monopole mode, polarized (but degenerate) dipole modes, and also quadrupole
and hexapole modes. On the other hand, the L3 cavity supports a fundamental mode, which is
analogous to the waveguide modes in the W1 waveguide with reflections from the end of the
cavity. Furthermore, it supports also higher order modes with main electric field component
aligned either parallel or perpendicular to the long cavity axis. All modes exhibit a linear
polarization [103]. The fundamental mode has usually significantly higher quality factor than
the other modes. Note that, in this case, the labeling of fundamental and higher order modes is
related to the distribution of electromagnetic field in the slab plane and not to the vertical
distribution of the field as when the slab thickness was discussed. The slab thickness is
considered small enough to support only one TEo and one TMo mode.

The presence of the PhC cavity significantly alters the LDOS and the spontaneous emission
rate can be significantly increased due to Purcell effect for the cavity modes (Eq. 1.21). The
mode volume can be in the order of /3, which is significantly smaller than for Fabry-Perot
cavities, and which increases the Purcell effect. Moreover, the LDOS is increased only for the
modes of the cavity, while it is reduced for neighboring wavelengths (for TE polarized emitters)
because of the band gap. This effect was already discussed in the previous chapter and it may
be used to improve the count-rate of one transition (e.g., the zero-phonon line of diamond color
centers) while reducing the count-rate of the other transitions (e.g. the phonon side band of
diamond color centers), which improves the radiative branching ratio. This effect is not present
for Fabry-Perot cavities, where the LDOS is not reduced for other wavelengths. On the other
hand, the PhC cavities bring new problems that must be resolved in order to use the cavities for
efficient light generation.

The optical losses of the cavity, which limit the obtainable Q-factor, are caused by the
coupling of light from the cavity modes to the radiative modes and to the guided modes
supported by the slab. Besides coupling to the guided modes with opposite polarization, which
may be prevented by keeping the mirror symmetry in the vertical direction, the cavity modes
can also couple to waveguide modes of the same polarization. This happens when the number
of holes around the cavity is limited as in Fig. 20, where only five holes surround the cavity on
each side. The light tunnels through the structure with the band gap and causes the gradual leak
of power from the cavity. To reduce the leakage, the number of holes around cavity must be
increased.

The coupling of light to radiative modes, may be reduced by designing the shape of PhC
cavities. Structures with large band gap and with the cavity mode located in the middle of the
band gap are optimal to reduce the coupling of cavity modes to radiative modes. The position
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Figure 20: Top view of a simulated PhC cavity in a diamond slab (index of refraction 2.41, layer
thickness 250 nm, lattice constant 300 nm, and hole diameter 230 nm). The cavity supports a mode
at 740 nm (spectrally near to the zero-phonon line of SiV centers). The electric field amplitude in the
middle of the slab was computed using 3-D FDTD simulation (MEEP software package). The
amplitude is shown (a) in linear and (b) in logscale in order to show the part of field that escapes into
the slab because of the low number of holes around the cavity.

of modes inside the band gap depends on the shape of the cavity and the diameter of the
surrounding holes. Fig. 20 shows the top-view of the L3 cavity and the fundamental mode of
such cavity. The radiative losses depend on the smoothness of the transition between the defect
and the surrounding PhC slab. When the transition is abrupt then the cavity losses are largest.
To improve the Q-factor, the transition must be smoothened, which can be done simply by
increasing the defect size. However, the volume also increases in such a case, which lowers the
Purcell factor. A more convenient way is to slightly adjust the diameter or position of holes
around the cavity [60,106,107]. The figure of merit in such case is the ratio between the Q-
factor and volume of the cavity mode. The optimization may be done by Fourier analysis of the
mode field as discussed later in this section.

The Q-factor can be greatly reduced by fabrication imperfections. The critical factor is the
verticality of the sidewalls of the holes in the PhC slab [63]. Usually, the diameter of the holes
is larger on top of the structure than on the bottom. Subsequently, the mirror symmetry of the
structure in the vertical direction is broken, which causes that part of the light from the trapped
TE mode is coupled to the TM mode. The effect of other fabrication imperfections, such as
small differences in the hole diameter, is usually minor. The Q-factor also depends on the
material properties of the cavity. The additional losses may be caused by scattering or
absorption inside the material. The scattering is reduced for cavities formed in a material with
small surface roughness.

In accordance with Eq. 1.20, the total Q-factor is given by

1 + 1 4 1 4 1 4 1
QTM quided Qrad Qscat Qabs

E 25
0 (2.5)

48



where Qm, Qquided, Qrad, Qscat, and Qans Characterizes the losses caused by coupling to TM mode,
guided modes, radiation modes, and by scattering and absorption, respectively. The lowest
partial Q has the largest impact on the total Q-factor, and it must be increased in order to
improve the total Q-factor. For instance, low Qrwm indicates poor verticality of holes, or low
Qguided indicates the low number of holes around the cavity. It is pointless to improve factor that
has low impact on the total Q factor.

When the cavity is used to enhance the count-rate of the emitters in the material, the modes
have to spectrally overlap with the emission line of the emitter. The spectral position of modes
in PhC cavities cannot be tuned as easily as in the case of Fabry-Perot cavities (by controlling
the distance between the mirrors, e.g. with piezo actuators). Therefore, the structures must be
designed to have a band gap and modes in the proper spectral region. The PhC dimensions for
achieving overlap may be easily obtained by performing simulations (e.g. finite-difference
time-domain simulation, see next chapter). Nevertheless, the position of modes cannot be
controlled as precisely as needed to achieve an ideal spectral overlap with emitters with narrow
emission lines due to fabrication imperfections. To obtain the spectral overlap, the fine-tuning
of modes after the fabrication must be done by a slight adjustment of the cavity dimensions.
This can be done, for instance, by condensation of water or gases on the PhC structure, which
is a reversible method [108]. Other methods are based on the etching of the top layers of the
cavity or on the deposition of thin layer on top [43,109].

The PhC cavities are often used to enhance the count rate of single photon emitters (e.g. in
diamond [62,110-115]). In such a case, the emitter must be precisely placed into the place,
where the cavity mode has an anti-node to obtain the highest enhancement. It is challenging to
fabricate the single-photon source placed in the right position inside the cavity [116,112].
Instead, the opposite procedure is usually followed, in which the single photon emitter is first
prepared in the planar slab, found in the optical microscope, and then the PhC cavity is
fabricated around it [62]. Note, that the orientation of the emitter (dipole source) with respect
to the polarization of modes (TE) is also a crucial issue. The orientation of single photon
emitters can be controlled to some extent, e.g. in crystalline materials where the emitters are
oriented in some preferential direction.

The enhancement of the count-rate of a single emitter must be accompanied by an efficient
light collection, which can be improved by directing the light from the cavity into some
significant direction. The far-field radiation pattern is given by the spatial Fourier
transformation of the cavity mode electric field. The Fourier transformed spectrum in k-space
is divided to the radiation part lying inside the escape cone (white circle in Fig. 21b,c) and
confined part that lies outside the circle. By integration of the whole spectrum and the radiation
part, the ratio between total power trapped inside the cavity and the radiated power,
respectively, may be estimated. The ratio of these values corresponds to the Q-factor of the
cavity mode [106]. The far-field emission pattern of the PhC cavity mode corresponds to the
shape of the field inside the escape cone of the Fourier transformed spectrum.

There are two basic contributions affecting the k-space elements of the cavity modes. The
first contribution comes from the sinusoidal wave with wavelength A and corresponds to the
standing wave inside the cavity. This contribution is located outside the escape cone in the
Fourier spectra (two lobes with highest intensity in Fig. 21b). The second contribution comes
from the confinement of the field inside the cavity, which is very abrupt for standard PhC
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Figure 21: (a) Top view of a simulated PhC cavity in a diamond slab (index of refraction 2.33, layer
thickness 200 nm, lattice constant 300 nm, and hole diameter 185 nm). The cavity supports the
fundamental mode at 794 nm. The electric field amplitude in the middle of the slab was computed
using 3-D FDTD simulation (MEEP software). (b) Elements of the electric field in k-space (computed
as the spatial Fourier transformation of field in (a)). The bottom part shows the detail of the escape
cone. The inner circle shows the part collected with microscope objective with NA = 0.9. The shape
of the field in the escape cone corresponds to the far-field radiation pattern. (c) Same as (b) for
gquadrate of the electric field. Note that the amplitude/intensity scale of the bottom pictures differs
from the top pictures in order to maximize the contrast in radiation pattern.

cavities. The abrupt change then leads to the Fourier components spread over large areas in the
k-space, which contribute also to the escape cone. The places that contribute most to the escape
cone can be detected by performing inverse Fourier transform of the escape cone area [117].

The electric field of the cavity mode may be modified by adjustment of the diameter and
position of the holes around the cavity [60,106,107,117]. Some designs lead to the smoothing
of the cavity mode, which decreases the intensity of the radiative part inside the escape cone
and increases the Q-factor, while the volume of the cavity is not significantly increased. Similar
approach can be used to control the radiation pattern of the cavity modes. For instance, a cavity
design that leads to a directional emission from the cavity was proposed in Ref. [118].

Each mode has a different distribution of the field inside the cavity, and thus the Q-factor
and far-field radiation pattern differ for each mode. Note that the cavity is symmetric in the
vertical direction and thus the radiation propagates equally into both directions, and the
collection efficiency thus cannot exceed 50%. A reflector may be placed on one side to direct
the emission into one direction [119].

2.3.2 On-chip photonic circuits

In the above paragraphs, the collection of light from the cavity was considered only via
coupling to radiative modes. Another approach is possible where the cavity is coupled to a
waveguide fabricated in the slab plane. The waveguide works as an input/output channel for
the cavity (Fig. 22) [120,121]. This approach improves the collection efficiency when the losses
to output channel are optimized. The optimization of output losses can be done by changing the
number of holes between the cavity and the waveguide. The optimal losses to output channel
should be high enough, so that most of the photons leaves the cavity via the output channel
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Figure 22: Sketch of the simple integrated photonic structures: (a) Two L3 PhC cavities coupled via
W1 PhC waveguide. (b) L3 PhC cavity coupled to W1 PhC waveguide, and periodic diffractive grating
for Bragg diffraction of light from the slab plane into the space.

rather than through other loss mechanisms, but not too high to significantly reduce the Q-factor
of the cavity.

The waveguide can be further coupled to other photonic structures. For instance, two PhC
cavities can be coupled via the waveguide (Fig. 22a). When the other PhC cavity supports mode
at the same frequency as the first one the setup can be used, for example, to prepare entangled
states between single photon emitters placed inside such cavities. Another possibility is to use
a periodic structure to Bragg diffract the light from the slab into the space (Fig. 22b). The mode
of the waveguide propagates in one direction and thus directional light beam may be obtained
after the diffraction. These basic structures can be further integrated to create photonic circuits
on a single chip for realization of various optical setups [122-124].

2.4 Computer simulations

There are various methods for simulation of PhC properties [77]. In this work we use mainly
three simulation methods: rigorous coupled-wave analysis (RCWA), finite-difference time-
domain (FDTD), and computation of definite-frequency eigenstates of Maxwell’s equation.
These complementary methods allow us to compute both the macroscopic (photonic bands and
band gaps, far-field radiation) and the microscopic (local electric field distribution and
propagation) PhC properties.

In the RCWA method, the planar periodic structure is divided into layers which are uniform
in the direction perpendicular to the PhC plane [125-127]. The electromagnetic field is
represented as a sum over coupled waves and each coupled wave is related to one of the Fourier
harmonics that represent the periodic permittivity function. Subsequently, the Maxwell’s
equations in each layer are solved in the Fourier domain. Finally, the boundary conditions at
interfaces between the layers are solved.
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We employed the commercial software DiffractMOD+ (RSoft) for performing RCWA
simulations. DiffractMOD is a design and simulation tool for diffractive optical structures such
as diffractive optical elements, subwavelength periodic structures, or PhCs. The RCWA
technique is implemented using advanced algorithms including fast Fourier factorization and
generalized transmission line formulation. It allows to output the total reflection, transmission,
and absorption, and reflection and transmission efficiencies of the individual diffractive orders.
Moreover, it allows to output the vector field distribution inside and in the vicinity of the
computed structure.

In the FDTD simulation method, the space is divided into discrete grid and the
electromagnetic field is computed by solving the Maxwell’s equations at boundaries between
the units in discrete time steps [128]. The advantage of the time domain method is the solving
of wide frequency range in one simulation run. Thus, it is advantageous for finding resonant
frequencies and optimizing dimensions of photonic structures. We used MEEP (MIT
Electromagnetic Equation Propagation) free/open-source software package to perform 2-D and
3-D FDTD simulations [129]. We used it to investigate the propagation of light inside photonic
structures, to find the optimal thickness of diamond PhC slabs, and to find resonant modes of
PhC cavities and their characteristics.

Computation of definite-frequency eigenstates of Maxwell’s equations was done using MPB
(MIT Photonic-Bands) free/open-source software package [130]. It is a frequency domain
method for computation of photonic band structures (dispersion diagrams) and the associated
electromagnetic modes of periodic structures. Although the software is designed to compute
strictly periodic structures, the PhC slabs and PhC cavities can be modeled by using
superlattices. We used MPB to find photonic structures with broad band gaps, and resonant
modes and electromagnetic fields of PhC cavities.
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3. Diamond

Diamond is a material well-known for its natural beauty, hardness, and high price. It is not
surprising that throughout history people devoted plenty of time and endeavor to prepare
synthetic diamonds. Nevertheless, the knowledge and technology were not adequate to fabricate
artificial diamonds until the middle of the 20" century. Nowadays, people can prepare synthetic
diamonds with various sizes by several techniques. It should be noted that the synthetic
diamonds are of a lesser value as jewels, where the natural origin is appreciated. On the other
hand, diamond exhibits many superior physical properties [131], which can be used in a broad
spectrum of applications ranging from cutting tools through optical and electronic devices to
medicine. Thanks to the cheap and accessible synthetic production, diamond can be further
studied and utilized in many areas of science and technology.

3.1 Properties of diamond

Diamond is composed of carbon atoms arranged into the diamond cubic crystal lattice (Fig.
23). Each atom is tetrahedrally bonded to its closest neighbors with covalent, sp3-hybridized
bonds. Most of the diamond interesting properties originate from this rigid structure. However,
it is necessary to note that diamond is not the thermodynamically most stable allotrope of carbon
at standard conditions (room temperature and atmospheric pressure). The most stable form of
carbon is graphite [34], where the carbon atoms are bonded with only three closest neighbors
by sp2-hybridized bonds forming sheets that are weakly bonded to each other. The
transformation of diamond into graphite leads to the overall decrease of Gibbs free energy and
this transformation is, thus, thermodynamically favored [132]. Nevertheless, the potential
barrier for the transition is so high that the transition rate is negligible at standard conditions,
i.e. diamond is the metastable allotrope of carbon. The metastability of diamond makes its
preparation very difficult because the formation of graphite is preferred. Diamond can thus be
formed from carbon either at very high pressures (around 7 GPa), where it becomes more stable
than graphite [131], or using special growth procedures which suppress the formation of
graphite as will be described in this chapter.

Figure 23: Model of the diamond cubic crystal lattice. Each atom is bonded with its 4 closest
neighbors as indicated for one atom (red color).
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Thanks to its rigid lattice, diamond is the hardest naturally occurring mineral and it is thus
used to improve performance of cutting and drilling tools. Diamond has also the highest thermal
conductivity of all known materials (> 1000 WmK) due to low phonon scattering on the
crystal lattice [133,134]. Diamond substrates may thus be used as heat spreaders for effective
cooling of integrated electronic circuits. Chemically pure diamond is electrically insulating. By
doping with boron and phosphorus, p-type conductivity and n-type may be achieved,
respectively. Subsequently, diamond can be used for direct fabrication of semiconductor
devices [135]. Diamond has also a high carrier mobility (> 1000 cm?/V/s [136]) and a broad
electronic band gap, which is an attractive feature for some electronic applications.

Another attractive property of diamond is its chemical inertness. Hard and chemically inert
materials are ideal for the use as protective coatings. Thanks to its biocompatibility, diamond
finds also use in various biological and medical applications [137].

Last but not least, diamond has also very interesting optical properties [138]. Diamond
transmits both near-UV, and near and short-wavelength IR radiation due to its broad band gap
(5.5 eV). Despite the fact that the chemically pure diamond is in principle transparent for visible
light, in reality diamond may contain defects in crystal lattice (sp? phase, various impurity
atoms), which causes absorption and/or photoluminescence of diamond. The optically active
defect centers will be treated in section “3.3 Diamond color centers” in detail. Diamond has
also relatively high refractive index (n = 2.41) in the region of visible light and it is, thus,
suitable for photonic applications. Monocrystalline diamond is more suitable for optical
applications than the polycrystalline diamond since light is scattered by the grain boundaries in
the latter.

3.2 Diamond fabrication

The natural diamonds originate from the Earth’s mantle at depth around 200 km, where high
pressure (7 — 8 GPa) and high temperature (1400 — 1600°C) occurs [131]. At these conditions,
diamond is thermodynamically stable, and it is spontaneously created from carbon-rich melts.
Diamonds are then transported to the surface during volcanic eruptions.

3.2.1 High pressure synthesis

The first method developed for the synthesis of diamond reproduces the physical conditions
in the Earth’s mantle [139]. With the reference to the physical conditions, the method is called
high pressure high temperature (HPHT) synthesis. A mechanical press is used to apply a
pressure on the carbon-rich melts produced by heating graphite or other carbon rich materials.
Monocrystalline diamonds with sizes up to few millimeters can be grown using this technique
[140]. The concentration of chemical impurities may be controlled during the fabrication
process, which enables the production of very pure or, on the other hand, intentionally doped
diamonds.

Diamond can be produced also by the detonation of certain explosives (e.g. trinitrotoluene
or RDX) [141]. The pressure and temperature are elevated for a short time period during the
explosion, which may be sufficient for the creation of the diamond phase from carbon atoms
contained in the explosives or carbon atoms added in the form of graphite. In comparison with
the HPHT method, the impure diamond particles with the nanoscale dimensions (usually 4 —
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15 nm [141]) are produced during the detonation synthesis. The detonation nanodiamonds
(DNDs) have a broad spectrum of applications, e.g. seeding of substrate materials for the
chemical vapor deposition (CVD) growth, metal plating, polishing or lubrification.
Nanodiamonds with fluorescent defects (details in “3.3 Diamond color centers” subchapter) are
attractive for the use in biology and medicine. Recently, other methods based on the pulsed-
laser irradiation [142] or ultrasound cavitation [143] were demonstrated for nanodiamond
synthesis.

3.2.2 CVD synthesis

The CVD synthesis fundamentally differs from the preceding methods because diamond is
not thermodynamically stable at the growth conditions. In contrast to the natural genesis, the
pressure is lower by many orders of magnitude (1 — 10° Pa). It can be used to deposit thin layers
of monocrystalline or polycrystalline diamond. The growth of bulk diamonds is possible when
longer deposition times are used [144]. In this work, we use the CVD diamond synthesis for
sample preparation and therefore we describe this method in detail.

The CVD synthesis is used to grow thin diamond layers on suitable substrate materials. The
substrates are loaded into the deposition chamber, which is filled with precursor gases. Usually,
mixture of methane and hydrogen is used. The gases are activated into radicals by certain source
of energy (microwaves, hot filament, arc discharge, or combustion flame [145]). Chemical
reactions proceed between the activated species in the gas phase and on the surface of the
substrate [146]. When the parameters are optimized, the diamond layer grows on the substrate.

In this process, methane acts only as the source of carbon atoms and its concentration is
usually low (1 — 10%). Other hydrocarbons may eventually be used instead of methane to
supply carbon atoms. On the other hand, hydrogen is the key component which facilitates the
diamond growth through several mechanisms. Firstly, it effectively etches sp?-hybridized bonds
between carbon atoms and suppresses the growth of graphite, which is thermodynamically more
stable than diamond [146]. Diamond sp3-hybridized bonds are also partially etched by hydrogen
radicals but with a significantly slower rate. If the conditions are well balanced (by pressure,
power, temperature, gas dilution) the difference in etching rates enables the growth of pure
diamond phase. Secondly, atomic hydrogen enhances the activation of hydrocarbons. Finally,
hydrogen atoms terminate the dangling bonds on the surface of diamond and prevents the
surface graphitization.

Additional gases (e.g. Oz, Ar, CO2 [145]) may be used to tune the properties of diamond
such as grain size, chemical purity (the ratio between sp® and sp? phase), or optical properties.
Other gases (e.g. N2, SiH4 [147]) are used to introduce dopants into diamond which may, for
instance, increase its conductivity or create optical centers. Impurities may also originate from
the substrate material or chamber walls, which may be partially etched by reactive species
during growth. On the other hand, ultrapure diamond with impurity concentration <5 ppb can
also be prepared using the CVD synthesis [148]. It is also possible to use isotopically enriched
methane for growth, which results in a better physical properties (longer coherence time of
color centers, thermal conductivity) of the diamond layers [149,133].

The growth of diamond strongly depends on the properties of a substrate material. The
simplest situation is when diamond grows homoepitaxially on the diamond substrate. In the
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case of a non-diamond substrate material, the growth of diamond begins with the so called
spontaneous nucleation process, when the first stable clusters of carbon atoms with diamond
structure are created in the gas phase or on the substrate surface [34]. Clusters must overcome
the energetic barrier (achieve a given size) in order to become stable. The size of energetic
barrier (denoted as nucleation barrier) is given by the deposition conditions — deposition system,
gas mixture, pressure, or temperature [150] — and by the substrate material. The nucleation
process may be enhanced by various methods such as scratching, biasing, or coating of the
substrate [146]. The growth on non-diamond substrate usually results in a formation of
polycrystalline diamond layer, although the growth of single crystal diamond, so-called
heteroepitaxy, was demonstrated on some substrates (e.g. on Ir [151]).

As the spontaneous nucleation process is typically slow and nucleation density (i.e. number
of diamond clusters per unit area) relatively low for growing continuous films, the substrate
material is often seeded with diamond powder before deposition (e.g. in ultrasonic bath).
Subsequently, diamond grows directly on the present diamond nanoparticles from the powder.
Since the diamond nanoparticles are randomly oriented after seeding, the process results in the
formation of a polycrystalline diamond layer with predominantly random orientation of
individual crystals.

High temperature (> 500°C) is usually used for diamond growth, which is not suitable for
growth on temperature sensitive substrate materials (semiconductors, glass, plastics, or
amorphous Si) [146,152]. For instance, defects, which deteriorate their electronic properties,
may be created in semiconductors at elevated temperatures. Moreover, high strain may be
induced inside the material, when there is large difference between coefficient of thermal
expansion of diamond and the substrate material. In some cases, it may cause cracking and
delamination of thin diamond layers. Those unwanted effects may be reduced by performing
the diamond growth at lower temperatures (even below 100°C [153]). Nevertheless, the low
temperature decreases the growth rate and may worsen the quality (material purity, grain size)
of the diamond layer.

3.3 Color centers in diamond

Spatially localized electronic states may be introduced into the diamond band gap due to the
crystal lattice defects. The presence of some defects causes that the diamond crystal is not
transparent for the whole visible region anymore and the crystal shows some specific color.
These defects are thus called color centers. The color centers are linked to specific types of
crystal defects, such as impurity atoms (N, Si, Ge, etc.) often accompanied with neighboring
vacancy in the crystal lattice.

Optically active color centers not only absorb light, but they are capable of emitting light at
particular wavelengths during the radiative transition. Since the energy of the emitted light lies
inside the band gap of diamond, the emission of color centers is not absorbed. The energy of
electronic states of color centers is strictly defined for individual impurities and, thus,
characteristic spectrally narrow zero-phonon lines (ZPL) may be observed in the PL spectra of
diamond. ZPLs are often accompanied by phonon sidebands at longer wavelengths, which
originate from excitation of lattice vibrations (phonons) during electronic transition. Diamond
can host more than 500 luminescent centers with various spectral positions of ZPLs and various
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optical properties [138,69]. However, only some of them are associated with the impurity atom
and their electronic structure is known.

Isolated color centers are often referred to as artificial atoms because of their strictly defined
electronic levels. Their advantage over classical atoms or molecules lies in their fixed spatial
position inside the diamond lattice. The color centers can thus be directly addressed, and their
PL may be collected. When the individual color centers are spatially isolated, they have the
properties of single photon sources — they emit maximally one photon in one excitation cycle.

The ability of the color centers to act as single photon sources attracted wide interest
[69,149,154-156]. The ideal single photon source emits exactly one photon on demand in one
excitation cycle [69] and the emitted light has antibunching photon statistics. The diamond color
centers resemble the properties of ideal single photon sources and thus have a potential to be
the basic components for building quantum networks and quantum computers [157-159].
Nevertheless, there are also other attractive applications, such as the detection of weak magnetic
fields [160] or the realization of fundamental quantum mechanical experiments [161], based on
the color centers. Moreover, the photoluminescence of the color centers that are placed near the
diamond surface depends on the properties of the surrounding environment. Therefore,
diamond with color centers can be used also for sensing applications [137,162—-164].

Some other systems may also act as single photon sources, e.g. non-linear optical effects in
some materials, organic molecules or quantum dots [67]. Nevertheless, the advantage of the
diamond color centers lies in their reproducibility, which originates from diamond rigid crystal
lattice, color centers photostability even at room temperature, narrow PL bandwidth, and long
coherence times [69]. Recently discovered color centers in other materials, particularly in
silicon carbide (SiC) or Si, seem to be an interesting alternative for the diamond color centers.
The color centers in SiC and Si are advantageous for long-range communication because they
emit light in the telecommunication windows [73,74,165]. Moreover, the fabrication techniques
for Si and SiC are more developed in comparison to diamond.

3.3.1 Color centers fabrication

Color centers are present in both natural and synthetic diamonds. Nevertheless, fabrication
of synthetic diamonds offers the possibility to control the amount of impurities and also to
support or suppress the creation of the color centers. Color centers may be created during the
CVD synthesis if the corresponding impurity atoms are present inside the chamber. Impurities
may be added into the chamber intentionally. For example, the addition of small concentration
of SiH4 or N2 between precursor gases results in the formation of Si- and N-related color centers
in diamond, respectively [147]. Similarly, silicon wafers placed near the active plasma region
in the reactor serve as a source of Si atoms [166,167]. The plasma partially etches the silicon
wafer surface, and Si atoms fill the chamber. On the other hand, unwanted color centers
formation may occur during the growth. It can be caused by the plasma etching of the substrate
material or the deposition chamber. Beside this, the chamber may be contaminated with
impurities from previous depositions or with residual atmospheric gases (mainly N2), which
remain inside the chamber.

Parameters during the growth determines if the impurity atoms form optically active color
centers [168]. It may happen that the light-emitting color centers are not formed despite the
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presence of impurity atoms in diamond. For instance, the color centers photoluminescence is
quenched in the diamond layers with large stress or in the diamond layers grown with high
concentration of methane, which results in the formation of large number of material defects
that act as nonradiative recombination centers [169]. Quenching could be also caused by the
aggregation of multiple impurity atoms in one place when the concentration of impurity atoms
is too large. Moreover, some color centers (e.g. N- or Cr- related) are not created directly during
the growth and postprocessing, which involve creation of vacancies (e.g. by electron
irradiation) and thermal annealing, is required.

The disadvantage of the creation of color centers during the CVD growth is that this method
offers only limited control over their position. The vertical position (with respect to the growth
direction) of the color centers can be controlled in the delta doping technique when the
precursor gas with impurity atoms (e.g. N2) is introduced into the chamber in a pulse only for a
short period of time [170]. When the concentration of impurity atoms is low (below 1 ppb),
individually optically addressable color centers can be produced by the CVD in the
monocrystalline diamond [171]. However, there is no control over the lateral position of color
centers on the sample.

The second method of the color centers preparation is the ion implantation. In this method,
accelerated ions impact on the surface of a natural or synthetic diamond and penetrate into the
diamond crystal structure. The depth of penetration depends on the ion energy and may be
predicted by the Monte Carlo methods (e.g. stopping and range of ions in matter (SRIM) [172]).
Nevertheless, diamond color centers are not created during the implantation itself. The impacted
ions are not properly incorporated into the lattice positions and the diamond crystal lattice is
damaged by the impact of the ions, which causes unwanted nonradiative transitions. Therefore,
diamond must be annealed after the implantation. During the annealing the diamond lattice is
partially recovered. At temperatures above 700°C the vacancies in diamond become mobile
[173]. They are usually trapped by the implanted ions, because it is energetically favorable, and
the color centers are created.

The ion implantation method offers high control over the lateral position of color centers
[156]. Impurity density and location may be precisely controlled by the ion dose and the ion
optics [174]. On the other hand, the yield of optically active centers is low. Single photon
emission was first achieved by Wang et al. in monocrystalline diamond implanted with N ions
in 2005 [175]. The ion implantation method can be used to create single photon sources inside
diamond nanostructures [176]. To obtain very high lateral resolution (in nm scale) an AFM tip
with small hole has been used as an aperture during the implantation process [177]. This method
was used to create NV centers inside PhC cavities [112]. Nevertheless, the more common
approach is to identify the position of color centers first and create the cavity around the pre-
selected color centers in the next step [62].

3.3.2 Nitrogen-vacancy center

The nitrogen-vacancy center is the most extensively studied color center in diamond. It is
formed by the substitutional nitrogen atom and the adjacent vacancy in the diamond lattice (Fig.
24a). Two charge configurations of NV centers exist, which differ in the spectral positions of
the ZPL (Fig. 24b). The ZPL of neutrally charged NV° center is located at 575 nm with a broad
and intense phonon sideband ranging from 580 to 650 nm. The negatively charged NV- center
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Figure 24: (a) Diamond lattice with NV center, which is formed by N atom adjacent to a vacancy (V).
(b) Room temperature PL spectrum showing ZPL of neutral (575 nm) and negatively charged (637
nm) NV center with their phonon sidebands. (b) is reproduced from [69].

has one additional electron that is trapped at the color center, and its ZPL is shifted to the red
part of the PL spectra to 637 nm, again with the intense phonon sideband sprawling up to
800 nm.

There are many prospective applications of diamonds with NV centers. When the NV centers
are placed near the diamond surface (e.g. NV centers in nanodiamonds) the charge
configuration may change depending on the local environment [163,178,179]. This property is
promising for applications in sensing. The NV~ centers exhibits optically detected magnetic
resonance (ODMR) [180] and the measurement of very weak magnetic fields using NV" centers
was already demonstrated [160,181,182]. Isolated NV centers were also demonstrated to act as
single photon sources [154,183] that may be fabricated even by the CVD method [155].

A property that makes NV~ centers especially suitable for single qubits in a quantum
information processing is their very long coherence time [69]. The ground and excited states of
NV centers form spin triplets, where the ms = 0 and ms = +1 lines can be observed at low
temperature. The transition between these two spin polarizations may be induced and controlled
by microwaves [63]. Thanks to the rigid diamond lattice, the spin-orbit coupling is reduced.
This leads to very long spin-lattice relaxation time which reaches to 5 ms at room temperature
and hours at cryogenic temperatures [149]. The spin coherence time can be as high as
microseconds at room temperature and seconds at the cryogenic temperatures [184].

This long coherence time is very sensitive to the crystal defects in the neighborhood of the
center. For instance, the spin relaxation time is reduced in nanodiamonds and polycrystalline
diamonds with small grains due to the proximity of surface states [185]. Furthermore, the
presence of impurities in the diamond crystal can decrease the spin coherence times due to their
interaction with NV centers. To achieve very long coherence times the concentration of
impurities and of *3C carbon (natural abundance 1.1% [186]) must be reduced, which may be
achieved during the CVVD growth with isotopically purified methane or by the HPHT method.

Despite the many interesting properties (long spin coherence times or single photon
emission), the usage of NV centers is limited by their strong phonon coupling. The Debye-
Waller factor, which is the ratio of the ZPL intensity to the total PL intensity of the center is
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only 0.05 even at low temperature [187]. Only 5% of photons are emitted into the narrow ZPL,
while the rest of the photons are emitted into the broad phonon sideband. Therefore, the
properties of other color centers are being investigated to find more suitable single photon
sources.

3.3.3 Silicon-vacancy center

The silicon-vacancy center is formed by Si atom placed in a split position between two
adjacent vacancies in the diamond lattice (Fig. 25). The most common state is the negatively
charged SiV- center, which has the ZPL located at 738 nm (Fig. 25) with weak phonon sideband
centered at 757 nm and the Debye-Waller factor at room temperature around 0.7. The Debye-
Waller factor is significantly better compared to the NV centers. The spectral width of ZPL at
room temperature is less than 10 nm, which is also narrower in comparison with the ZPL of the
NV centers. The luminescence wavelength in near infrared is favorable for applications in
medicine due to low absorption and background luminescence of tissues in this spectral region.

Thermodynamically stable SiV centers were observed in nanodiamonds smaller than 2 nm
[188], while the NV centers are unstable in such small nanodiamonds. Other advantage over
the NV centers is the easy fabrication of SiV centers, which are created spontaneously when Si
atoms are present in the CVD chamber during the diamond growth. On the other hand, the
amount of spontaneously created SiV centers is usually very high and special methods must be
employed to prepare single SiV centers capable of acting as single-photon sources by the CVD
[171,189]. Present studies show that SiV centers can be used for similar applications as NV
centers: single photon sources for quantum information processing [171], sensing [190], or
biomarking [191].

The first experiments have shown lower intensity of SiV centers in comparison with NV
centers [69], which is caused by the complicated electronic structure of the SiV center. The
electronic structure forms a three-level system, where the individual levels are split due to the
spin-orbital coupling [192]. The electron from the upper excited state quickly decays to the PL
active state. Nevertheless, it may then transit either radiatively to the ground state or non-
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Figure 25: (a) Diamond lattice with SiV center, which is formed by Si atom in a split position between
two vacancies (V). (b) Room temperature PL spectrum showing ZPL of SiV center (738 nm) with the
phonon sideband (757 nm).
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radiatively to a shelving state. The metastable shelving state is responsible for the lower count
rate of SiV centers when compared to NV centers. However, it was shown later that the
transition to the metastable state can be suppressed in some cases (e.g. in high-purity diamonds
[193]) or the life-time of the metastable state can be reduced in nano-diamonds [75], which
leads to the increased count rate by up to three orders of magnitude. The count rate and the
intensity of SiV centers in nanodiamonds then exceeds the count rate of NV centers.

The model described in Ref. [192] places the SiV ground state 2.05 eV below the conduction
band edge. Nevertheless, a new model, which is based on the photoluminescence excitation
spectroscopy and ab-initio theoretical modelling, have been suggested recently, which includes
also change of electronic levels during excitation and de-excitation processes [194,40]. SiV
centers have also neutrally charged state (SiV°), ZPL of which is located at 945 nm.
Nevertheless, the intensity of SiV° centers is low and its practical utilization is, thus,
questionable. The generally accepted model of the SiV center electronic structure is still
missing.
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4. Fabrication of photonic structures in diamond

The fabrication of photonic structures in diamond can be done by standard lithographic
methods where parts of the sample are selectively removed (top-down) or by direct growth of
photonic structures on the patterned substrate (bottom-up). The methods for top-down approach
are very precise and well established in semiconductors technology (mainly for silicon).
Nevertheless, the processing of diamond is complicated due to its hardness and chemical
inertness. Specific procedures or parameters are thus required, which limits the range of
possible applications. Moreover, the top-down approach is often available only for creating
small structures on a limited number of samples (e.g. for research) and its up-scaling is both
expensive and time-consuming.

On the other hand, the bottom-up approach is, for the case of diamond, based on the growth
of a diamond layer on the already patterned substrates. This approach substitutes the
complicated structuring of the diamond by the structuring of the substrate, which is typically
easier and can be up-scaled. However, it often suffers from difficulties with the diamond growth
on foreign substrates. For instance, the change of the substrate topography alters the diamond
nucleation and growth, or some substrates cannot be used for the depositions at elevated
temperatures. Moreover, the CVD method that is used in the bottom-up approach from a
seeding layer or by the spontaneous nucleation results mostly in the polycrystalline layer. The
polycrystalline diamond layer is not suitable for some applications, e.g. for single photon
sources, due to its worse optical properties in comparison with monocrystalline layer.

Top-down and bottom-up approaches are often combined, e.g. the top-down approach is
used to pattern the non-diamond substrate for the subsequent CVD growth, or the bottom-up
approach is used to create mask for the top-down fabrication. These combined methods are
attractive for up-scaling the processed area that is necessary for the practical usage of photonic
structures.

Many photonic structures require the usage of monocrystalline diamond to achieve the
optimal performance [62,110,195]. Nevertheless, the preparation of monocrystalline diamond
and the subsequent fabrication is often challenging and requires expensive devices. On the other
hand, the advantage of polycrystalline diamond lies in its cost-effective fabrication and in the
fact that many photonic structures are based on thin layers that can be easily deposited on
various types of substrates using the CVD method [34,146]. The deposition of high-quality
monocrystalline layer on a foreign substrate by the CVD method is possible but very
challenging [196,197].

The disadvantage of polycrystalline diamond is the inherent optical absorption caused by the
presence of non-diamond carbon phase in the boundary between individual grains. Beside the
absorption, light is also scattered on the grain boundaries and also on the surface roughness,
even though the latter can be reduced by smoothing processes [198]. Moreover, the density of
color centers is very difficult to control during the CVD and the background photoluminescence
from non-diamond carbon bonds complicates the isolation of photons from single photon
sources.

There are also approaches, where the fabrication in diamond is completely avoided by
creating the photonic or plasmonic [199-202] structures in other materials. Subsequently,
simple diamond samples such as slabs or nanoparticles are placed into the vicinity of these
structures. An example of this approach is the fabrication of microscopic Fabry-Perot cavities
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from silicon, into which the diamond slab with color centers is inserted [48]. Another example
is the placement of diamond nanocrystals with color centers into the vicinity of photonic
cavities [113] by precise positioning, which can be done by the AFM [114]. These methods
benefit from the possibility to choose samples with high material quality, not deteriorated by
fabrication procedures or non-ideal diamond growth parameters. However, the placement of
color centers is often not ideal with respect to the maximum of the cavity field, which limits the
performance of such photonic structures.

4.1 Top down approach

In the top-down processes, bulk diamond or planar diamond layer deposited by the CVD are
used as a starting material. Subsequently, part of the material is removed to create photonic
structures in the sample. Common methods for the material removing are reactive ion etching
(RIE) or focused ion-beam (FIB) milling.

4.1.1 Lithography and reactive ion etching

The RIE a dry etching method where a plasma is ignited near the substrate surface. When
the sample is negatively biased, the high energetic ions from plasma attacks the sample surface.
The movement of the ions can be controlled by the electric field, and the ions can be directed
to hit the sample in some primary direction (usually vertical with regard to the sample surface).
The directional movement of the ions results in the anisotropy of the etching process and allows
to create deep holes with almost vertical sidewalls inside the properly masked material.

The RIE works at large surface areas and thus allows large scale processing. Nevertheless,
to create specific structures selected areas on the sample must be covered by a mask. The
simplest method to produce the mask is photolithography [203]. To create the mask, the sample
is first covered with a light-sensitive material, called a photoresist, usually by the spin coating.
Selected areas on the sample are then exposed to light, which changes the properties of the
photoresist. The sample is often illuminated through the mask to achieve selective illumination
of the photoresist. This method is advantageous over the direct writing of the pattern with a
laser beam, because it allows to process the whole sample area during one exposition step.

Commonly, organic materials that degrade after illumination (positive photoresist) or
materials consisting of monomers which polymerize after illumination (negative photoresist)
are used as the photoresist. In the case of the positive photoresist, the illuminated part is more
prone to dissolve in chemical solution (called developer) and is removed, while the rest of the
photoresist stays on the sample. In the case of the negative photoresist, the illuminated part
stays on the sample. The individual photoresists differ in various parameters such as sensitivity
to light, contrast between the illuminated and not-illuminated part, edge profile, or adherence
to the sample.

The developed photoresist can be directly used as the mask for the RIE in some cases.
Nevertheless, a metal layer is often deposited over the sample with a developed photoresist
mask to improve the resiliency of the mask during the RIE. Subsequently, the photoresist is
removed from the sample together with the metal deposited on the top. This method is denoted
as lift-off and results in the inverted pattern with regard to the patterns formed by the photoresist
after the development (Fig. 26a).
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Figure 26: (a) Top-down fabrication of PhC structures in diamond: Thin diamond layer on substrate
is covered with resist, which is illuminated by light or electron beam. The illuminated parts are
removed during development (positive photoresist). Metal mask is deposited on the sample and the
excess part is removed by lift-off. The reactive ion-etching (RIE) is applied through the mask, which
leads to highly directional etching. Only part of the layer is removed in the case of weak slabs. For
strong slabs, holes are etched through the whole diamond layer and part of the substrate is removed
by wet etching, which leads to suspended membrane needed for structures with band gap. (b) The
RIE can be also used for smoothing of the layer. When the RIE is used without mask, the surface
roughness is reduced. Lower surface roughness can be achieved when some other material is
deposited on top and the RIE with similar etching rate for both materials is applied.

The minimal dimensions (resolution) of the structures produced by photolithography are
limited by the wavelength of the employed light. Therefore, UV light is often used for
photolithography. Yet, the dimensions of photonic structures often lie below this limit and
photolithography thus cannot be used for their fabrication. One solution is to use
electromagnetic radiation with shorter wavelength (XUV, X-rays). Nevertheless, simple optical
components and masks for visible light cannot be used anymore which makes the devices and
fabrication of masks more expensive. These methods are thus mainly used for serial production
of components, where the same patterns are produced repeatedly.

An alternative approach is to use the electron beam lithography (EBL) with the resist
sensitive to the illumination by electrons. The wavelength of electrons depends on their kinetic
energy and they can be focused to spots with the diameter in nanoscale (down to few nm) when
they have sufficient kinetic energy. The devices for the EBL are similar to scanning electron
microscopes but with the beam path not restricted to the scanning movement. There are several
differences between the EBL and photolithography. Firstly, the electron beam is usually used
to directly draw the patterns into the resist. Secondly, the electron beams are formed by
electromagnetic lenses and the individual electrons in the beam repulse each other, which
increases the beam size. Thirdly, the electrons are not absorbed by the material instantly, but
lose their kinetic energy during multiple scattering events inside the resist. This results in the
further increase of the minimum pattern size, which is typically several tens of nm. All these
effects have to be considered when drawing patterns with the electron beam. The combination
with a scanning electron microscope, can be used to find specific places on the sample, where
the photonic structures are created.
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The mask can also be created by bottom-up approaches. For instance, the periodic photonic
structures (mostly with hexagonal symmetry) can be prepared by nanosphere lithography,
where the mask is composed of spheres with diameter as low as several hundreds of nanometers
[204]. The periodic patterns can be formed by self-assembly of micro-spheres, for example, on
the surface of liquids. This method does not require any special devices, but there is only limited
number of available patterns [89,205].

To create strong PhC slabs the diamond layer must be suspended in the air to prevent
coupling between the TE and the TM modes. For this, part of the substrate below the diamond
PhC slab must be etched away. Wet etching, which is isotropic is usually used for that purpose.
For better control the substrate (e.g. Si) may be covered by a thin sacrificial layer (e.g. SiO>).
The sacrificial layer can be then selectively removed by wet etching (e.g. HF). The etchant
reaches the sacrificial layer through the holes in the diamond layer.

The RIE can be used also for the surface roughness reduction [206,207], which is very
important for photonic structures, where the scattering of light on rough surface is undesired.
The process of the so-called planarization starts with the deposition of a cover layer on the top
of the sample by spin coating (Fig. 26b). After the congelation of the cover layer, the RIE is
used to etch the surface of the sample. A specific plasma chemistry is selected to achieve similar
etching rate for the material of the layer (e.g. diamond) and for the top material. The similar
etching rate allows to etch away the top parts of diamond grains, which effectively reduce the
surface roughness. Note that when no material is deposited on the top of diamond, the etching
rate is similar for peaks and valleys between them and the surface roughness is not significantly
affected.

4.1.2 Focused ion beam milling

In the FIB milling method, heavy ions (e.g. gallium or argon) impacts on the surface of
sample and causes the removal (sputtering) of atoms from the sample. In contrast to the RIE,
the ions form a narrow beam, similarly to the electron beam, that can be used to directly write
the patterns into the sample. The ion beam is again manipulated by electromagnetic lenses and
the minimal resolution is in the range of tens of nanometers [208].

The limitation of the FIB milling is that it requires conductive samples, otherwise the charge
accumulates on the surface and causes defocusing of the beam, which causes additional
artefacts and loss of resolution. For non-conductive materials, such as diamond, an additional
electron beam can be used to neutralize the sample, or the sample must be covered by a thin
conductive layer before the fabrication in order to channel off the excess charge. Another
drawback is that the sputtered atoms may be re-deposited back onto the sample and contaminate
the surface.

An advantage of the FIB milling is that it is often combined with electron microscope and
thus the obtained structures can be characterized in-situ [62]. The images can be also taken
directly with the ion-beam, which may provide additional information about the sample. The
FIB milling can also be used to decrease the surface roughness of the sample [209], which may
be advantageous when the photonic structures are built in polycrystalline diamond.
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4.2.3 Hydrogenated amorphous Si micro-structuring

The micro-structuring of a thin hydrogenated amorphous silicon (a-Si:H) layer that utilizes
conductive atomic force microscope (AFM) is not as widespread as the previously described
standard lithography methods. Nevertheless, we used this alternative approach in this work to
create patterned layers of a-Si:H for further bottom-up diamond growth. The advantage of this
method for us was the presence of the conductive atomic force microscope in our laboratory
and existing prior experiments.

Thanks to the absence of long-range order, amorphous silicon (a-Si) differs from crystalline
silicon in many physical properties. Most importantly the band structure and band gap width
are modified. This leads to various applications, in which a-Si outperforms crystalline Si. For
instance a-Si can be used for light generation [210], photovoltaics [211], or fabrication of
electronic elements (e.g. transistors or photodetectors) [212]. Apart from the absence of long-
range order, some Si atoms are not bonded to four closest neighbors and the material contain
unsatisfied dangling bonds. The dangling bonds scatter electrons and deteriorate the electronic
properties (causes low conductivity) of a-Si. Nevertheless, the dangling bonds may be
passivated by hydrogen in hydrogenated amorphous silicon (a-Si:H), which is usually used for
fabrication of the devices [213-215].

The CVD method is commonly used for preparation of thin a-Si or a-Si:H layers. Silane
(SiHa) is used as a precursor gas. Additional gases may be used to prepare layers with high
hydrogen content (H2 and He) or for doping (PHs or B2Hs). There are no special requirements
on the substrate material because the deposition can be done at low temperatures (< 200°C).

When heated above 600°C, the a-Si crystallizes into micro- or nano-crystalline silicon,
which consist of small Si crystals with amorphous phase between them. Micro-crystalline
silicon is also used for fabrication of some devices (e.g. solar cells [216]). The crystallization
temperature may be decreased when certain silicide forming metals (e.g. Ni or Cr), which act
as catalyzers, are present [217]. Furthermore, the crystallization may be induced by application
of electric field. The crystallization may then occur even at room temperature in the process
called field-enhanced metal-induced solid phase crystallization (FE-MISPC) [218].

The AFM tip can be used to locally apply the electric field to a thin layer (~200 nm) of
a-Si:H and to cause local crystallization of a-Si:H through the FE-MISPC process [213]. To
achieve crystallization at room temperature, a-Si:H with high hydrogen content in layers (20 —
45 at. %) must be used. Moreover, it must be deposited on silicide forming metal substrate (e.g.
glass coated with 40 nm Ni film) which acts both as crystallization catalyzer and as electrode
for supplying voltage. During the crystallization process, the volume of material decreases, and
a microscopic pit is created (Fig. 27).

Application of the electric field in a constant current regime leads to better control over the
process when compared to constant voltage regime. The size and the shape of the pits depend
on the current magnitude and the properties of the AFM tip [213]. It was shown that by using
special circuitry (metal over semiconductor field-effect transistor (MOSFET) and feedback
circuitry) for a better control over the electric current, non-conductive pits can be prepared
[220]. The material in those pits remains amorphous and their size is better defined. It was
deduced that the crystallizations occur during discharging of parasitic capacitance when special
circuitry is not used and uncontrolled electric current flows through the sample.
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Figure 27: (a) Schematic drawing of the experimental setup for a-Si:H patterning. Reproduced from
[219] (b) The volume of a-Si:H decreases after the local application of the electric field by conductive
AFM because hydrogen leaves the layer. The crystallization of a-Si may be prevented by controlling
the maximal current flowing through the layer.

Subsequently, it was shown that the pits (both conductive and non-conductive) can be used
for selective deposition of silicon nanocrystals using CVD deposition of Si [215]. The creation
of nanocrystals was evidenced by increased conductivity inside the pits after the deposition,
which was not observed prior the deposition, and also by Raman micro-spectroscopy. The pits
act as nucleation sites for creation of the nanocrystals [221,222] during subsequent deposition
of silicon by CVD. There are more factors that can cause the preferential nucleation inside the
pits such as the presence of material defects (cracks, non-homogeneities) in a-Si:H layer, higher
mechanical strain in the layer, or higher concentration of precursor gases inside the pits. Most
probably, a combination of these factors is responsible for the nucleation. Such nanostructures
could be used also as template for bottom-up growth of diamond structures.

4.2 Bottom-up approach

Bottom-up approach for creating nanostructures relies on the self-assembly of small building
blocks, usually atoms and molecules, into complex systems. The CVD diamond growth can be
considered as self-assembly of carbon atoms under specific conditions. Complex molecules can
be modified to directly create complex shapes by self-assembly [223]. This is not the case of
diamond, and some external input must be used, usually in the form of patterned substrate, to
achieve growth of complex shapes. Generally, the bottom-up fabrication process is not well
controlled, and many structural defects may be present. Bottom-up process in diamond is thus
not effective for creating structures that demand high precision of fabrication, such as the strong
PhC slabs or the PhC cavities. On the other hand, weak PhC slabs are not as sensitive to the
structural imperfections and the bottom-up approach offers a cost-effective alternative to the
expensive top-down fabrication.

For the bottom-up approach, the substrate material is patterned prior to the diamond
deposition usually by one of the top-down approaches described earlier. The diamond then
either grows more or less homogeneously on the whole substrate and simply copies the substrate
geometry to create desired structures (such as in Ref. [20], Fig. 28a), or it grows only on the
selected surface areas, while the growth is suppressed on others (Fig. 28b-d) [224,225]. The
bottom-up approach thus allows to create structures in the material that can be easily processed,
such as silicon or glass, and to completely skip the process of creating structures in diamond.
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Nevertheless, this method brings new problems due to specific conditions that are needed to
achieve diamond growth on foreign substrates.

4.2.1 Spontaneous nucleation of diamond

It is relatively easy to achieve homogeneous diamond growth over the whole sample by
completely covering (seeding) the sample with diamond powder before deposition (e.g. in the
ultrasonic bath with suspension of diamond nanocrystals). When only a part of the sample is
selectively seeded, e.g. by using photolithography (Fig. 28b,c) [226], diamond preferentially
grows at these areas and can create complex patterns. At the locations without the seeding, the
spontaneous nucleation can be detrimental. On the other hand, spontaneous nucleation can be
enhanced at the selected locations, which can also result in formation of complex patterns (Fig.
28d).

Without the seeding, the growth starts with creation of diamond nuclei during the
spontaneous nucleation process. The nuclei emerge at the energetically favorable places (such
as structural or crystal defects), which are denoted as the nucleation sites. The spontaneous
nucleation rate is quantified by the nucleation density — the number of the nuclei per unit area
[34]. The nucleation density depends both on the properties of the surface material, e.g. type of
material, surface roughness, or carbon concentration on the surface [146], and on the parameters
of the CVD deposition (type of CVD system, temperature, pressure, or methane concentration).

The spontaneous nucleation can be effectively initialized or suppressed by surface
modification [146]. For instance, diamond preferentially nucleates in the nano- or micro-scale
pits on the substrate, which may be artificially created by scratching the substrate [34]. The
nucleation process is then controlled by the deposition conditions. The simplest method is to
change the methane concentration in the chamber. Higher methane concentration usually leads
to higher nucleation density and vice versa. Using this process, the deposition can be tuned to
achieve growth only at the selected locations on the sample.
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Figure 28: Schematic drawing of bottom-up processes: (a) The nucleation layer (green) covers the
whole substrate, where topographical features are created by top-down processes. (b) The nucleation
layer is deposited only to selected parts of the sample. Parasitic spontaneous nucleation or diamond
nanocrystals coming from seeding layer may cause growth in the areas not originally intended for the
diamond growth. (c) The nucleation layer is partially masked by material suppressing spontaneous
nucleation of diamond (red). (d) Spontaneous growth of diamond in artificially prepared defects on
substrate. Again, parasitic spontaneous nucleation may be present.
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5. Experimental methods

5.1 Diamond deposition

In our work, two different chemical vapor deposition reactors were employed for the
diamond growth: (i) focused microwave (MW) plasma reactor (Aixtron P6) using an ellipsoidal
cavity resonator and (ii) linear antenna MW plasma system (Roth & Rau AK 400) equipped
with two linear antennas working in a pulsed regime (Fig. 29) [227]. In the focused plasma
system, the plasma is located in the vicinity of the substrates (1 — 2 mm) and high pressure is
used during growth (1 — 20 kPa). This results in fast growth rate (typically = 0.2 nm/s), heating
of the substrate (typically 350°C — 1100°C), non-homogeneous growth rate over large samples,
and may also result in the etching of the substrate. The etching of the substrate may be used to
dope diamond with impurity atoms such as Si or Ge for creating SiV or GeV centers,
respectively. The creation of SiV centers was also observed when no Si samples were placed
inside the reactor [228]. The Si atoms originated most probably from the etching of the quartz
bell jar that encloses the region with plasma.

The linear plasma system differs in the location of the plasma and in its better homogeneity
over the sample. The plasma is typically located 7 — 10 cm far from the sample surface and
lower pressure (10 — 1000 Pa) is used, which results in the slow growth rate (typically
0.01 nm/s) and enables the low temperature deposition (surface temperature as low as = 100°C
can be used).

For the growth of diamond layers for PhC slabs, both deposition systems were used, and the
deposition parameters were chosen to grow diamond layers with high optical quality (low
absorption). Bare Si wafer was placed near the samples in the focused plasma system as a
supply of Si atoms for creation of SiV centers. In the case of spontaneous nucleation process,
the parameters were chosen to achieve the highest nucleation density on Si wafer while keeping
low temperature during deposition (max. = 350 °C). The focused plasma system was used, in
order to obtain optically active SiV centers, despite the linear plasma system is more
advantageous for the diamond growth at low temperature.

Before the growth of samples for photonic structures, the substrates were ultrasonically
cleaned in acetone and isopropyl alcohol and were rinsed in deionized water. Subsequently, the
seeding was carried out by ultrasonic bath in aqueous dispersion of nanodiamond particles
(NanoAmando, nanodiamond size 4.8 + 0.6 nm) diluted by deionized water 1:40 v:v. The
seeding for selective growth using a-Si:H mask was done by immersing the samples in the
colloidal solution of FDP (Fumed Diamond Powder, NanoCarbon Research Institute,
nanodiamond size 3.1 £ 0.6 nm) detonation nanodiamonds. Detailed description of the
employed parameters can be found in the enclosed articles (attached at the end of the thesis).

5.2 Fabrication

Top-down and bottom-up strategies were used for the fabrication of diamond PhC slabs and
PhC cavities. In the top-down process the diamond layer was first deposited using the CVD
method on the planar substrate and subsequently the PhC was fabricated on the top of the layer.
On the other hand, the substrate was patterned first in the bottom-up process and the diamond
layer was deposited on the patterned substrate with no further modification.
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Figure 29: Schematic drawing of diamond deposition systems: (a) focused microwave (MW) plasma
reactor (Aixtron P6) using an ellipsoidal cavity resonator, and (b) linear antenna MW plasma system
(Roth & Rau AK 400) equipped with two linear antennas working in a pulsed regime.

5.2.1 Top-down PhC slabs and cavities

Quartz glass substrates (10x10 mm?) were used as substrates for the fabrication of PhC slabs.
After the diamond growth, the top part of the diamond layer was patterned to periodically
ordered columns using electron beam lithography (EBL) and reactive ion etching (RIE). The
electron sensitive polymer (PMMA, thickness ~ 100 nm) was first patterned by EBL and gold
(thickness = 70 nm) was evaporated over the patterned PMMA. The mask was created by lift-
off process. Not-covered parts of the sample were partially etched in the capacitively coupled
O2/CF4 plasma RIE. Finally, the metal mask was removed by wet etching. Each of the PhC
slabs was at least 1x1 mm? large. Only samples with square lattice symmetry were fabricated
for simplicity.

In the case of PhC cavities, the diamond was deposited on Si wafer covered with the thin
(> 1 um) layer of SiO2 prepared by oxidation of Si. After the diamond growth, the Al layer
(thickness ~ 80 nm) was deposited on the top by sputtering. The electron sensitive polymer
layer (AR-P 617.06, thickness =~ 200 nm) was patterned by EBL. The Al layer was partially
removed by using an inductively coupled plasma reactive ion etching SiCls/Ar to create a mask
for diamond etching. The polymer layer was fully removed in O2/Ar plasma. The patterning of
the diamond layer was done again in the capacitively coupled O./CF4 plasma RIE. The metal
mask was removed by wet etching. To create suspended membranes, the SiO. layer below
diamond was locally removed by wet etching in the buffered oxide etchant (BOE) solution (7:1
volume ratio of 40% NH4F in water to 40% HF in water).

5.2.2 Bottom-up PhC slabs

For the bottom-up growth of PhC slabs, the quartz glass was patterned using EBL and RIE.
The process of metal mask preparation (Ti/Au with thicknesses = 5 nm and = 50 nm) is similar
to diamond patterning described in the previous paragraph. The quartz glass was patterned in
capacitively coupled radio frequency SFs plasma RIE. Samples with both the square and the
hexagonal lattice symmetry were fabricated.
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5.2.3 Hydrogenated amorphous Si

The structure of the samples used for a-Si:H micro-structuring is illustrated in Fig. 27a. The
bottom electrode (Ni or Pt) was deposited using vacuum thermal evaporation on the substrate
(monocrystalline Si) with 10 nm Ti adhesion layer. Thin layer of a-Si:H (thickness 40 + 5 nm
controlled by deposition length) was deposited using plasma-enhanced CVD. High hydrogen
content (2045 at. %) that is necessary for micro-structuring was achieved by using 0.02% of
SiH4 (1 sccm) diluted in helium (5000 sccm), and low temperature (50°C) of the CVD process.
Constant electric current (0.5-15 nA) was locally applied to the sample using the Ni film
(negative polarity) and the AFM tip as electrodes (see the section about AFM for details).

For the selective diamond deposition, the a-Si:H layer was deposited on Pt coated Si seeded
with nanodiamonds. The layer was patterned by standard photolithography process (positive
photoresist, 6 s exposition with UV light, 40 s in the developer) and dry etching in SFsplasma.
The SFe plasma selectively removed a-Si:H on the parts of the sample not-covered by
photoresist and revealed the seeding layer. The rest of the photoresist was removed in acetone
bath.

5.3 Optical characterization

5.3.1 Raman micro-spectroscopy

Raman micro-spectroscopy was used for the material characterization of the samples. Two
different systems with different excitation wavelengths were used: Renishaw inVia Reflex,
excitation wavelength 442 nm, objective 100x; and Horiba XploRA, excitation wavelength
532 nm, objective 100x. The spatial resolution of both systems is below 1 um.

The chemical purity of diamond layers (sp®/sp? ratio) was estimated from the ratio of the
area of diamond peak located at ~1331 cm™ to the combined area of graphite band centered at
~1580 cm™ and disordered graphite band centered at ~1360 cm™ [150]. Note that this ratio does
not show the actual ratio of sp® and sp? bonds in the sample, because the Raman scattering
cross-section of sp? bonds is higher by approximately two orders of magnitude compared to sp®
bonds. Moreover, the efficiency depends on the excitation wavelength. Diamond peak is more
pronounced when the light with shorter wavelength is used. Nevertheless, the chemical purity
of samples measured with the same excitation wavelength can be compared.

Amorphous and crystalline silicon was distinguished using Raman spectroscopy. The
crystalline silicon has sharp (FWHM < 5 cm™) peak centered at approximately 520 cm™ in
Raman spectra. In contrast, a-Si has broad Raman band ranging from app. 420 cm™* to 540 cm™
due to non-defined bond energies and lengths. For microcrystalline silicon, the fraction of the
amorphous phase may be determined from the ratio of these Raman peaks. Moreover, the Si-H
and Si-Hz bonds are evidenced around 2000 cm™ [229] and the hydrogen content in a-Si:H can
thus be estimated from the Raman spectra.

5.3.2 Micro-PL setup

The Renishaw inVia Reflex Raman system with excitation wavelength 442 nm was also used
to measure the photoluminescence (PL) of the samples. Various objectives were used for the
measurement: objective magnification 100x (NA =0.9), 50x (NA =0.5), 20x (NA =0.4), and
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Figure 30: (a) Schematic picture of the setup used for angle-resolved PL. (b) Schematic picture of
the setup used for angle-resolved transmission measurement.

5% (NA = 0.12). The 100x objective has large collection half angle (64.2°), which allows to
measure weak signals (e.g. from diamond nano-crystals). On the other hand, the 5x objective
has small collection half angle (6.9°) and, thus, it collects only signals propagating near to the
vertical direction. We have used it to detect the leaky modes from PhC slabs.

5.3.3 Angle-resolved PL

The PL of the PhC slabs was probed also on another setup, which allows measuring the PL
directed into very narrow solid angle (see Fig. 30a). Using this setup, we were able to measure
light propagating into the vertical direction (near the I'-point in the k-space, Fig. 18) with high
degeneracy of leaky modes and thus the highest enhancement factor. This configuration greatly
improves the spectral selectivity and is thus attractive for applications in sensing.

The signal was collected by a multimode fiber (core diameter 2.2 mm, NA = 0.22, angular
resolution = 0.9°) coupled to a spectrograph (Andor, Shamrock 303i and detected by a cooled
CCD camera). The distance between the sample and the fiber aperture was 75 mm. The angle
of incidence of the excitation beam (HeCd CW laser, 442 nm) on the sample was adjustable.
The diameter of the laser spot on the sample was approximately 0.5 mm. For the angle-resolved
PL measurements with a fixed excitation angle, the optical fiber was rotated around the sample
along the I'-X direction (Fig. 30a).

The PhC was oriented towards the excitation laser beam. If it were oriented oppositely, then
the laser beam would refract on the boundary between the air and quartz and it would lead to a
spatial shift of the excited region during the change of the excitation angle. It was not possible
to use angles close to the sample normal (angle of incidence <15°) for the excitation. In such
case, the excitation beam would excite parasitic luminescence in the optical fiber. Nevertheless,
we were mainly interested in the resonant excitation angles with the angles of incidence lying
between 40° and 60° for 442 nm excitation beam.
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5.3.4 Angle-resolved transmission measurement

The angle-resolved transmission measurement, which allows to map the spectral position of
leaky modes for different angles of incidence, was realized on the setup shown in Fig. 30b. A
broadband tungsten lamp was employed as a light source. A collimated light beam of a small
divergence (angular spread lower than 0.3°) was obtained using a pinhole and a series of lenses.
Polarizer was used to define light polarization. Transmitted light was detected using an optical
fiber connected to a spectrometer with an intensified CCD camera (Andor) at the output. The
sample was covered by a black paper with square aperture (that matched the size of one PhC
structure) and vertically mounted to a rotational stage. Subsequently, the sample was rotated
around the axis perpendicular to one of the main symmetry directions of the PhC. For each
angle (step of 27 arcminutes) the transmission spectrum was measured. The obtained results
were compared with the simulations performed by the RCWA method.

5.3.5 Reflectance interferometry

Thickness of the diamond layers was measured by reflectance interferometry. A white light
source and a spectrometer were used to measure reflectance spectra with interference fringes.
The data were evaluated by a commercially available FilmWizard software (SCI company).

5.3.6 Photothermal deflection spectroscopy

The absorption coefficient of diamond layers that was further used for the simulations of
photonic structures and for the Q-factor calculations was measured by the photothermal
deflection spectroscopy (PDS) [230]. The absorption is measured indirectly in PDS technique
via measuring the thermal changes of the refractive index of the medium surrounding the
sample (liquid with large dependence of refractive index on temperature). First, the sample is
immersed into the liquid and the pump beam impacts on the probed sample. Part of the light is
absorbed by the sample. The absorbed energy is converted mostly to heat, which causes heating
of the surrounding medium. These changes are detected by the probe beam, which propagates
parallel to the sample in a close vicinity to its surface. The probe is deflected, depending on the
temperature gradient, which is proportional to the absorption coefficient of the sample. The
PDS method is particularly suitable for measurement of absorption coefficient of thin layers,
where the volume of the absorbing material is proportional to the layer thickness. In comparison
with other methods, only directly absorbed light is evaluated, and the effect of other optical
losses (reflections, scattering) is excluded.

5.4 Characterization of Fabry-Perot cavities

For the characterization of the Fabry-Perot cavities in the red part of spectra a continuous
narrowband external-cavity diode tunable laser (Toptica DL Pro HP 637) was used. The tuning
of laser over broad spectral region (635 nm — 641 nm) was used to find the free spectral range
of cavities. The laser wavelength was measured by wavemeter (Toptica Photonics). The width
(FWHM) of cavity modes was measured by modulating the laser wavelength and comparing
the width with the free spectral range of the Fabry-Perot cavity etalon (1 GHz).

The finesse of the Fabry-Perot cavities in the near infra-red region were measured by tunable
laser EXFO T100S-HP/O. Again, the tuning of the laser over broad spectral region (1260 nm —
1360 nm) was used to find the free spectral range of cavities. For very short cavities, the free
spectral range exceeded the wavelength range of the laser. The cavity length was obtained from
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the spectral position of the fundamental and higher order modes, and from the radius of
curvature of the mirrors in such case. The radius of curvature (Rqc) is related to the cavity length
Lcav by

LCQ‘U

1- [cos (ﬁAVOOHpq ZL?H)]Z

Roc = (5.1)

where (p,q) is the Hermite-Gaussian beam order, Avoopq IS the frequency difference between
TEMo,0 and TEM, q Gaussian mode, and c is the speed of light [48]. The free spectral range can
be then computed as Avesr = ¢/2Lcav. The cavity linewidth was measured by scanning the laser
over the cavity resonance while a 200 MHz sideband modulation was applied, and the observed
linewidth was compared with the known splitting of the sidebands.

5.4.2 White light interferometry

White light interferometer (Filmetrics Profilm 3D) was used to characterize micro-mirrors
on the Si chips, particularly to measure their radius of curvature. In comparison with AFM, the
white light interferometer is a contactless characterization method that prevents damages
caused by the physical contact between the sample surface and the AFM tip. Moreover, the
speed of the measurement is significantly faster than the AFM measurement as the whole
picture is recorded in one exposition. This allows the characterization of large sample areas
(e.g. hundreds of mirrors on one chip), which is not feasible with the AFM.

5.4 Other characterization methods

5.4.1 Atomic force microscopy

Atomic force microscopy (AFM Veeco DI3100 IV AFM) was used both for fabrication of
microscopic patterns in the a-Si:H layer and for the characterization of the samples. The
fabrication of microscopic patterns was done in the contact mode. The AFM was equipped with
conductive metal coated Si tips (ContE-G, BudgetSensors, force constant 0.2 N/m). Constant
electrical current was locally applied to the sample using the tip and metal (Ni or Pt) layer below
the a-Si:H layer as electrodes. External source (Keithley K237) was used as a current source
and voltage monitor. Same tips were used for the measurement of the conductivity of the
samples.

Characterization of the topography was done on the same AFM microscope or on another
device (NT-MDT NTEGRA Prima AFM) using the intermittent (tapping) regime (tips
Tap300AI-G, BudgetSensors, force constant 40 N/m). The measurements were analyzed by
Gwyddion, Free and Open Source software package for data visualization and analysis [231].
AFM was also used to measure the surface roughness of diamond layers.

5.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was used for the EBL and to investigate the
morphology of the samples. The surface morphology of diamond samples was investigated
primarily by Raith e_LiNe workstation in standard configuration.
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Tescan Maia3 was used to measure morphology of the sample with a-Si:H and also to
characterize changes of the secondary electron emission using an in-beam detector. The back-
scattered electrons were used for the visualization of material contrast.

5.4.3 X-ray photoelectron spectroscopy

Chemical composition of some samples was analyzed by the X-ray photoelectron
spectroscopy (XPS; AXIS Supra, Kratos) with hemispheric analyzer and monochromatic Al Ko
X-ray source, 1486.6eV; high resolution spectra pass energy 20 eV. The XPS spectra were
acquired from the area of 700x300 um? with the take-off angle 90°. XPS allows to analyze the
concentration of individual elements and also the concentration of different types of bonds (e.g.
sp? bonds and sp? bonds in diamond).
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6. Results and discussion

In this thesis we studied various approaches for improving the collection efficiency of light
from color centers, primarily ensembles of SiV centers, in diamond. Particularly, we used weak
PhC slabs to study the improvement of light collection due to Bragg diffraction of leaky modes
[20,21,232], PhC crystal cavities to study coupling of SiV centers to cavity modes [233], Fabry-
Perot micro-cavities to study coupling of NV centers to cavity modes [234], and we attempted
to grow isolated diamond nanocrystals with SiV centers [219,225]. In the following sections
we briefly point out the main achievements. The details about the performed research with an
extensive discussion can be found in the respective journal articles that are enclosed at the end
of this thesis.

6.1 Weak photonic crystal slabs

We used both the bottom-up and top-down approaches to fabricate the weak PhC slabs. Our
motivation was to use the weak PhC slabs to extract and collect the light emitted by
photoluminescent processes in diamond. We were particularly interested in the following: (i)
maximizing the extraction of light from thin diamond layers, (ii) directing the extracted light
into the vertical direction where it can be easily collected with simple optics with low NA, and
(iii) achieving the spectral overlap between the leaky modes and the SiV centers ZPL.

In our first article [20] we introduced a new bottom-up method for the fabrication of PhC
slabs based on the diamond growth on pre-patterned substrates (the bottom-up approach). This
method allowed us to fabricate diamond PhC slabs without directly processing the diamond
layer, which is complicated due to the diamond hardness and chemical stability. Instead, the
quartz glass substrate is patterned, which can be done relatively easily, and which can be cost-
effectively up-scaled to larger areas using, for instance, nanoimprint lithography [235].

Even more importantly, we have shown that the method allows tuning the spectral position
of leaky modes by changing the diamond deposition time, which results in the varying thickness
of the deposited diamond layer. The observed phenomenon was also successfully numerically
simulated. Using the optimal deposition time and the physical dimensions of patterns, which
we determined from numerical simulations, the spectral overlap of leaky modes with the SiV
centers ZPL has been achieved. The observed peak enhancement factor at the SiV centers ZPL
was more than 14 when the photoluminescence intensity measured on the as-deposited diamond
layer with a comparable thickness was taken as a reference (Fig. 31a,b).

PhCs with both the square and hexagonal lattice symmetries were fabricated, and their
performance was compared. The maximal enhancement factor was observed on the PhC with
the hexagonal lattice symmetry, which well agrees with the theoretical prediction. The higher
enhancement is caused by the degeneracy at the I'-point for the hexagonal lattice when
compared with the square lattice. The maximal enhancement factor achieved with the PhCs
with the square lattice symmetry was approximately 10, and the ratio of the enhancement
factors between these two lattice symmetries corresponds with the ratio of the degeneracy.

The disadvantage of the bottom-up approach is that the shape of PhCs is not fully controlled,
which might have negative effect on the performance of the PhC slabs. Therefore, we have
prepared another set of PhCs by top-down approach for our second article [21], which allowed
us to fabricate structures with better control over their structural quality. In this case, only the
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Figure 31: (a) PL intensity from reference non-patterned layer (black) and from the PhC slab
fabricated by bottom-up approach (blue). The enhancement factor is 14 at the SiV center ZPL. (b)
SEM image of the bottom-up grown sample. (c) PL intensity from reference non-patterned layer
(black) and from the PhC slab fabricated by top-down approach under non-resonant (blue) and
resonant (red) excitation. The enhancement factor exceeds 100 if the resonant excitation is used. (d)
SEM image of the top-down fabricated sample.

PhCs with the square lattice symmetry were fabricated for simplicity. The dimensions of the
samples were designed to obtain as high extraction efficiency as possible. Moreover, the effect
of resonant excitation, where the excitation laser beam is coupled into the leaky modes of PhCs
to extend the excitation beam path length inside diamond and thus the excitation efficiency,
was implemented to further increase the intensity of the emitted light. On the other hand, we
have not aimed to match the position of leaky modes with the emission lines of color centers in
this study. Instead, we demonstrated the PL enhancement on the broadband PL from diamond
in the red part of the visible region.

By using the resonant excitation and the resonant extraction via leaky modes, we have
achieved up to 115-fold enhancement of PL intensity into the vertical direction (Fig. 31c,d). To
achieve such high enhancement factor, the thickness of the diamond layer was optimized (using
3-D FDTD numerical simulation) to maximize the coupling efficiency of light emitted from
diamond optical centers to the extraction leaky mode. Moreover, we have shown that using the
fundamental TE-like (TEo) mode both for the excitation and for the extraction enables to further
increase the extracted PL intensity. The fundamental TEo leaky mode is the most advantageous
for the case when the emitters are placed directly inside the layer. TEq mode has the highest
overlap between its electric field spatial profile and the diamond layer and thus provides both
the most efficient excitation of color centers and the most efficient coupling of emission to the
extraction leaky mode. The electric field of the modes was simulated using RCWA simulations
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to support our claims. In contrast, the TM-like fundamental mode provides lower PL
enhancement. Nevertheless, its electric field is localized near the surface of the structure and
thus it is more sensitive to changes in the surroundings as well as more advantageous for the
PL enhancement from surface deposited emitters.

In Ref. [232] we studied the effect of the diamond layer morphology on the PhC
performance. We found out that the size of grains in diamond layer significantly affects the
fabrication process. The PhCs fabricated in layers with large diamond grains contained large
number of structural defects and the maximal observed enhancement factor was only 12x. This
is only slightly higher than the enhancement observed on PhCs with square lattice symmetry
fabricated by bottom-up approach.

Currently, we are working on a combination of the bottom-up and top-down approach. The
top-down approach provides well-defined structures with optimal dimensions to achieve high
enhancement of the PL intensity. The procedure similar to the bottom-up approach is then used
to tune the spectral position of the leaky modes and achieve the spectral overlap with the desired
emission lines in diamond.

More details about our research on the weak PhC slabs can be found in the attached journal
articles entitled Enhanced extraction of silicon-vacancy centers light emission using bottom-up
engineered polycrystalline diamond photonic crystal slabs [20], Maximized vertical
photoluminescence from optical material with losses employing resonant excitation and
extraction of photonic crystal modes [21], and Effect of CVD diamond morphology on the
photoluminescence extraction by photonic crystal slabs [232].

6.2 Photonic crystal cavities

As with the weak PhC slabs, our motivation was to use PhC cavities for the extraction of
light emitted by diamond color centers, SiV centers in particular. We tested both top-down
techniques, focused ion-beam (FIB) milling and electron beam lithography (EBL) with
subsequent reactive ion etching (RIE) for the fabrication of the PhC cavities. Fig. 32 shows the
resulting photonic structures. The fabrication with FIB was complicated due to the charge
accumulation on the sample, which resulted in the drift of the ion-beam and non-ideal
periodicity of the photonic structures (Fig. 32a). The drift of the sample was slightly improved
when the diamond layer was covered by the thin film of titanium to prevent the charge
accumulation. Nevertheless, the periodicity was not sufficient for the observation of the
photonic effects. We concluded that the FIB instrument that we used is not applicable for the
fabrication of the PhC cavities in diamond.

Better results were obtained when the EBL and RIE techniques were used for the fabrication
of PhC cavities (Fig. 32b) as we describe in Ref. [233]. We obtained the spectral overlap
between the cavity modes and the SiV centers zero-phonon line. To achieve the overlap, we
have developed a new method for the fabrication of the PhC cavities that does not require fine
tuning of the mode spectral position by using postprocessing methods, e.g. sublimation of ice
on top of the structure, that were mentioned in the theoretical part of this thesis. Instead, our
method was based on growing polycrystalline diamond layer with varying thickness over the
substrate. This can be achieved easily in the deposition system when the plasma is placed close
to the sample, which causes non-homogeneous heating of the sample and the distribution of
growth radicals coming from the plasma. Subsequently, multiple cavities with different spectral
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Figure 32: (a) SEM image of the PhC slab fabricated by FIB. (b) SEM image of the PhC structure
fabricated by combination of EBL and RIE. The inset shows the central part, where three missing
holes form the L3 cavity.

positions of modes due to varying thickness of the layer were fabricated over the sample. The
cavities with the optimal spectral position (overlapping the SiV center ZPL) of cavity modes
were selected during the characterization.

The theoretical Q-factor of the cavity modes was more than 700 for the fundamental cavity
mode and 100 — 200 for the other, higher-order, modes. The Q-factor was further reduced by
the absorption and scattering losses in polycrystalline diamond. We experimentally observed
Q-factor of 292 for the fundamental cavity mode and around 100 for the higher-order modes.
No change of the diameter or position of holes around the cavity was applied as the losses
caused by absorption and scattering dominated and thus, no significant improvement is possible
without further reduction of the concentration of sp? phase in diamond and reduction of the
surface roughness.

The observed enhancement factor at the SiV center ZPL was more than 2.5 with regard to
the surrounding PhC structure (strong PhC slab). The observed enhancement is lower than the
maximal enhancement corresponding to the theoretical Purcell factor of the cavity mode into
which the PL of SiV centers is coupled. The main reason for the lower observed enhancement
is the presence of the ensemble of SiV centers that are distributed randomly in the material and
not located in the ideal position with the highest electric field of the mode. Similar results were
observed earlier on PhC cavities made in monocrystalline diamond with the ensemble of SiV
centers [43].

The obtained results are very promising for cheap and fast fabrication of PhC cavities. The
cavity performance can be improved by reducing the absorption and scattering losses, e.g. by
etching the non-diamond phase in acids or by planarization. Subsequently, the modified cavity
design can be applied to further improve the Q-factor of the cavity modes. More details about
our research on the diamond PhC cavities can be found in the attached journal article entitled
Photonic crystal cavity-enhanced emission from silicon vacancy centers in polycrystalline
diamond achieved without postfabrication fine-tuning [233].
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6.3 Fabry-Perot microcavities

We studied the Fabry-Perot micro-cavities during my research stay in the group of Dr.
Michael Trupke at the University of Vienna. The aim was to enhance the photon count-rate
from a single photon source and simultaneously couple the emitted photons into a single mode
optical fiber. The efficient collection with the optical fiber is necessary for the realization of
further experiments, e.g. the generation of entangled photons, as well as for practical
realizations as it allows to use the existing fiber networks for sending quantum information.

For the construction of the cavities, we used concave micro-mirrors with the radius of
curvature (ROC) lying between 50 um and 150 um that were prepared in the 4 inch Si wafer
by two-step dry etching process (see Ref. [48,236] for details). The wafer was then diced to 3
mm by 3 mm chips that hosted hundreds of mirrors spaced on a 125 um grid. Each chip was
equipped with optical coatings to achieve very high reflectivity (> 99.7%).

In the first part of my stay, we studied Fabry-Perot cavities suitable for the interaction with
NV centers in monocrystalline diamond. The results of this work have not been published yet
and thus we describe the work in more detail. We characterized the Fabry-Perot micro-cavities
composed of Si chips, and a monocrystalline diamond slab (CVD, purchased from the Element
Six company) with the approximate thickness of 25 um (Fig. 33a). Both the Si surface with
concave mirrors and the outer diamond surface were coated with high reflectivity multilayers.
The diamond surface located inside the cavity was coated with anti-reflection multilayer to
reduce the losses at the boundary between the diamond slab and air inside the cavity. Each
multilayer was designed to have a maximal performance at 637 nm, where the NV" centers zero-
phonon line is located.

The coarse adjustment of the cavity length was done mechanically using a micro-meter
screw, while a piezo actuator was used to finely tune the cavity length and shift the spectral
position of the cavity modes into the vicinity of 637 nm. The mirror on the diamond was used
as an input/output mirror for coupling light into and out of the cavity. A set of lenses was used
to couple the cavity modes to the single-mode optical fiber. The lenses were chosen based on
the ROC of the used cavity mirrors to achieve optimal coupling efficiency into the cavity
modes.

In order to measure the cavity characteristics, we coupled a laser beam with a tunable
wavelength and narrow emission line to the cavity modes and observed the reflected light. The
cavity modes correspond to the minima observed in the intensity of the reflected light. By
sweeping the laser wavelength over a cavity mode we were able to compare the linewidth of
the mode (Fig. 33b) with the free spectral range of reference Fabry-Perot cavity (1 GHz etalon).

The parameters of the best cavities are summarized in Tab. 2 (first column). Anti-reflection
coating (500 ppm), concave Si mirror (> 2 ppm), scattering and intrinsic losses in diamond
(> 2000 ppm) were all contributing to the total losses inside the cavity. The transmission of the
input/output mirror (3000 ppm) was chosen to be equal to the losses inside the cavity in order
to extract the photons from the cavity modes efficiently. Lower transmission of this mirror
would lead to higher finesse, but majority of photons would be absorbed inside the cavity and
lost, in such case. Note that the optimal parameters listed in Tab. 2 were achieved only when
the node (minimum electric field) of the optical modes was located at the boundary between air
and diamond inside the cavity. We have accomplished that by tuning the wavelength of light.
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Figure 33: (a) Schematic picture of a plano-concave micro-cavity with diamond layer. The surfaces
are equipped with high reflectivity (HR) and anti-reflective (AR) coatings. (b) The cavity linewidth was
measured by modulating the laser over several GHz and comparing the linewidth of the mode with
the free spectral range of the Fabry-Perot etalon (1 GHz). (c) Schematic picture of a plano-concave
micro-cavity working at NIR region. (d) The cavity linewidth was measured by sideband modulation
and comparing the linewidth with the known distance between sidebands (400 MHz). The inset shows
the free spectral range measurement. Only the range denoted by solid line was measured. The free
spectral range was computed from the distance between fundamental and higher order cavity mode,
and from the radius of curvature of used mirrors that was measured by white light interferometer.

Nevertheless, this was possible only for measuring the cavity properties. When the cavity is
used for collection of light from NV centers the wavelength is given by the ZPL, and the phase
of the mode on the boundary depends solely on the thickness of the diamond slab. For a fixed
wavelength, the finesse over 1000 was achieved approximately for 10% of the cavities on a
chip due to the non-homogeneous thickness of the used diamond slab. In other cases, the
scattering on the boundary was significantly increased and the finesse dropped to several
hundreds.

The measured cavity properties promise the efficiency of generating photons by NV centers
at ZPL and their subsequent coupling to the cavity mode and collection by single mode optical
fiber to lie between 1% and 3%. The cavity has two beneficial effects. Firstly, the probability
of emission of photons into ZPL is enhanced thanks to the increased LDOS inside the cavity
(amounts less than 3% for NV centers in bulk diamond). Secondly, the photons are
preferentially emitted into the cavity modes and their collection efficiency is also increased
(amounts less than 4.5% in bulk diamond, leading to a total collection efficiency of < 0.1% in
the bulk diamond). With the cavity values achieved above, this low efficiency could be
increased by a factor of 10 — 30. For further improvement of the efficiency, the surface
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roughness of diamond (currently between 1 nm and 2 nm) could be reduced. For instance, the
surface roughness below 0.5 nm would lead to finesse around 4000 and the overall efficiency
exceeding 10%.

Subsequently, we attempted to localize and observe single NV centers inside the cavities.
However, the localization of a single NV center in the available samples was not possible due
to the low density of NV centers in the ultrapure material. Nonetheless, the achieved results
show promise for the enhanced collection of photons from optical centers in diamond slabs in
these microcavities.

In the second part of my stay, we studied the properties of Si cavities designed for the near-
infrared (NIR) region (1280 nm). This region is interesting for long-range quantum
communication because the photons can be sent through existing fiber network (telecom O-
band). Moreover, single photon emitters for this region, such as vanadium (V) center in silicon
carbide (SiC) and G center in Si, were discovered recently [74,165]. The advantage of Si and
SiC are their superb optical properties and the better availability of methods for fabrication (e.g.
surface roughness reduction) when compared with diamond. On the other hand, there is only
limited information about the optical properties of the color centers in SiC and Si and it is
questionable if they meet all requirements for the use in quantum information processing.

Again, the plano-concave cavities were formed by Si chip with the concave mirror facing a
planar chip (Fig. 33c). In this time, however, no material was placed inside the cavities and only
the properties of free cavities have been analyzed so far. A material with color centers will be
placed into the cavity in the next experiments. A shift to the infrared region allowed us to use
Si also for the input/output mirror as Si is transparent for these wavelengths. The surface
roughness of Si can be easily reduced to the level of 0.2 nm by polishing [48], and the scattering
is also reduced for longer wavelengths (see Eq. 1.6). As a result, the parameters of cavities were
significantly better than those achieved with diamond with finesse reaching to 500 000 (Fig.
33d, Tab. 2, middle column).

In order to further reduce the cavity length, we glued the two Si chips together. We also
selected a chip with very small ROC (= 65 pm) of mirrors to reduce the volume of the cavity
modes. On the other hand, the cavity length was not controlled by the piezo-actuator anymore.
Moreover, the free spectral range was of the order of 100 nm, which further reduced the
probability of obtaining a cavity mode near 1280 nm. In order to obtain cavities with different
length, a spacer with ~ 16 pm thickness, was inserted between the Si chips on one side, forming
a narrow wedge with =~ 0.3° tilt. By measuring multiple cavities over the chip, we were able to
find cavities with modes located near 1280 nm and optical length as low as 7.4 um. The
parameters of the best cavity are summarized in Tab. 2 (last column).

Tab. 2: Parameters of the Fabry-Perot cavities: wavelength (A), Q-factor (Q), finesse (F), total round-
trip optical losses (I), and optical length (Lopt)

Material Si + Diamond Si (empty)

Cavity type Piezo actuator Piezo actuator Glued chips

A (nm) 637 1280 1276
Q (/109 0.38 16 4
F (/10%) 10.7 490 350
I+ (ppm) 5900 13 18
d (um) 110 17 7.4

85




In comparison with the previous experiments, the cavity length was significantly reduced
while the finesse remained high. The optical volume of these cavities was as low as 23 A%, which
is only one order of magnitude higher than for the PhC cavities. The observed (Q/V)/A3 = 1.7 x
10° value is almost three times larger than for other types of open-access microcavities [46,237].
The experiments with inserted SiC and Si chips are planned in the near future. More details
about the research on the Fabry-Perot cavities in NIR can be found in the attached article
entitled High finesse telecom O-band microcavities [234].

6.4 Diamond growth in a-Si:H microstructures

The last part of the work was devoted to amorphous silicon (a-Si) thin layers and their
potential usage as templates for the selective growth of diamond. We show in Ref. [219] that
complex nano-patterns may be prepared in thin (~40 nm) layers of hydrogenated a-Si (a-Si:H)
deposited on a thin (~40 nm) electrode (Ni or Pt) placed on various substrates (glass, Si wafer)
by using locally applied electric field in an atomic force microscope (AFM). The difference
from previous works [215,220] is the usage of much thinner layer, 40 nm vs. ~200 nm.

We found that only very shallow pits (max. 10 nm) can be prepared in the thin a-Si:H layer,
when the tip is not moving during deposition. In the beginning of the pit formation, the depth
of pits increases as a function of exposure time. However, it saturates after ~10 s and may even
decrease, which is accompanied by voltage drop. We argue that the voltage grown on the AFM
tip may be released during the electric discharge. Similarly, when the applied electric current is
too high (~1 nA), the process leads to electric discharge, which results in a formation of large
pits with no control over their dimensions.

We showed that sweeping (local modulation of the tip position) of the tip during exposition
stabilizes the process of the pit formation and leads to the creation of better-defined features.
This allows usage of larger electric currents (up to 3 nA) and longer exposition times (more
than 30 s) for the pit formation. Using this method, pits with more than 30 nm depth and 100 nm
diameter in lateral direction can be created in a-Si:H layer. We showed that the process is
reproducible and around 100 pits with similar dimensions may be created on the sample using
one AFM tip. Furthermore, we show that complex movements across the sample may be also
applied and line-art patterns may be scribed into the a-Si:H film (Fig. 34). The processed area
does not show only topographical changes, but also changes in electrical conductivity (which
is decreased on the processed area), electron emission (increased), and Raman spectra. We
proposed that the observed changes are caused by the decreased content of hydrogen inside the
a-Si:H layer. The change of hydrogen content was evidenced by Raman micro-spectroscopy.
The modified properties of the patterns may become useful as universal templates for growth
of nano-materials and nanostructures.

Subsequently, we studied the nucleation of diamond on substrates covered by the thin layer
of a-Si:H [225]. Originally, we wanted to achieve the nucleation of diamond nanocrystals inside
the pits created by AFM in the a-Si:H layer. However, the low temperature deposition of
diamond (substrate temperature ~350 °C) must be used to prevent the a-Si:H layer from
crystallization, which causes the dissolution of patterns created by AFM. We found that the
spontaneous nucleation of diamond is suppressed on a-Si:H layers when low temperature is
used. Nonetheless, diamond nano-crystals with optically active SiV centers grew on
monocrystalline silicon under the same deposition conditions.
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Figure 34: Nanopatterning of the a-Si:H layer by conductive AFM: (a) AFM topography of the patterns
scribed into the a-Si:H layer (scale bar 2 ym), (b) map of the local electric current (measured with
bias voltage 3.5 V), (¢c) SEM image of the secondary electron emission, (d) bright field optical
microscope image in reflected light. Selective growth of diamond: (e) Optical microscope image (top)
and SEM morphology (bottom) of the sample with an a-Si:H layer patterned by photolithography and
subsequent diamond growth, (f) Raman spectra taken on the a-Si:H and on the NCD part of the
sample; the grey dashed line denotes the position of the sp® diamond peak, (g) PL intensity taken on
the a-Si:H and on the NCD part of the sample; the grey dashed line denotes the spectral position of
the SiV peak.

To achieve the selective growth, we used the thin layer of a-Si:H to create a mask on the
nucleated sample, which suppresses the growth of diamond. We deposited a 200 nm thin a-Si:H
layer over the substrates (Si coated with Pt) seeded with diamond nanoparticles. The a-Si:H
layer was partially removed by using photolithography and reactive ion etching. We
demonstrated the selective growth of diamond on such substrate with no diamond nucleation
on the masked regions. Moreover, the material quality of diamond was sufficient for the
observation of photoluminescence from the SiV centers. The size of the features can be further
reduced by using different techniques (e.g. the demonstrated patterning using the AFM, or EBL
or FIB milling) for patterning of the a-Si:H layer. More details about the research on the a-Si:H
micro-structuring and the selective growth of photoluminescent diamond using such micro-
structures can be found in the attached journal articles entitled Complex nano-patterning of
structural, optical, electrical and electron emission properties of amorphous silicon thin films
by scanning probe [219] and Nucleation of diamond micro-patterns with photoluminescent SiV
centers controlled by amorphous silicon thin films [225], respectively.
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Conclusions and outlooks

In this thesis, we prepared and investigated various photonic structures that can be used to
improve the collection efficiency of light emitted by diamond color centers. We achieved
following results:

We developed a new bottom-up method for the fabrication of polycrystalline diamond
PhC slabs, which allowed us to tune the spectral position of leaky modes. Using this
method, we achieved a spectral overlap of leaky modes with the ZPL of SiV color centers
located at ~738 nm. The enhancement factor of 14 was observed at the SiV center
emission line. The bottom-up method represents an affordable alternative to the top-
down fabrication methods, which require specialized equipment and procedures for
diamond processing, while allowing to finely-control the spectral position of the leaky
modes. This allows up-scaling and cost-effective production of PhC slabs for diamond-
based photonics and biosensor applications.

By using the novel approach of resonant excitation and resonant extraction, we achieved
115-fold enhancement of the PL intensity from polycrystalline diamond layers. The
enhancement was demonstrated in PhC slabs fabricated by top-down approach. We
showed both theoretically and experimentally that the same type of the leaky mode must
be used for the excitation and the extraction in order to maximize the enhancement. This
approach is advantageous for effective optical excitation of dielectric materials with
optical losses, which may find use in photovoltaic energy harvesting or biosensor
applications based on photoluminescence observation (e.g. from diamond color centers).
We developed a new method to fabricate polycrystalline diamond PhC cavities with
modes located at the SiV color centers ZPL without the need of post-processing. We
obtained 2.5-fold intensity enhancement of the light emitted by the ensemble of SiV
centers due to the Purcell effect. These results are comparable with the enhancement
achieved on the ensembles of SiV centers in the monocrystalline diamond, while the
fabrication method is cheaper and faster, which opens a way for the use of diamond PhC
cavities in many fields (e.g. biosensors), for which the traditional approaches are too
expensive.

We showed that Fabry-Perot cavities built with Si micro-mirrors and thin diamond slab
promise a significant improvement of the collection efficiency in comparison with the
bare slab. The observed cavity finesse (> 1000) was limited by the scattering losses due
to the surface roughness (1 - 2 nm) of the used diamond sample. Higher finesse (> 4000)
and photon collection efficiency > 10% is expected for samples with the surface
roughness < 0.5 nm. This result promises to significantly enhance the photon collection
efficiencies of ZPL photons from the single NV centers in diamond, which are currently
at the order of 0.1% for setups based on solid immersion lenses or diffraction gratings.
The photon collection efficiency is the limiting factor for quantum information
processing in diamond-based photonic devices.

We assembled cavities for NIR region, where we achieved very high finesse (350 000)
and simultaneously very low volume of the cavity mode (23 A%). The reported value of
(Q/V)/173 = 1.8 x 10°, which governs the Purcell enhancement, exceeds the performance
of all open-access optical microcavities to the best of our knowledge, and is almost three
times larger than for the other types of open-access microcavities. High Purcell
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enhancement is pivotal for applications requiring enhancement of the interaction of light
with matter, such as spin-photon interfaces or cavity-cooling of nanoparticles.

e We fabricated complex patterns with interesting optical and electrical properties in the
layer of hydrogenated amorphous Si by using conductive AFM microscope. This may
be useful for various applications of a-Si:H itself or as a template for selective growth
and self-assembly of nano-materials for photovoltaics or photonics.

e We showed that the diamond nucleation can be efficiently suppressed by hydrogenated
amorphous Si. We demonstrated the ability of the hydrogenated amorphous Si to work
as a mask for the selective depositions of diamond with optically active SiV centers. The
growth of precisely placed diamond crystals and structures can be favorably used to
create electronic elements and sensors, photonic structures, and eventually single photon
sources for quantum communication based on luminescence of diamond color centers
(SiV, NV).

Outlooks

There are various prospective applications of the photonic structures in diamond that can
benefit from our results. Polycrystalline diamond layers are advantageous for bio-sensing
thanks to the diamond bio-compatibility and low toxicity, and because polycrystalline layers
can be cost-effectively deposited over large surface areas of various samples. The color centers
alone can be used for sensing applications as was already demonstrated by several groups. The
addition of photonic effects improves the collection efficiency of light from color centers.
Moreover, the photonic structures are sensitive for the changes of refractive index in their
neighborhood, and thus they can be used as independent detection mechanism for the sensors.

Weak PhC slabs are particularly interesting for bio-sensing as they can be easily fabricated
over large areas of the substrate. We are currently working on the fabrication of PhC slabs with
(1) spectral overlap between modes at I'-point and SiV centers ZPL, (ii) SiV placed only in the
surface layer, and (iii) maximized extraction efficiency of the modes. We will carry out
preliminary experiments to compare this design with current bio-sensing devices. The PhC
cavities may also be used for sensing in principle, which is, however, hindered by the complex
fabrication process. The presented method of tuning of the cavity modes can be utilized for the
construction of diamond PhC cavities sensors.

Another promising application is the use of color centers in diamond as single photon
sources for quantum information processing. The color centers are perspective for the use as
nods of the future quantum networks, as they are suitable for preparation of entangled photon
states. Efficient collection of photons is of critical importance for achieving reliable single
photon sources for these quantum networks. Both the Fabry-Perot cavities and the PhC cavities
can be used for the improvement of light collection from single photon sources. However, in
this work only Fabry-Perot cavities were demonstrated in monocrystalline diamond, which is
necessary to reduce absorption and scattering on diamond grains. The results achieved on PhC
cavities will be extended towards monocrystalline diamond with single photon sources in
future.

The disadvantage of color centers in diamond is their spectral position in the red part of
spectra with considerable light scattering. The shift to NIR spectral region, e.g. utilizing the
color centers in SiC or Si, is anticipated in the near future. Fabry-Perot cavities investigated in
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this work will be further used to host SiC slab with vanadium color centers. A more distant goal
Is to use the vanadium color centers coupled to Fabry-Perot cavities as a source of single
photons for long-distance quantum communication.

Apart from diamond, the photonic structures offer improvement in other applications. Our
achievements may be particularly interesting for photovoltaic applications, where the resonant
excitation via leaky modes of PhC slabs promises enhanced absorption efficiency in the
progressive field of thin film organic, dye sensitized, and perovskite solar cells. PhC slabs are
of interest for lighting applications, where the inverse effect of extraction of light via leaky
modes is utilized. More complex photonic structures (e.g. PhC cavities and waveguides) can be
used for the construction of photonic chips with applications in photonics and electronics.
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ABSTRACT: Silicon vacancy (SiV) centers are optically
active defects in diamond. The SiV centers, in contrast to
nitrogen vacancy (NV) centers, possess narrow and efficient
luminescence spectrum (centered at ~738 nm) even at
room temperature, which can be utilized for quantum
photonics and sensing applications. However, most of light
generated in diamond is trapped in the material due to the
phenomenon of total internal reflection. In order to
overcome this issue, we have prepared two-dimensional
photonic crystal slabs from polycrystalline diamond thin
layers with high density of SiV centers employing bottom-
up growth on quartz templates. We have shown that the
spectral overlap between the narrow light emission of the
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SiV centers and the leaky modes extracting the emission into almost vertical direction (where it can be easily detected) can
be obtained by controlling the deposition time. More than 14-fold extraction enhancement of the SiV centers
photoluminescence was achieved compared to an uncorrugated sample. Computer simulation confirmed that the extraction
enhancement originates from the efficient light-matter interaction between light emitted from the SiV centers and the

photonic crystal slab.
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iamond has a wide bandgap of 5.5 eV and the
D strongest UV emission line positioned at $.27 eV (235

nm) at room temperature.' Nevertheless, lumines-
cence in the visible spectrum from diamond can be achieved by
introducing defects and impurities” during the fabrication
process, which leads to the formation of light-emitting color
centers. This makes diamond a material very attractive for
integrated and quantum photonics®~> but also in biology for
labeling®” and sensing applications.”

One of the very promising color centers in diamond,
especially for quantum information processing and single
photon generation, are negatively charged silicon-vacancy (SiV)
centers which are created when a single Si atom substitutes for
two C atoms in the split vacancy configuration.” Compared to
the well-known and extensively investigated nitrogen vacancy
(NV) centers with broad room temperature emission spectrum
(width of about 100 nm),>'°~'* the SiV centers exhibit very

<7 ACS Publications  © 2017 American Chemical Society
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narrow zero-phonon-line (ZPL) of width of S nm even at room
temperature, which is centered at ~738 nm."’ Another
important advantage of the SiV centers compared to other
diamond optical centers is that 70% of its luminescence is
concentrated in the ZPL.'* Fast decay times in the range of
nanoseconds along with single photon emitters properties,'* ™'
makes SiV centers great candidates for practical applications as
they would not require cooling to low temperatures.

SiV centers can be fabricated by ion implantation into the
diamond'* or directly during deposition of the diamond layers
by adjusting growth parameters.'”'? Recently, we have
successfully fabricated polycrystalline diamond films with
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brightly luminescent SiV centers by employing microwave-
plasma chemical vapor deposition.”” This approach presents
relatively inexpensive and flexible way of diamond films
fabrication across large areas, possibility to adjust material
properties, and flexibility in coating other materials. However,
the challenge to increase the optical quality of the prepared
layers in the visible spectral range and thereby to increase the
luminescence intensity from SiV centers is still an issue.
Different ways how to increase quantum yield of the SiV
centers photoluminescence (PL) are investigated.

The efficiency of PL from optically active diamond color
centers can be improved also indirectly by combining them
with plasmonic (metallic)*' ™7 or photonic (dielectric)
nanostructures. For example, the NV centers PL was coupled
to the modes of diamond microdisk’® and microrin
resonators,”” to a photonic crystal cavity’” or nanowires.'
Interestingly, even though a number of photonic structures
have been demonstrated both on single-crystal™*' ™ and
polycrystalline diamond,** % only a few works exist on the
photonic nanostructures with the SiV centers. Recently, Becher
et al. have obtained 2.8 enhancement of the SiV centers PL via
the Purcell effect by spectrally tuning the photonic crystal cavity
mode by oxidizing the diamond film.”” The same group has
also shown that a single SiV center can be coupled to a
photonic crystal cavity prepared in a single-crystal diamond and
they achieved 19-fold enhancement of the SiV center PL.** For
the polycrystalline diamond, 2D arrays of diamond nano-
pillars™* enabled to manipulate the PL from SiV centers,
however, no significant enhancement of the PL was achieved.

For the case of the optical centers embedded in thin layers,
the PL efficiency can be also increased by enhancing the
extraction efficiency from the layer, for example, by fabricating a
2D photonic crystal (PhC) on the top of it. The mechanism is
such that light emitted in the layer first couples into the leaky
modes of the PhC and then radiates to air under defined
angles.*"** In ref 36 and in more detail in ref 43, we have
introduced this approach to polycrystalline diamond layers. We
have etched the surface of a diamond layer into the shape of a
square-lattice PhC in order to increase intensity of the
spectrally broad “white” emission of diamond which, however,
did not contain optically active SiV centers. In ref 44, we have
shown that light emission from surface-deposited Si quantum
dots on such PhC can be also enhanced.

In order to employ the leaky modes concept for the SiV
centers light emission, the fabrication technique must enable to
obtain perfect spectral overlap of the leaky modes with the
narrow PL of the SiV centers. Furthermore, the overlap with
vertically propagating modes is desirable from the application
point of view, for example in photonics or sensing, because it
simplifies light collection from such device. The typically
employed structuring techniques such as focused ion beam
milling**™*” or reactive ion etching®*******? of the diamond
surface through a periodic mask defined by an electron beam
lithography could be employed. However, due to very narrow
emission spectrum of the SiV centers, these methods would
require many testing samples to obtain the requested spectral
overlap with the vertically propagating leaky modes. At least for
polycrystalline diamond, these structuring methods appear not
cost-efficient for this particular case. Furthermore, we have an
experience that the ion etching of the polycrystalline diamond
often results in relatively low structural quality of the samples.**

Here, on the contrary, we present an efficient yet relatively
simple method to obtain 2D PhC slabs on polycrystalline
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diamond layers having leaky modes spectrally overlapping the
narrow emission line of the SiV centers. It is based on growing
the diamond layer on a patterned quartz substrate and it thus
avoids etching of the diamond itself. The electron beam
lithography and reactive ion etching is employed only for
etching the quartz template with a demand on precision, which
is easily achievable without any time-consuming testing. The
precise spectral overlap of the narrow PL spectrum of the SiV
centers with the vertical leaky modes is achieved by subsequent
growth of the polycrystalline diamond layer. It takes an
advantage from the fact that the spectral position of the leaky
mode resonances varies with the thickness of the diamond
waveguiding layer, which is a parameter easily controlled by
deposition time. Strength of this method is first demonstrated
on a series of samples having different thickness of the diamond
layer. Samples with optimal thickness are then employed to
enhance the PL extraction efficiency of the embedded SiV
centers. We will show that by using this approach, the PL
extraction efficiency can be increased more than 14 times
compared to the emission from the SiV centers in an
unpatterned layer. Furthermore, the structure was designed
such that the PL emission was directed almost in the vertical
direction, which simplifies light collection.

RESULTS AND DISCUSSION

Dimensions of the PhC slabs were designed employing
rigorous-coupled wave-analysis (RCWA) technique. The
primary goal was to achieve a spectral overlap of the SiV
centers PL emission with the leaky modes located near the I'-
point of the reciprocal lattice by tuning the diamond layer
thickness. These modes exhibit low group velocity®”*! and
efficient coupling into the exterior™” and thus should enable an
efficient extraction of light emitted by the embedded SiV
centers. Another reason why the leaky modes around the I'-
point are preferred extraction channels is that these modes are
extracted in vertical or almost vertical directions, which is
favorable for optical applications. Figure la shows a cross-
section of the PhC structure used in the simulation. As a result
of the computation, a set of parameters specified in the Figure
la were obtained for the PhC composed of columns ordered
into square and hexagonal lattice symmetries. In the simulation
we assume that the speed of the lateral growth is comparable to
the horizontal one. In such case, the diamond columns
diameter is equal to the sum of the silica column diameter
dg,, and twice the thickness of the overgrown diamond h, i.e., d
=dgy, + 2h.

To elucidate our approach, Figure 1b shows the simulated
normal incidence transmission spectra of hexagonal PhCs with
different thickness of the diamond layer h. Leaky modes are in
the transmission spectra manifested as Fano resonances due to
the fact that light of a given wavelength incident on the PhC
from outside under a given angle can couple into the leaky
mode of the PhC when it fulfills the Bragg diffraction
condition.”*** By decreasing the thickness of the layer, the
fundamental TE and TM mode resonances shift toward lower
wavelengths and for the PhC with h = 110 nm, the TE mode
overlaps with the SiV center emission band. The choice of the
overlap with the TE-mode is based on its lower Q-factor
compared to the TM-mode given by the clearly (except for the
h = 175 nm) spectrally broader resonance. The advantage of
the low Q-factor is (i) easily achievable spectral overlap with
desired wavelengths, and (ii) shorter extraction length and thus
only a limited interaction of the radiation with optical losses in
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Figure 1. (a) Schematic cross section of a quartz periodic template (top) and the resulting PhC after the diamond growth—the ideal case with
the cylindrical columns (dark gray) vs the more-realistic case with the dome-shaped pillars (dashed red curve) are depicted (bottom). (b)
Simulated transmission spectra for normally incident light on the hexagonal PhC structures with ideal cylindrical columns (shown in a) and
having different thickness of the diamond layer h and the column diameter d = d;, + 2h, which demonstrates the tunability of the leaky
es with the di d layer thickness. Deep minima in transmission curves are the TE or TM leaky modes of different order m (m = 0
is a fundamental mode). The gray rectangle depicts spectral position of the SiV center PL band. (c) Measured transmission spectra (solid
curves) for the normally incident light on the hexagonal PhC samples grown for different deposition time t and thus differing in thicknesses
and diameters of the col The gray rectangle depicts spectral position of the SiV center PL band. The dashed black curves depict the

d spectra simul
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and optical losses).

d taking into account the real properties of the fabricated samples (dome-shaped pillars, thickness h,

the system. As the polarization of light emitted by the SiV
centers is random due to the random orientation of the
diamond grains forming the layer, it might appear that only the
part of emission coupled to the TE leaky modes will be
extracted using this scheme. Nevertheless, as it will be shown
experimentally, also a number of TM modes exist at this
wavelength around the I'-point for the case of the PhCs with
the hexagonal lattice symmetry. Therefore, also the SiV centers
light emission coupled to the TM leaky modes will be
efficiently extracted in the almost vertical directions and
covered by the narrow collection angle of the detection.
Fundamental modes were chosen as the extraction channels
because their Gaussian like spatial distribution of electric field
with only one maximum allows for their efficient feeding by the
SiV centers.

It should be noted that the computed parameters were
simulated using values of refractive index taken from the index
database and supposing structures with perfect structural
quality. From our previous experience, we anticipated that
the resulting structures may have, except for the lattice
constant, slightly different parameters (refractive index,
diameter of the columns, shape of the columns). These
differences are a consequence of many fabrication steps
involved, which often lead to structural imperfections, and
also a consequence of the polycrystalline nature of the material.
Nevertheless, as it was not easy to estimate the exact trend of
the diamond growth in advance, the results of the simulation
served as a very good starting point for the subsequent
fabrication.

The fabrication process was divided into two main steps
which are schematically depicted in Figure la. First, quartz
substrates were nanostructured with a periodicity and
dimensions predicted by a computer simulation employing
electron beam lithography technique and reactive ion etching
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(RIE). Namely, 4 identical periodic structures (each having 1 X
1 mm?) comprising columns (diameter &~ 100 nm, height ~
170 nm) with square lattice symmetry (lattice constant a = 360
nm) and 4 identical structures composed of similarly high
columns with hexagonal symmetry (a = 460 nm) were
fabricated on the quartz substrates. As a second step, the
periodic patterns were seeded with diamond nanopowder and
subsequently overgrown with diamond layers yielding poly-
crystalline diamond PhC slabs. SiV centers were formed during
the growth in a plasma reactor by placing a source of Si close to
the sample. Thickness of the diamond layer was controlled by
the deposition time. In order to experimentally demonstrate the
effect of different diamond layer thicknesses on photonic
properties of the structures, deposition times of 54, 42, 30, and
24 min were used. Figure 2 shows SEM images of the fabricated
PhC slabs. It is evident that with decreasing the deposition
time, the diameter of the columns decreases and their shape
slightly changes. We have verified by the AFM measurements
that the height of the columns hpy,c remained almost equal to
the height of the etched silica columns hg,. The diamond-
covered columns had a slightly dome-like shape as measured by
the SEM and AFM (see Supporting Information). Due to a
geometrical difference between the real samples and the ideal
simulated ones, mainly in the shape of the pillars (dome-like
shape pillars vs cylindrical columns), the thickness h of the
grown samples needed to be in some cases increased compared
to the simulated one in order to demonstrate a similar trend of
the leaky modes shifting in the experimental data. The
thicknesses of the grown diamond layers were ~285, 215,
155, and 115 nm going from the longest deposition time to the
shortest one. The difference between the predicted (with the
ideal columns) and the real thickness is negligible for the
shortest deposition time. However, it increases with increasing
the deposition time meaning that the longer time grown
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angle-resolved S-polarized transmission spectra in the I'=X direction for the square lattice and in the I'=K direction for the hexagonal lattlce
PhCs. Leaky modes are visible as bands in the maps of transmission efficiency plotted as a function of wavelength and the angle of incidence
6. The blue arrows depict TE fundamental modes of the given sample. The horizontal and vertical white dashed lines depict a spectral
position of the SiV center PL maximum and the boundary of the collection cone defined by the numerical aperture of the objective used in

micro PL measurements, respectively.

structures cannot be anymore well approximated by the ideal
case of the cylindrical columns. In the following, we will show
that the photonic properties of the fabricated PhCs can be very
well reproduced by taking into account the real shape of the
columns in the simulation. We would like to note that it is out
of scope of this study to describe in more detail the diamond
growth process as it depends in a nontrivial way on many
parameters of the prepatterned quartz template such as lattice
constant, filling factor, efc.

After the diamond growth, we probed the leaky mode
resonances of the fabricated PhCs employing angle and
polarization resolved transmission spectroscopy. The measured
normal incidence transmission spectra of the hexagonal lattice
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PhCs prepared with different deposition times, plotted in
Figure lc, qualitatively follow the trend predicted by the
simulation shown in Figure 1b. Note that for the sample with
deposition time of t = 54 min we could not see the fundamental
leaky mode due to the spectral limitation of the detector but we
can clearly identify the first order modes.

In order to describe the measured spectra by the simulation,
the real dimensions of the sample extracted from the SEM
images, dome-like shape of the columns and optical losses were
included for the simulated structure (see the Methods section
for details). A very good quantitative agreement was obtained
between the measurement and the theory for the structures
grown for 24, 30 and also 42 min (Figure Ic, solid vs dashed
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Figure 3. (a) Spectrally integrated (740 + 13 nm) confocal PL image of the edge of the PhC structure. The strongly light emitting surface on
the right side represents the PhC structure, while the less emitting part on the left side is the unpatterned part of the diamond layer. Scratch
that removed some columns at the upper part of the PhC structure is also visible. (b) AFM image of the edge of the PhC structure
corresponding to the part of the image shown in (a). (c) Comparison of PL emission spectrum of the hexagonal PhC (black) corresponding
to the SEM micrograph in Figure 2h and that of an unpatterned diamond sample (red). (d) Enhancement factor, defined as ratio of the PL
intensity from the PhC to that from the unpatterned sample, is compared to the ed and simulated tr ission curves obtained with S-
polarized light along the I'-K direction and incident angle of 2.5° for the hexagonal lattice PhC. Insets show simplified sketches of the

experimental setups used for acquiring the plotted data.

line). For the structure grown for 54 min, the theoretical curve our experimental setup. By gradually shortening the deposition
is slightly different from the measured one due to very irregular time, the fundamental leaky mode resonances blue shift toward
shape of the diamond pillars. the SiV center PL band which is in Figure 2 schematically

When the angle-resolved transmission efficiency is plotted as depicted by horizontal dashed lines. The goal to get an overlap
a function of wavelength and the angle of incidence, it forms a of the SiV center PL with modes at or close to the I'-point is
photonic band diagram of the studied PhC slab***** in the almost perfectly satisfied for the square lattice PhC grown for
angle-wavelength representation. Naturally, only those modes 30 min and for the hexagonal lattice PhC grown for 24 min. For
of the structure which couple with air modes can be mapped by the square PhC, however, the resonances around the SiV center

this approach. Figure 2 shows the measured photonic band
diagrams corresponding to the fabricated structures whose
SEM images are displayed in parallel. Photonic bands are
formed by the deep minima in transmission curves. Only those
photonic band diagrams measured with S-polarized light
propagating along the I'=X direction for the square and
along the I'=K direction for the hexagonal lattice PhCs,
respectively, are shown. Photonic band diagrams of the leaky
modes of all the fabricated structures measured with S and P
polarized light along the significant directions are included in
Supporting Information. For the PhC samples grown for 54

PL maximum are shallow and not very well pronounced in the
transmission spectra whereas for the hexagonal one the
opposite is true. The very deep minima suggest high extraction
efficiency of these modes due to the reciprocity between the in-
and out-coupling of light. Therefore, in the following, we will
mostly focus on discussing the properties of this particular
sample with hexagonal symmetry and deposition time t = 24
min. For the other PhC structures the overlap occurs at higher
angles of incidence where the extraction efficiency is lower than
that for the modes being close to the I'-point. It should be

min, it clearly holds that the fundamental leaky modes are noted that due to well estimated growth conditions for the
spectrally red-shifted with respect to the SiV center PL short deposition times, already the structure grown for 24 min
emission. For the square lattice, the fundamental leaky mode had the desired photonic properties. Nevertheless, if this were
at the I'point is located at around 790 nm and for the not the case, our method enables us to fine-tune the leaky
hexagonal lattice the mode is out of the detection window of modes by changing the deposition time in small time-steps.
2976 DOL: 10.1021/acsnano.6b08412
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Figure 4. (a, b) Measured and (c, d) RCWA simulated photonic
band diagrams of the (best-performing) hexagonal photonic crystal
slab (shown in Figure 2h) for the S- and P-polarized light incident
along the I'-K and I'-M direction of the reciprocal lattice. The
solid horizontal line is positioned at the spectral maximum of the
SiV centers PL. For the discussion on the dashed horizontal line see
the text. The diagrams are shown only within the range of the
relevant incident angles with respect to the collection angle. The
diagrams are extracted from tr ission curves ed/
simulated as a function of the incident angle (zero being the
normal incidence).

Next, a scanning confocal microscope was employed to
qualitatively map the SiV centers PL in the fabricated PhC
structures. Figure 3a shows a spectrally integrated (740 + 13
nm) PL intensity map obtained by scanning the boundary of
the hexagonal PhC structure grown for 24 min (Figure 2h) and
the surrounding unpatterned layer. As evidenced by the AFM
scan shown in Figure 3b, the PhC structure is located at the
right side of the image and the unpatterned reference is at the
left side. The scanning confocal image thus clearly demon-
strates that the intensity of light extracted from the PhC is
much higher than that extracted from the unpatterned
reference diamond layer.

Then the performance of the samples with respect to the
extraction efficiency was quantitatively evaluated by a micro-PL
setup, which includes an objective with a collection half angle of
6.9° (NA = 0.12). The narrow collection angle of the objective
was chosen in order to detect only the modes propagating in
the vertical or almost vertical direction. Figure 3c shows the
micro-PL spectrum of the hexagonal PhC (f = 24 min) in
comparison with the micro-PL spectrum of the unpatterned
diamond layer of a similar thickness h. In the plotted emission
spectra, the SiV centers light emission is revealed as a relatively
narrow peak centered at around 740 nm superimposed on a
broad emission band. The broad emission band originates from
various optically active defects introduced unintentionally
during the diamond growth. The increase of the extracted
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SiV centers PL intensity is in the case of the PhC more than 14-
fold as demonstrated by plotting the enhancement factor in
Figure 3d. The enhancement factor was computed as a ratio of
the micro PL spectrum of the PhC to the unpatterned part of
the same sample. By comparison with micro-PL spectra of the
other samples (see Supporting Information), we have
confirmed our expectation that the hexagonal PhC grown for
24 min has the best-performance with respect to the extraction
efficiency of the SiV centers PL. Considering the low NA of the
objective, the extracted PL is confined within a relatively
narrow angle simplifying practical usage of such device. It
means that sophisticated optics to collect the extracted
emission would not be necessary but a simple well aligned
lens would be sufficient to collect the PL.

The measured effect of the PL extraction enhancement is
mostly related to Bragg diffraction. The almost perfect intensity
coincidence between the measured PL spectra from the PhC
and the reference at wavelength regions 500—550, 610—650
and 850—900 nm (see Figure 3c), i.e., outside the leaky modes,
shows that the effects of increased number of SiV centers in the
PhC compared to the reference sample (due to the diamond
material deposited on the columns sides) or increased PL
emitting surface are negligible. Next, the cavity-enhanced
spontaneous emission via the Purcell effect™® is absent in the
studied sample as verified by the time-resolved PL measure-
ments of the SiV centers within the PhC and outside (see
Supporting Information, Figure S14). Neither the effect of
inhibited spontaneous emission into waveguide modes®”** is
relevant for our structure which cannot possess a photonic
bandgap because of its laterally asymmetric nature and low
refractive index contrast between the diamond layer and the
silica substrate. Hence, the obtained enhancement factor does
not need any corrections and directly shows the amount of light
extraction via leaky modes.

The extraction angle depends on the polarization of the
mode and the direction of its propagation within the PhC slab,
defined by the k-vector. For example, by studying the measured
transmission curves for the S-polarized light incident along the
I'—K direction on the best-performing hexagonal lattice PhC
we have found that the in-coupling of light at the wavelength of
the SiV center PL occurs for the incident angle of 2.5°. This
transmission curve is plotted by a solid line in Figure 3d and it
is clear that its deep minimum spectrally coincides with the
enhancement factor maximum at ~740 nm (being at the SiV
peak maximum). This implies that for the case of the light
extraction from the layer, which is a reciprocal situation to the
coupling of light, part of the light emission from the SiV centers
is coupled into this leaky mode and efficiently radiates into the
surrounding under the angle of 2.5°. Nevertheless, also other
modes propagating in different crystal directions that are within
the spatial detection range of the objective (boundary of the
collection angle of the objective at 6.9° is depicted by the
vertical dotted lines in Figure 2) and spectrally overlap with the
PL of the SiV centers contribute to the PL extraction
enhancement.

Figure 4 shows the measured and simulated photonic band
diagrams of the best-performing hexagonal PhC (t = 24 min)
for our detection-scheme-relevant incident angles. Intention-
ally, the simulated band diagrams take into account real
dimensions of the sample except optical losses in order to
clearly resolve the photonic bands. Spectra simulated with the
optical losses are plotted in Supporting Information (Figure
S11). Due to the character of the photonic band diagram given
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by the symmetry of the hexagonal lattice, high density of modes
(both TE and TM) exist around the -point. Clearly, the SiV
centers PL peak maximum, depicted by the solid horizontal line
in Figure 4, is not tuned to overlap exactly the leaky mode at
the [-point (dashed line) but it is positioned spectrally slightly
below it. Thanks to this, it overlaps leaky modes of both
polarizations (TE and TM), which makes the employed
extraction scheme independent of the source polarization. It
is interesting to discuss how the extraction would be affected if
the PhC was tailored such that the SiV centers PL perfectly
overlapped the almost horizontal very deep transmission
minimum (TM mode) in the I'—K direction (right part of
the dotted horizontal line in Figure 4b,d). The answer can be
extracted directly from the PL spectra shown in Figure 3c in
which the effect of this mode on the PL spectrum is manifested
as the long-wavelength shoulder of the SiV centers PL peak at
around 750 nm. The extraction enhancement factor at this
wavelength is approximately 7 (see Figure 3d), which is half of
the extraction enhancement measured for the SiV centers PL
peak. The reason for this lower enhancement is the higher Q-
factor of the almost “horizontal” TM mode (in Figure 4)
compared to some of the “inclined” modes, and the overall
lower density of modes at this wavelength. It should be noted
that at exactly the I'-point (*750 nm), this “horizontal” mode
has a character of the TE-mode even though the mode is
excited with the P(TM)-polarization. Clearly, this follows from
the symmetry of the structure for the case of the normal
incidence. The I'-point TM-like mode is located at around 700
nm in this case.

In order to further support the interpretation of the
extraction enhancement origin we will compare the extraction
efficiency of the best-performing hexagonal PhC sample (t = 24
min) with another PhC structure. As a representative sample,
we have chosen the PhC with square lattice symmetry grown
for 54 min (Figure 2a), which has larger fill factor and thickness
than the hexagonal PhC. Namely, its parameters are as follows:
lattice constant = 360 nm, diameter of the columns & 350 nm,
height of the dome-shaped columns &~ 180 nm, height of the
diamond layer ~ 285 nm. PL spectrum along with the
enhancement factor of this sample are plotted in Figure S. In
this case, the SiV center PL peak of the unpatterned layer and
the PhC crystal perfectly overlaps in intensity (Figure Sa)
revealing that there is no effect of the PhC on this emission
within the collection angle covered by the objective. This arises
due to the fact the SiV center PL spectrally does not coincide
with any leaky modes located close to the I'-point, within the
collection angle. Furthermore, as in the previous case of the
hexagonal PhC, the perfect overlap in the PL intensity
everywhere except at the positions of the leaky modes also
evidences that there is no other mechanism, such as excitation
laser in-coupling or slightly increased volume of the PhC with
respect to the reference layer, contributing to the extraction
enhancement than the out-coupling via leaky modes. On the
other hand, other wavelengths of the emission from diamond
defects are considerably enhanced. For example almost 7-fold
enhancement was obtained for the PL emission at 790 nm (see
the enhancement factor in Figure Sb) which spectrally
coincides with the fundamental leaky modes around the I'-
point (see photonic band diagram in Figure 2a and Figure S10
in Supporting Information). These relatively narrow peaks in
the PL spectrum are thus generated as an effect of the periodic
pattern on the broad luminescence of diamond and should not
be mistaken for some new strongly emitting optical centers.
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Figure S. (a) Micro-PL spectrum of the PhC with square lattice
symmetry grown for 54 min (shown in Figure 2a) compared to the
spectrum of the unpatterned diamond layer. (b) Enhancement
factor of the emission signal from the square lattice PhC shown in
(a). The gray rectangle depicts the PL band of the SiV centers.

Finally, we would like to compare briefly the performance of
the hexagonal and the square lattice PhCs considering the
extraction efficiency via the leaky modes. For the SiV centers
PL, the highest enhancement factor achieved with the square
lattice symmetry was ~8 and that was in the sample grown for
30 min (see Figure S13a in Supporting Information). This
lower enhancement compared to the best-performing hex-
agonal PhC grown for 24 min might be both due to lower
density of the leaky modes around the I'-point and/or due to
not perfectly spectrally tuned leaky modes with respect to the
emission wavelength of the SiV centers (see photonic band
diagram in Figure 2c and Figure S8 in Supporting Information).
On the other hand, the density of the leaky modes can be, in
the case of the square lattice, increased by decreasing the
spectral separation of the fundamental TE and TM modes. This
can be practically realized by increasing the thickness of the
layer. The square PhC grown for 42 min can serve as an
example of this effect (see photonic band diagram in Figure 2b
and Figure S9 in Supporting Information). Nevertheless, even
such optimized structure gives extraction enhancement factors
not higher than 10 (Figure S13b in Supporting Information).
The enhancement factor of 10 was obtained at other
wavelength than that of the SiV center PL. However, as there
is no other effect contributing to the extraction enhancement
than the PL coupling to the leaky modes, it is reasonable to
expect that the same results would be obtained if the leaky
modes were spectrally coincident with the SiV centers PL.
Another fact that supports this expectation is that for the PhC
with hexagonal symmetry grown for 42 min, the enhancement
factor of 14 (Figure S13b in Supporting Information) was
measured at the wavelength of 805 nm, which is the similar
enhancement as was obtained also for the SiV centers PL with
the hexagonal PhC grown for 24 min. We can thus conclude
that in our case, the hexagonal lattice PhCs possess within the
studied (narrow) collection angle better performance with
respect to light extraction than the square lattice PhCs due to
(i) higher density of modes around the I'-point and (ii) lower
Q-factor of the leaky modes. Furthermore, the enhancement
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factor of 14 seems to be a maximal achievable value with this
type of structures and material. It is slightly lower (14 vs 19)
than that achieved for the SiV centers embedded in a single-
crystal diamond PhC cavity® due to a different enhancement
scheme employed (Purcell effect in ref 38 and leaky modes in
our case) and due to optical losses present in the polycrystalline
diamond. On the other hand, this is counterbalanced by
cheaper and relatively easily up-scalable fabrication approach
presented in this paper.

CONCLUSIONS

In summary, we have reported an experimental demonstration
of 2D photonic crystal slabs with efficient extraction of the SiV
centers luminescence. We have shown that the extraction of the
SiV center luminescence can be more than 14 times increased
compared to the uncorrugated diamond layer when the
periodic structure on diamond layer is carefully designed and
fabricated. It was evidenced by an experimental characterization
of the sample and by the computer simulation that such
enhancement was obtained thanks to the spectral overlap of the
SiV centers emission with the leaky modes of the photonic
crystal slabs. We have introduced a fabrication method that
allowed for avoiding the structuring of the diamond itself by a
direct growth on a patterned quartz substrates. It enables us to
tune relatively easily yet effectively the spectral position of leaky
modes by changing the deposition time while keeping the
similar type of the quartz template. Furthermore, the etching of
quartz, being relatively easy, can be cost-effectively up-scaled to
larger areas using for example nanoimprint-lithography
requiring only limited machine processing time.”” Coupling
of SiV centers to the leaky modes of the PhC based on
polycrystalline diamond marks pivotal progress toward the
usage of such structures in diamond-based photonics or as
optical sensors. Although demonstrated with an ensemble of
active centers in this work, coupling of spatially separated
emitters or emitters located only close to the surface should be
also possible using the techniques described here. Therefore, in
addition to the fundamental interest in manipulating light
emission from the SiV centers, these structures present
potential applications for future optical components, for
example as light sources with directional and efficient light
extraction.

METHODS

Fabrication. Diamond growth was realized on a quartz substrate
which was periodically patterned. The quartz glass (1 X 1 cm?) was
coated with an electron sensitive polymer (PMMA). Then, the
electron beam was employed to nanopattern the PMMA into the form
of the base matrix. Then, a Ti/Au (5/50 nm) masking matrix was
evaporated. Finally, dry plasma etching in capacitively coupled RF-
plasma in a SF, gas was performed yielding geometrically ordered
quartz columns (diameter of 2100 nm, height of ~170 nm) with the
square (lattice constant of 360 nm) or hexagonal lattice (lattice
constant of 460 nm) symmetry. Altogether, 8 periodic patterns were
fabricated: 4 with hexagonal symmetry and 4 with square lattice
symmetry, each of them having 1 X 1 mm®

These structured substrates were ultrasonically seeded in a water-
based suspension with detonation diamond powder. The diamond
growth was performed by focused microwave plasma chemical vapor
deposition using an ellipsoidal cavity resonator from a hydrogen and
methane gas mixture. The growth of the continuous diamond layer
followed the primary template created in the quartz. Parameters used
for the diamond deposition: deposition time t = 24, 30, 42, 54 min;
pressure p = 60 mbar, gas flow of hydrogen H, equal to 300 sccm, gas
flow of methane CH, equal to 3 sccm, H, to CH, ratio equal to 100,
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power of microwave source P = 3000 W and approximate surface
temperature of samples T = 750 °C. The main source of Si was a piece
of crystalline Si wafer. Another source of Si atoms was a quartz
substrate itself. Due to this the depth distribution of SiV centers can be
slightly nonuniform; however, this has no negative effect on the
performance of the PhC slab. The layout of each sample was such that
always two periodic templates, each having 1 X 1 mm?, one with
square and the other one with hexagonal lattice symmetry were
prepared on a single quartz substrate in order to have a comparable
diamond thickness for both symmetries after the diamond growth with
a single deposition time. The real thicknesses of the diamond layers
were extracted from cross-sectional SEM images of the planar
diamond samples (see Figure S1 in Supporting Information) grown
side-by-side with PhC samples. The obtained values are in a very good
agreement with the values measured on the uncorrugated part of the
PhC samples by the reflection measurements.

Optical Methods. Confocal Imaging. We used the Micro-
Time200 (PicoQuant) confocal time-resolved microscope pla\tform.b0
The sample was excited with a 2 yW average power in the diffraction
limited confocal observation spot by 470 nm diode laser through 100X
magnification air spaced objective (Olympus, NA = 0.8). The PL was
collected in epifluorescence observation mode by the same objective,
passed through a 75 um diameter pinhole and detected by a Si-
avalanche photodiode (PerkinElmer SPCM-AQR-14) through an
optical filter transmitting 740 + 13 nm (Semrock). Pixel resolution
was 533 nm.

Angle-Resolved Transmission Spectra. A broadband tungsten lamp
was employed as a light source. A collimated light beam of small
divergence (angular spread lower than 0.3°) was obtained using a
pinhole and a series of lenses. Polarizer was used to define light
polarization. Transmitted light was detected using an optical fiber
connected to a spectrometer with an intensified CCD camera (Andor)
at the output. The sample was covered by a black paper with square
aperture (that matched the size of one photonic crystal) and vertically
mounted to a rotational stage. Subsequently, the sample was rotated
around the axis perpendicular to one of the main symmetry directions
of the PhC. For each angle (step of 27 arcminutes) the transmission
spectrum was measured. The same process was repeated without the
photonic structure (only with the aperture) afterward. The trans-
mission spectrum for each angle was obtained as the ratio of intensity
from these two measurements. The same measurement was done for
both polarizations and for both main symmetry directions of the PhC.

Micro-PL Setup. The sample was excited by a HeCd cw laser (442
nm) and the spectrally resolved PL was detected with a silicon CCD
camera. The photoluminescence was excited and measured in a
direction perpendicular to the sample plane employing a Leica
objective with NA = 0.12, which corresponds to a maximum collection
angle ~ 6.9° from a normal. The excitation spot diameter was ~2 um.
Intensity of photoluminescence from places with and without photonic
structures (both on the same sample) was measured and compared.

All the measurements were performed at room temperature.

Computer Simulation. RCWA technique based simulation tool
DiffractMOD (RSoft) was employed for (i) designing the photonic
structures and (ii) for simulating the results of optical experiments.
When designing the structures, the computed parameters of the PhC
structures were simulated using values of refractive index taken from
the index database, supposing structures with perfect structural quality,
and the pillars having perfectly cylindrical shape. We would like to
point out different lattice constant of the hexagonal (460 nm) and
square (360 nm) PhC. This is a result of the simulation, the goal of
which was (i) to get the spectral overlap of the fundamental leaky
modes with the emission line of the SiV centers and (ii)
simultaneously to have the thickness of a diamond film not smaller
than 80 nm in order to obtain a fully closed diamond layer of required
quality.

In order to find a good match between the measured data and the
simulation presented in Figure 1¢ and Figure 4, the following approach
was employed. First, values for the diameter of the dome-shaped
columns were extracted from SEM measurements. Second, dome-like
shape of the columns was included. Third, the thickness of the layer
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was iterated in order to get the best agreement between the simulation
and the experiment, ie., to get the spectral coincidence between the
respective minima. The obtained thicknesses were within the error
similar to those extracted from the cross-sectional SEM images and the
reflection measurements. Finally, optical losses were added to the
simulated structure in order to account also for the shape and intensity
of the measured spectrum and to get also a quantitative agreement.
For lossless material, all the resonances in the PhC transmission
spectrum usually reach zero transmitivity,” which is confirmed by the
simulation. However, losses make the minima shallower.* The optical
losses are present due to reabsorption of light inside the layer and due
to scattering on the structural imperfections. The simulation could be
slightly further improved by taking into account the real refractive
index of the layer; however, the value of the bulk diamond refractive
index is sufficient for our purposes.

ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.6b08412.

SEM images of the PhC sample at different stages of the
fabrication process, cross-sectional images of the
reference samples, representative AFM topography and
height profiles of the diamond pillars; photonic band
diagrams of the leaky modes measured with S- and P-
polarized light on all the studied samples and leaky mode
band diagrams of the hexagonal PhC (f = 24 min)
simulated with optical losses are included; results of
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Abstract: Optical losses of a host material together with
the total internal reflection phenomenon can significantly
reduce photoluminescence external quantum efficiency of
embedded light-emitters. This is not only the case for light-
emitting color centers in thin layers of nanocrystalline
diamond, but also for silicon nanocrystals in silica diox-
ide matrices and for some types of perovskite materials.
Here, we show that a significant boost (more than 100-fold
enhancement) of the directional light emission efficiency
from light-emitters in diamond can be achieved by using
two-dimensional photonic crystal slabs (PhCs) to extract
the light emission into vertical direction (resonant extrac-
tion) and at the same time to couple the excitation beam
into the structure (resonant excitation). We have further
shown that this so-called resonant extraction and excita-
tion scheme provides the highest enhancement when the
overlap between the electric field distribution of extraction
leaky mode and the region of the excited light-emitters is
maximized. This can be achieved by using the same type
of the photonic mode for both extraction and excitation,
and by optimizing the thickness of a diamond layer. The
usage of the same type of modes appears to be more sig-
nificant than tuning of the Q-factors of the excitation and
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extraction leaky modes individually. The results of our
measurements are supported by the outputs of computer
simulations. Our findings may be helpful in designing
future PhCs for extraction of luminescence originating
from various optoelectronic and sensor devices making
use of the unique properties of the diamond. Moreover,
our concept can be easily extended to other light-emitting
materials with optical losses.

Keywords: photonic crystal slab; leaky modes; nanocrys-
talline diamond; photoluminescence centers; light
extraction.

1 Introduction

Low optical quality of a material with otherwise perfect
physical and chemical properties can significantly reduce
its practical application in the field of photonics. One such
material is the nanocrystalline diamond, which shares
high mechanical and chemical stability [1], or the ability
to host single-photon sources [2, 3] with the monocrystal-
line diamond. However, its optical quality is significantly
worse due to the optical losses and light scattering on
grain boundaries [4-6]. Another material in which optical
quality hinders its usage as an efficient light source, for
example, as an alternative to the materials used nowadays
for organic light-emitting diodes, are halide perovskites
[7, 8]. In addition to the optical losses, the relatively high
refractive index causes that only a small portion of light
within an escape cone is radiated out from the thin layers
of these materials [9]. The major part of the emitted light
is coupled to guided modes supported by the layer and
then gradually absorbed [10]. The extraction is slightly
enhanced due to the scattering on inhomogeneities [11,
12]. Nevertheless, the emission has a Lambertian radia-
tion pattern, which requires the usage of sophisticated
optical elements in order to achieve reasonable collection
efficiency [13].
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Various photonic structures can be used for manip-
ulating light emission from materials with absorption
and scattering losses [14-18]. For instance, both the total
internal reflection and the amount of absorbed light can
be reduced by fabricating a suitable two-dimensional
photonic crystal (PhC) on the top of a thin layer [19-23].
Luminescence of the embedded light-emitters couples to
the leaky photonic modes of the PhCs which then radiate
to air under defined directions via the Bragg diffraction
phenomenon [24]. The extracted emission is thus strongly
directional and the far-field radiation pattern can be
tuned based on the required application by dimensions of
the PhC [25].

This is particularly important for etendue limited
applications [26] because then the extracted light can be
easily collected by a simple optical system or sent directly
onto a detector. Moreover, the amount of absorbed radia-
tion is reduced due to relatively short optical path [27].
Recently, we have shown that by using 2D PhCs on a poly-
crystalline diamond, up to 14-fold extraction efficiency
enhancement of the vertical light emission on a peak
wavelength can be achieved [28]. The vertical extraction
provides the highest emission intensity with respect to
other extraction directions due to the degeneracy of the
vertically out-coupled modes [29].

When optical excitation is used for generating emis-
sion, the PhC structure can be designed so that the excita-
tion beam is coupled into the layer through an excitation
leaky mode. This causes a significant increase of the exci-
tation efficiency and by this also the enhancement of the
photoluminescence (PL) intensity without the need to
increase the excitation power. The concept which com-
bines excitation and collection via leaky modes was first
introduced in 2007 by Ganesh et al. [30, 31], and is called
the resonant excitation and extraction, and it is success-
fully employed for the materials with negligible optical
losses and surface deposited light-emitters. The authors
argued, and their experiments proved that the main factor
affecting the efficiency of this process, are the Q-factors
of the excitation and extraction modes. Namely, the high
Q-factor of the excitation mode enables the long-lasting
localization of the pumping beam within the layer and, on
the other hand, the low Q-factor of the extraction mode
causes fast out-coupling of the emitted radiation to the
desired direction.

In this contribution we demonstrate that the enhance-
ment of the PL intensity into vertical direction from light-
emitters distributed homogeneously inside a thin layer
with low optical quality can be also significantly enhanced
by accommodating the resonant excitation and extraction
scheme, but in a specific regime. Namely, we propose and

DE GRUYTER

verify that employing one type of the leaky mode for both
the excitation and the extraction in combination with
maximized coupling of the emission to the extraction
mode is pivotal when the emitters are distributed homo-
geneously inside the material. Further we show that the
Q-factor analysis must also include absorption and scat-
tering of light in the material with low optical quality.
On the example of a nanocrystalline diamond layer with
a PhC on its surface, we demonstrate up to 115-fold PL
intensity enhancement at the wavelength of the extrac-
tion leaky mode using this approach. The nanocrystalline
diamond was chosen because it comprises optical losses
due to absorption and scattering [4], and in the same time
it possesses spectrally broad visible PL [32]. The latter
enabled us to elaborate this scheme for both the funda-
mental TE and TM modes on the similar sample. Finally,
we demonstrate that our experimental results agree with
the outputs of the simulations.

2 Sample design

The PhCs were designed with a goal to achieve resonant
excitation with blue (or green) laser and, at the same time,
efficient resonant extraction of the wavelengths within a
red spectral region. The resonant excitation and resonant
extraction scheme includes the following steps (Figure 1A):
(1) in-coupling of blue excitation beam into the leaky mode
of the photonic structure, (2) absorption of the in-coupled
light by the material, (3) emission of red PL from the excited
emitters and its subsequent coupling into the extraction
leaky mode, and (4) out-coupling of the light via the extrac-
tion leaky mode into the vertical direction. Some other
effects such as direct absorption of laser beam or direct
emission from the material into space also contribute to the
observed PL intensity in a vertical direction. However, their
contribution is marginal, and we concentrate solely on the
resonant excitation and extraction scheme.

The steps (1), (2), and (4) depend on the dimensions
of the PhC and their efficiency can be described by the
Q-factors of the excitation and extraction leaky modes.
The total Q-factor of the mode is composed of three con-
tributions, which quantify the losses caused by individual
mechanisms:

) ¢y

where o is the central frequency of the leaky mode and
Aw is the leaky mode full width at half maximum and Q,,
Q,. and Q_, characterizes the losses caused by Bragg
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Figure 1: Principle of light extraction via leaky modes and the properties of leaky modes.

(A) Schematic sketch of the resonant excitation (left part of the image) and extraction (right part) of photoluminescence (PL) via Bragg
diffraction of leaky modes. Excitation laser (blue solid arrows) is coupled into the leaky mode of the photonic crystal (PhC) (black solid
curve). While propagating in the material, it is partially absorbed (red region) and partially diffracted out (blue dashed arrows). The excited
emitters (located in red region) then emit light that partially couples to the extraction leaky mode (black solid and dashed curves) and is
diffracted out from the material (red arrows). Spatial overlap of the excited region (defined by the excitation leaky mode) with the extraction
leaky mode is crucial for maximizing PL enhancement using the resonant excitation/extraction scheme. (B) Simulated electric field intensity
for the PhC-A sample (see Figure 2) for TE  and TM_ excitation mode (left) and TE, extraction mode (right). Note that the TM; mode has two
nonzero components of E-field with different distributions. The black line shows the boarders of PhC unit cell. The intensity of the field is
normalized to the unit amplitude of the incident wave. See Figure S5 in Suppl. info for simulations of field components of all modes relevant
for the discussion throughout the paper. (C) Simulated photonic band diagram of PhC-A sample for angles of incidence between 0° and 70°.
The graph shows the transmission efficiency of unpolarized light for given wavelength and angle of incidence. (D) Simulated absorption
efficiency of PhC-A as a function of the angle of incidence (between 0° and 70°). Increased absorption at 442 nm matches the position of
leaky modes in (C). The effects of scattering and fabrication defects are not included.

diffraction, absorption, and scattering (both on material
inhomogeneities and on defects caused by fabrication) of
light, respectively. The out-coupling efficiency of a leaky
mode from the PhC slab is maximized when the Q. is

dif
minimized, and simultaneously Q,,  and Q_, are maxi-

scat

mized. Subsequently, most of the light is diffracted into
defined direction instead of being absorbed or randomly
scattered. On the other hand, the excitation efficiency is
maximized when Q, is minimized, and Q,, and Q_, are
maximized. The low Q,, implies high absorption and high
Q. and Q_,, extend the optical path of the mode in the

material. The absorption and scattering losses are given

by characteristics of the material, which we do not try
to tune (although it is possible by changing the deposi-
tion conditions). Nevertheless, all, Q i Qe @and Q__, can
be changed by the physical dimensions of the PhC. Note
that it follows from the above-discussion, that the Q, and
Q,,. requirements on the extraction and excitation leaky
modes are exactly opposite.

The efficiency of step (3) depends on the single-mode
local density of optical states (SM-LDOS) that quanti-
fies the power that is coupled to the specific mode from
the dipole source. Note that the total LDOS is higher than

SM-LDOS because it includes also light that couples to
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other modes and the light that is directly radiated to space.
The spatial profile of the SM-LDOS is proportional to the
electric field distribution of the respective mode. The effi-
ciency of step (3) is thus proportional to the spatial inte-
gral overlap between the electric field distribution of the
extraction mode (black curve in the right part of Figure 1A)
and the region of excited light-emitters (red-colored region
in Figure 1A), in accordance with Fermi’s golden rule [33].
The distribution of excited light-emitters follows the inten-
sity profile of the excitation leaky mode, when resonant
excitation is used. Figure 1A outlines this situation for
two cases of the excitation mode: fundamental TE (TE)
and fundamental TM (TM,). Clearly, the highest spatial
overlap between the excited region and the electric field
distribution of extraction mode is achieved when both
excitation and extraction is done via the leaky modes with
similar intensity distributions (Figure 1A top), i.e. modes
of the same type (TE or TM) and order. When two different
modes are used (e.g. TM, for excitation and TE, for extrac-
tion Figure 1A bottom) the spatial overlap is reduced. The
simulated electric field distribution for the modes is shown
in Figures 1B and S5 in the Suppl. info. We chose the TE,
mode for extraction and excitation as it has the highest
overlap of the electric field distribution with the layer,
and thus provides the highest SM-LDOS, when the light-
emitters are distributed homogeneously in the layer, as we
confirmed also experimentally. On the other hand, TM,
mode is advantageous when the emitters are located near
the surface because its electric field distribution is local-
ized near edges of the structure (Figure 1B).

Overall, for maximizing the efficiency of the whole
excitation/extraction process, we require high Q, for
excitation leaky mode, low Q for extraction leaky mode,
and the usage of the same type and order of the excita-
tion and extraction leaky mode. However, it is not possi-
ble to fulfill all the three requirements in the same time
as the Q-factors on one photonic mode branch cannot be
tuned separately. As we will show, the excitation/extrac-
tion scheme realized via the similar mode is for the case of
materials with low optical quality, and emitters inside the
material more important than choosing different types of
modes with ideal Q-factors.

The other factor that influences the efficiency of the
step (3) is the thickness of the diamond layer. Optimal
layer thickness, for which the SM-LDOS in PhC is maxi-
mized, exist for each mode [34]. Both LDOS and SM-LDOS
can be estimated by performing 3D finite-difference time-
domain (FDTD [35]) simulations. For the case of wave-
guide that supports only fundamental modes, the FDTD
simulation directly shows the amount of light coupled
to the respective photonic mode, which is proportional
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to the SM-LDOS of that mode [36]. We performed simula-
tions for the dipole source placed in the middle, in the top
and bottom quarter, and on the top and bottom edge of the
planar diamond waveguide (Suppl. info section: 2. cou-
pling efficiency to modes). The simulation confirms that
the coupling efficiency depends on the electric field dis-
tribution of the modes. For instance, the highest portion
of light is coupled to the TE, mode for the dipole source
positioned in the middle of the waveguide, because the
TE, mode has maximal electric field there. Moreover, we
used a wide-frequency source, which allows to detect
the optimal thickness-to-wavelength ratio for obtaining
optimal coupling of emitted light to the guided mode (the
ratio for which the SM-LDOS of the extraction mode is
maximized).

The optimal thickness of diamond layers (n,=2.32,
see Figure S7 in Suppl. info) on SiO, substrate (nsm] =1.45)
for red light (around 650 nm) coupling to the TE  mode
lies in the range of 78 and 124 nm as follows from the
FDTD simulation (see Figures S2-S4 in Suppl. info). For
light source located in the middle of the layer with optimal
thickness, the TE, mode carries more than 77% of the total
power, which would be emitted by the same source into
homogeneous medium. The basic idea of excitation and
extraction via the same type of leaky mode is valid also
for structures, which support higher order modes at the
extraction wavelength. Nevertheless, the PL can couple to
all supported modes and the efficiency of coupling into
the specific extraction leaky mode is reduced.

Upon acquiring the optimal thickness (h, ) for the main
waveguiding layer, we computed dimensions (lattice con-
stant a, column diameter d, and column height h,, ., see
the schematic image in Figure 1A) of square-lattice PhCs to
be fabricated on the top of it. We designed and fabricated
two PhC structures (Figure 2) to support vertical extrac-
tion of the PL in red spectral region via TE  leaky mode.
The first structure (PhC-A) had waveguiding layer (h , see
Figure 1A) within the range of the optimal thickness. The
second structure (PhC-B) was designed to have low Q,,
on extraction wavelength, which denotes more effective
out-coupling of the extraction leaky mode into the vertical
direction. The total thickness (h=h_+h,, ) was 160 nm for
both samples. The main idea was to show that the effect
of efficient coupling to extraction mode (pronounced in
PhC-A) leads to better overall enhancement than high effi-
ciency in out-coupling of the extraction leaky mode alone
(PhC-B; Figure S13 in Suppl. info shows the TE, mode
profile of this sample). The square symmetry was chosen
because it has less complicated photonic band structure
than the hexagonal one and the effect of resonant excita-
tion/extraction can be thus more easily demonstrated.
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Figure 2: Scanning electron microscopy micrographs of the diamond-based 2D PhCs.

(A) PhC-A: lattice constant a=345 nm, column diameter d=205 nm, thickness of diamond layer before etching h=160 nm, and thickness
of diamond layer after etching h =120 nm. (B) PhC-B: lattice constant a=390 nm, column diameter d= 215 nm, thickness of diamond layer
before etching h=160 nm, and thickness of diamond layer after etching h =55 nm. The insets show the morphology of respective samples

under 45° angle.

3 Results

3.1 PL enhancement

The sample was excited with the TE (s) or TM (p) polar-
ized cw laser beam (442 nm) incident along the I'-X [37]
direction of high symmetry. The excitation angle of inci-
dence was varied from 7.5° to 67.5° and the PL signal was
collected with an optical fiber being perpendicular with
respect to the sample surface in order to collect only the
normally extracted leaky modes within a small collection
cone. An example of such a PL spectrum for the nonreso-
nant excitation of the PhC-A is shown in Figure 3A. The
extraction leaky modes are manifested as sharp reso-
nances at particular wavelengths. Their spectral positions
are in agreement with the computed ones (Figure 1C).

Figure 3B plots the measured PL intensity at the wave-
length of the TE  extraction mode as a function of the exci-
tation angle for the TE excitation of the PhC-A. The two
PL signal maxima, one at around 22.5° and the other at
54.3°, occur at the similar angles as the leaky modes in
the simulated curve of the transmission efficiency of the
excitation laser, which implies that the enhancement of
the signal is due to resonant in-coupling of the excitation
laser into the structure. Similarly, the TM polarized excita-
tion beam is coupled to TM; mode when incident at 42.9°
(Figure 3C). Here the correspondence with the computed
transmission spectrum is not perfect, which is caused by
the inaccuracy of numerical simulation for TM, mode as
explained in Suppl. info (Figure S12).

As a next step, the performance of the PhCs with
respect to the light emission enhancement was evaluated
via an enhancement factor, which we define as a ratio of

the PL intensity measured on the PhC (I, ) to the PL inten-
sity measured on the unpatterned diamond layer (I ) with
thickness h. Figure 3D and E shows the dependence of the
enhancement factor on the emission wavelength for the
resonant excitation via TE  and TM, respectively, in com-
parison to the nonresonant excitation for the PhC-A. The
total enhancement factor (EF, ) can be written as

tot

I, .(A)
EF, (\)=-PC"=EF _(A)+EF_ -1 ®)
tot Iref(l) leaky Lamb
where the EF, | is the contribution of leaky modes to the

leaky
PL and the EF __, is the spectrally independent enhance-

ment of the Lambertian radiation (further denoted as
a Lambertian enhancement factor) being simply the
enhancement of the radiation not coupled to guided or
leaky modes. The correction -1 must be added so that
the total enhancement remains 1 if both the EF and
EF,,, are equal to 1 (i.e. the PL is not enhanced). Numeri-
cal values of the PL enhancement factors at the peak
wavelengths of the extraction modes are summarized in
Table 1. For the PhC-A, various combinations of the extrac-
tion and excitation leaky modes were evaluated, whereas
for the PhC-B, only the combination relevant for the dis-
cussion is listed.

As Table 1 shows for the PhC-A, the listed values of
the Lambertian enhancement factor depend on the polari-
zation of the excitation beam mainly because they reflect
the enhancement with the resonant excitation. The radia-
tion resonantly coupled to the TE excitation leaky mode
has higher spatial overlap with the emitters than the TM
mode and thus it provides higher excitation efficiency and
subsequently the increase of the overall PL. The EF
values then naturally remain approximately constant
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Figure 3: PLspectra and enhancement factor under non-resonant and resonant excitation.

(A) The comparison of PL intensity measured on plain diamond layer (black) and on PhC-A (blue, nonresonant excitation). (B, C) The
normalized PL intensity measured on PhC-A sample at the wavelength of the TE (658 nm) and ™, (596 nm) extraction leaky mode as a
function of the angle of incidence of the excitation beam (the connecting lines are guides to the eye), and rigorous coupled-wave analysis
(RCWA) simulated transmission efficiency of the excitation beam (442 nm-blue line): (B) TE-polarized excitation beam; inset shows the
measurement setup (see Suppl. info for details), (C) TM-polarized excitation beam. (D, E) The enhancement factor of PhC-A sample when

excited with (D) TE-polarized and (E) TM-polarized excitation beam.

Table 1: Enhancement factors for the photonic crystal (PhC)-A and PhC-B samples (for detailed explanation see the main text).

PhC-A PhC-B

Extraction mode TE, ™, TE, ™, TE,
Excitation mode TE, TE, ™, ™, TE,

Total enhancement factor 114.7 71.9 62.9 67.6 67.7
Lambertian enh.? 6.1 6.1 4.8 4.8 7.6

Leaky mode enh. 109.6 66.8 58.8 63.8 61.1

Extraction enh. 17.4 13.4 17.7 14.4 21.5
b Excitation enh. 6.3 5.0 3.3 4t 2.8

Various combinations of excitation/extraction modes were measured for PhC-A. Note that the excitation enhancement factor includes both,
the in-coupling (Q-factor related) and field overlap (between excitation/extraction leaky modes) effects. *Lambertian enhancement factor

under resonant excitation.

over the whole PL spectrum (we have observed only small
variations due to the Fabry-Pérot resonances). The Lam-
bertian enhancement factor is much smaller for nonreso-
nant excitation, where it may be caused by several factors:
(1) diffraction of light on the PhC into the first real diffrac-
tion order, which changes the electric field distribution of

excitation beam inside the sample, (2) different volume
and surface of the PhC with respect to the reference layer,
and (3) Fabry-Pérot resonances. Overall, the Lambertian
enhancement factor presents only about 5% of the total
PL enhancement (Table 1). The remaining 95% of the PL
enhancement is due to leaky modes enhancement.
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The leaky modes enhancement factor (at the wave-
length of the leaky mode 4 ) can be divided into (1) pure
extraction enhancement factor (EF ) measured under
nonresonant excitation angle and (2) resonant excitation

enhancement factor (EF,_,):

EFlenkv (A'O) = EFExlr .EFExcit (3)

The highest, 110-fold leaky mode enhancement was
obtained for the TE  resonant excitation and the TE extrac-
tion leaky mode of the PhC-A (Figure 3D), which is six times
more than for the nonresonant excitation (Table 1). For the
TM, leaky extraction mode, the enhancement is around
67x when excited with TE, mode. On the other hand, for
the TM, resonant excitation (Figure 3E), the PL enhance-
ment at the TE extraction mode is only around 59x
whereas it is higher for the TM, extraction (64 x). Clearly,
the overlap of the excitation and the extraction modes (both
TM,) outweighs the fact that the structure is optimized for
the extraction via the TE, mode. However, in overall the
enhancement factor is much smaller than that obtained
at this sample with TE| resonant excitation and extraction
(Table 1), because the spatial overlap of the TM, mode with
diamond and hence with the light-emitters is smaller than
for the TE, mode (Figure 1B). These experimental results
confirm our hypothesis that the PL emission can be signifi-
cantly enhanced when coupling and out-coupling is real-
ized via the photonic modes of the same type and order.

Furthermore, the extraction enhancement factors for
a single type of the extraction mode are (within the error
of the measurements) similar for both polarizations of the
excitation beam, for example 17.4 x and 17.7 x (Table 1) for
the TE extraction mode. This is due to the fact that the
diamond light-emitters do not possess any preferential
orientation in the layer and thus respond similarly to both
polarizations of the excitation beam.

For the case of PhC-B, the total enhancement factor is
around 61, which is approximately three times more than for
the nonresonant excitation (Table 1). The effect of resonant
excitation is significantly lower when compared to PhC-A
sample because the thickness of the waveguiding layer
(h,) is not optimized for resonant excitation and extraction
scheme. On the other hand, as designed, the sample has
higher extraction enhancement factor than PhC-A due to
higher spatial overlap of the TE with the PhC structure.

3.2 Q-factor analysis
The excitation and extraction enhancement can be con-

trasted with the Q-factor analysis. The Q-factors in Table 2
were extracted from measured and simulated band

.: Maximized vertical photoluminescence from optical material == 7

Table 2: The total Q-factor (Q) of leaky modes, which we determined
from transmission measurement, is divided according to the type of
losses: diffraction losses Q,, absorption losses Q,,, and scattering
losses Q

scat”

Leaky mode PhC-A PhC-B

TE, ™, TE,

Wavelength (nm) 658 442 596 442 631 442
Q 82 61 36

Qi 344 340 187 114 67 29

i 142 116 207 130 242 315
445 161 115

scat

The relationship between Q-factors is given by (1).

diagrams (Figure 4) and their computation is described in
Suppl. info (Section 4, Experimental). The main cause of
losses for TE leaky mode is absorption (low Q,, ) because
this mode is localized in the material and has thus high
overlap with the lossy material. On the other hand, the
losses of TM, mode are caused primarily by Bragg dif-
fraction (low Q, ) and scattering on surface defects (low
Qm‘) as this mode is localized on the edge of the structure,
where the PhC and fabrication defects are located.

For the efficient out-coupling of the leaky modes high
Q,,.and Q_,, and low Q,, is desirable. This assures that
the PL coupled to the leaky mode is diffracted into the
desired (normal) direction instead of being absorbed or
scattered into random direction on material inhomoge-
neities and structural defects. When the Q-factors of TE,
and TM, leaky modes of PhC-A are compared (Table 2), the
TM, mode should work better for out-coupling. However,
the highest extraction (i.e. under nonresonant excitation)
enhancement factor around 17.5x was obtained with the
TE, extraction mode (Table 1). The reason is that the Q-fac-
tor describes only the out-coupling of leaky modes from
the structure and not the initial coupling of the PL to leaky
modes, which was optimized for the TE, mode via the
optimal thickness. Here the higher SM-LDOS of TE  mode
plays more significant role than the better out-coupling of
the TM, leaky mode from the structure. This clearly mani-
fests the importance of both the spatial overlap between
the extraction mode profile with the distribution of the
excited light-emitters and the optimized thickness of the
layer for coupling to this TE, mode.

In the case of excitation efficiency, the high Q,, and
Q. and low Q,,are desirable. In such a case the exci-
tation beam stays long in the PhC and is simultaneously
efficiently absorbed. Based on the Q-factors (Table 2) the
TE, mode works best for the excitation efficiency, which
is in accordance with the measured excitation enhance-
ment factor (Table 1). Nevertheless, in the value of the
excitation enhancement factor, also the overlap between
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Figure 4: Measured PL spectra (PhC-A) as a function of the extraction angle, and transmission band diagrams.

(A) Angle-resolved PL spectra excited by TE-polarized laser beam incident at the resonant angle of 54.3° and (E) excited by the TM-polarized
laser beam incident at the resonant angle of 42.9°. Measured (B), RCWA simulated with losses (C), and simulated without losses (D)
transmission efficiency as a function of the angle of incidence (along the I'-X direction of high symmetry) for the TE-polarized light.

(F-H) Same for the TM-polarized light.

the excitation and extraction mode plays an important
role, which is evidenced by dependence of the excita-
tion enhancement (Table 1) on the extraction leaky mode.
Note, that although the thickness of the layer is optimized
to achieve highest SM-LDOS for TE  mode at wavelengths
around 650 nm, the excitation TE, leaky mode is even
more localized in the layer because of shorter wavelength.
The reduced SM-LDOS is not important for the absorption
efficiency.

The in-coupling of excitation beam into structure is
affected not only by the diffraction Q-factor but also by
the monochromacy and directivity of light. The high Q, is
advantageous only for monochromatic and highly direc-
tional light in this respect. The total excitation enhance-
ment (absorbed energy) can be partially simulated by
rigorous coupled-wave analysis (RCWA) simulations
(see Figure 1D). Nevertheless, it does not count with the
scattering of light and fabrication imperfections, which
decrease the overall performance.

For the case of PhC-B the diamond layer is thinner (h_ )
than for the PhC-A, whereas the PhC columns are higher

(hphc). The TE, mode is thus more spread outside diamond

layer, which decreases its single-mode local density of
optical states in the diamond and increases its interac-
tion with PhC structure that causes faster diffraction. The
effect on Q-factors is that Q,, is low and Q,_ high. As a
result, the PhC-B should work better for extraction and
worse for excitation when compared to the PhC-A sample,
which we observed (Table 1).

4 Discussion and conclusion

The importance of spatial overlap of the extraction and
excitation leaky mode may be manifested by considering
the competition in PL extraction between the supported
modes. The 78-124 nm thick diamond layer supports
both TE, and TM modes at all wavelengths. Each mode
is diffracted into vertical direction at different extraction
wavelength. The other mode also exists for these wave-
lengths, but it is extracted into different direction, e.g., the
steep TM, band crossing the TE extraction wavelength at
around 17° (Figure 4A). Nevertheless, Figure 4A clearly
shows that the steep TM, extraction band is weaker for
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resonant excitation with TE; mode when compared to the
resonant excitation with TM; mode (Figure 4E). Similarly,
the steep TE  extraction band is weaker in Figure 4E.

A significant portion of PL intensity coupled to TE, (or
TM,) mode is lost due to diffraction into nonvertical angles
(flat bands in Figure 4A,E). The light diffracted into these
directions can be collected by placing the optical fiber closer
to the sample or by using objectives with higher numerical
aperture. Nevertheless, it leads to the loss of spectral selec-
tivity of leaky modes, because other wavelengths are also
diffracted into these directions. Note that the spectral selec-
tivity is especially important for sensing applications.

Figure 4 also compares the simulated and measured
transmission efficiency. The most prominent difference
between the simulated and measured transmission effi-
ciency lies in the shift of the TM, mode spectral position.
The difference originates from localization of electric field
of this mode near the diamond surface as described in
Suppl. info (Section 6, TM-polarized excitation).

The PhC structures under the study were designed to
obtain high vertical PL enhancement in the red part of the
visible spectrum. This is spectrally near to zero phonon
spectral lines of negatively charged nitrogen vacancy
(637 nm) or silicon vacancy (738 nm) color centers [2, 38,
39], which are potential single photon sources [3] and
sensing components [40, 41]. Even though there were no (or
very few) color centers in the present samples, they can be
introduced into the diamond using ion implantation tech-
nique or directly during fabrication of new samples [42, 43].
The spectral position of the leaky modes may be shifted
to the emission peak of the color center by adjusting the
lattice constant [24]. However, due to the fabrication imper-
fections, tuning of the PhC structures to an exact a priori
selected wavelength is not possible. Nevertheless, fine
tuning of the extraction resonance spectral position can be
done by postprocessing: overgrowth of the PhC structures
with thin diamond layer to increase layer height or sample
etching to reduce the layer height. The former was used
for fabrication and spectral tuning of leaky resonances by
bottom-up approach [28]. Also note that the spectral shift
of resonances is not detrimental for excitation in-coupling
as it only requires slight adjustment of the excitation beam
angle of incidence. Furthermore, Figure 1C shows that the
same TE excitation mode can be excited also by other
wavelengths if the resonant angle is shifted appropriately.
Moreover, other resonant angles exist also for the excitation
in the other direction of high symmetry, the I'-M direction.
Finally, the TM leaky mode has high field intensity located
on the PhC surface (Figure 1B). Combination of near-surface
color centers sensitive to the changes of surroundings with
a photonic crystal tuned at the TM, resonance is, therefore,
promising for increased optical sensor sensitivity.

J. Faitetal.
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To conclude, we have shown that the resonant exci-
tation/extraction scheme can be used to achieve 115-fold
enhancement of PL intensity originating from light-
emitters in nanocrystalline diamond-based photonic
crystals. Even though that the nanocrystalline diamond
possesses relatively high optical losses, the achieved
enhancement is comparable to that obtained for a mate-
rial with negligible losses [30]. In order to reach such
enhancement, we have shown that both the spatial
overlap between the excitation and the extraction leaky
mode, and the spatial overlap between the light-emitters
and the extraction leaky mode must be maximized. This
condition is fulfilled for the TE, leaky mode used both
for the excitation in-coupling and for the extraction of PL
in the case of nanocrystalline diamond PhCs. The usage
of the same mode for both excitation and extraction is
more important than tuning of the Q-factors of excitation
and extraction leaky modes individually. Moreover, the
Q-factor must be separated into the effect of Bragg dif-
fraction, absorption, and scattering in order to reason-
ably explain the excitation/extraction efficiency of the
leaky modes. Our results, even though obtained on a
specific material, can be extended towards any dielectric
material with optical losses.
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Abstract

Photonic crystal (PhC) slabs may be used to extract the photoluminescence from thin diamond
layers and direct it into desired direction. This effect can be used for various sensor devices based on
photoluminescence of diamond color centers. The extraction efficiency is limited by the material
properties and precision of the PhC fabrication. In this study, we analyze the effect of diamond film
morphology on the fabrication of the PhC and subsequently on the extraction efficiency. We show that
diamond layer with small grains (< 50 nm) is more convenient both for the PhC slabs fabrication and
for the extraction of photoluminescence in comparison with diamond layer with large grains
(> 100 nm). We also show that the trend of enhancement factor dependence on the numerical
aperture of the collection optics differs for different morphologies of diamond layer.

Keywords

Polycrystalline diamond, photonic crystal slabs, photonic sensors, leaky modes, photoluminescence
enhancement

1. Introduction

Photonic crystal (PhC) slabs are commonly used for fabrication of highly efficient sensing devices
that are based on the optical transducing mechanism [1-5]. The PhC slabs support optical resonances
that can be observed as spectrally sharp features in the transmission and reflection spectra. The light
that is resonantly coupled into the PhC slab propagates inside the PhC slab with evanescent tails
interfering and interacting with the surrounding environment [6]. A small change in the refractive index
in the surrounding environment then leads to the spectral shift of the resonances, which is the basis
of the detection mechanism [5].

The PhC slabs are created when a thin layer of material with high refractive index (e.g. TiO2 [7], ZnO
[8], or diamond [9]) is patterned with a 2D periodicity [10]. The PhC slabs mediate the coupling
between the guided photonic modes inside the layer and the radiative modes that are propagating in
a free space via the phenomenon of Bragg diffraction. Even though external light source was usually
proposed for the use in sensing devices, the leaky modes can be also used to extract the light from the
light emitters residing inside the PhC [11,12]. The modes, that would be otherwise trapped and guided
inside the layer, become leaky, which not only increases the portion of light that radiates from the
layer but the extracted light is also directed into defined directions [13], which can be controlled by
the PhC slab dimensions. The directionality of the light allows its efficient detection without the usage
of complex detection optics [12]. In principle, the spectral shift of extracted light can also be used for
sensing, as the same mechanism as for transmission/reflection is employed.

The material that is particularly suitable for fabrication of sensor devices is diamond. Diamond has
many properties that are interesting for sensing, such as biocompatibility, chemical inertness, or
negative electron affinity [14]. One of the most interesting and intensively studied features are
diamond color centers [15,16]. For instance, silicon vacancy (SiV) centers are ideal for sensorics thanks
to their narrow emission spectra at NIR. The diamond color centers can not only be used as a passive
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light source for the detection mechanism, but also as an independent detection mechanism since their
photoluminescence (PL) intensity is affected by the changes on the diamond surface [17-19].

The combination of photonic structures with diamond can improve the performance of devices
based on the PL of diamond color centers, e.g. SiV, nitrogen-vacancy (NV), etc. [20]. For instance, PhC
cavities [21,22] or ring resonators [23] enable to locally increase the emission rate of color centers due
to Purcell effect [24]. Recently, we have demonstrated fabrication of PhC cavities in polycrystalline
diamond with a notable enhancement of the SiV centers PL [25]. Nevertheless, the emission rate is
increased only in a very small volume of the material and sophisticated optical devices are required to
collect the light.

In contrast, PhC slabs allow to improve the PL collection efficiency from large-scale samples [26].
This increases the signal on one hand and allows the spatially resolved sensing on the other hand,
because the resonance condition depends on the refractive index at a specific location [5]. We have
already shown that the PhC slabs can be engineered to efficiently extract the photoluminescence of
SiV centers [9] and that the PhC slabs can be fabricated in polycrystalline diamond layers, while keeping
excellent performance for light extraction [26]. This is a key property for cost-effective fabrication of
sensing devices because thin layers of polycrystalline diamond can be easily deposited on various types
of substrates using chemical vapor deposition (CVD) [27,28].

In this study, we evaluate the effect of CVD diamond layer morphology (grain-size), which can be
controlled by the CVD deposition parameters, on the fabrication and on the optical properties of
diamond PhC slabs. The morphology of the diamond layer affects both the material properties
(concentration of non-diamond carbon bonds, surface roughness) and optical properties (absorption
coefficient, light scattering, background photoluminescence). We analyze the properties of materials
and structures using scanning electron microscopy (SEM), atomic force microscopy (AFM), and
photothermal deflection spectroscopy (PDS). We show that the shape of the PhC is better controlled
on the layer with small diamond grains (grain size < 50 nm), which leads to better directionality of the
PL extraction, than on the layer with large diamond grains (grain size > 100 nm). We also observe, how
the PL enhancement depends on the numerical aperture (NA) of the collection optics. Low NA is
advantageous for enhancement of narrow spectral peaks, while high NA offers enhancement in broad
spectral region. Low NA also allows to place the detection optics in a large distance from the sample,
which may be important for some sensing systems.

2. Experimental

For the diamond growth two different CVD reactors were employed: (i) focused microwave (MW)
plasma reactor (Aixtron P6) using an ellipsoidal cavity resonator and (ii) linear antenna MW plasma
system (Roth & Rau AK 400) equipped with two linear antennas working in a pulsed regime [29]. The
quartz substrates were ultrasonically cleaned in acetone and isopropyl alcohol and were rinsed in
deionized water. After the cleaning, the quartz substrates were seeded by applying ultrasonic agitation
in a nanodiamond colloid (NanoAmando aqueous dispersion of nanodiamond particles, median
nanodiamond size 4.8 + 0.6 nm) diluted by deionized water 1:40 v:v.

Parameters used for diamond deposition in focused MW plasma reactor were as follows: deposition
time t = 80 min, total gas pressure p =5 kPa, gas flow of hydrogen H: equal to 300 sccm, gas flow of
methane CH4 equal to 3 sccm, power of MW source P = 2.5 kW, and approximate surface temperature
of samples T = 570°C. These parameters lead to a formation of diamond layers with grain size > 100 nm
(denoted as large grains). Note that certain procedures (e.g. increasing the ratio of CHs to H> [30])
would lead to the creation of smaller diamond grains. Nevertheless, it would deteriorate the optical
quality of the layer. Therefore, we used the second deposition reactor, which is capable of keeping
high optical quality of diamond layer while the grain size is < 50 nm (denoted as small grains).
Parameters used for diamond deposition in linear antenna MW plasma system were as follows:
deposition time t =19 h, pressure p = 10 Pa, gas flow of hydrogen H, equal to 200 sccm, gas flow of
methane CHs equal to 5 sccm, and gas flow of CO, equal to 20 sccm, power of microwave source
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P =2x1.7 kW, and approximate surface temperature of samples T = 540°C. The thickness of the layers
was between 160 nm and 175 nm in both cases.

The top part of the diamond layer was patterned into the periodically ordered columns using
electron beam lithography (EBL) and reactive ion etching (RIE) yielding a PhC slab. The electron
sensitive polymer (PMMA, approximate thickness 100 nm) was first patterned by EBL (Fig. 1a). Next,
the gold (approximate thickness 70 nm) was evaporated and the mask was created using a lift-off
process (Fig. 1b). Not-covered parts of the sample were partially etched in capacitively coupled O,/CFs
plasma RIE. Finally, the metal mask was removed by wet etching (Fig. 1c). The total area of the PhC
structure on each sample was larger than 1 mm2 The shape of the PhC was computed using rigorous
coupled-wave approximation (RCWA, RSoft DiffractMod software) to support photonic modes at the
red part of the visible region. In the same time, very thin samples were designed, which is
advantageous for sensing applications. Nevertheless, it might not be optimal for achieving best
photonic performance.

The surface morphology of the samples was investigated by SEM (e_LiNe workstation, Raith,
Dortmund, Germany) in standard configuration. The surface roughness of as-deposited diamond layer
and diamond layer after etching was measured by AFM (Veeco DI3100 1V). The absorption of diamond
layers was measured by PDS. The thickness and refractive index of the diamond film (both before and
after etching) was measured by the reflectance interferometry and evaluated by a commercially
available FilmWizard software (SCl company).

The first type of the PL measurement was performed on a home-made setup with optical fiber
placed at a distance of 7.5 cm from the sample. This setup allows to measure the PL with high angular
resolution (1°) coming from a large sample area (0.1 mm?). For the second type of the PL measurement,
the Renishaw inVia Reflex system was used, where more objectives (5x with NA 0.12; 20x with NA 0.4;
50x with NA 0.5; and 100x with NA 0.9) were used for the collection of signals. The maximal collection
angle depends on the NA of the objective and it is specified in the caption of Fig. 2. Also, the size of the
probed area depends on the NA, and it is in the order of units of square micrometers for all objectives.
This may limit the portion of collected leaky modes as their extraction length may be larger. The depth
of focus is larger than the thickness of the samples for all objectives. He-Cd laser (442 nm) was used
for the excitation of the PL in both cases. For the simulation of transmission through the sample RCWA
approximation was used.

@ I
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Figure 1 SEM pictures of the various stages during the PhC slab fabrication: (a) EBL patterning of PMMA (the insets show
the topography of as-deposited diamond layer measured with AFM). (b) gold mask over the sample after the lift-off process.
(c) final diamond-based PhC slabs (under tilting angle 45°). Top and bottom row show the sample with large and small diamond
grains, respectively.
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3. Results
3.1 PhC characterization

Fig. 1c shows the SEM morphology of the PhC samples under 45° tilting angle. Both structures reveal
some shape imperfections, which originates from the polycrystalline character of the diamond film.
There are two major aspects, which cause the imperfections. Firstly, the layer is composed of the
mixture of the sp? (graphitic) and sp® (diamond) hybridized carbon phases. The graphitic phase
between the diamond grains is etched-away more quickly what finally result in a randomly featured
diamond film between the columns. The composition of the layers was measured by Raman
spectroscopy (see the spectra in Fig. S2 in Supplementary Information). The ratio of non-diamond sp?
phase is higher in the sample with large diamond grains.

Secondly, the surface of as-grown diamond layer is rough (insets of Fig. 1a). This results in an
irregular shape of PhC columns with sharp edges as is evident on SEM images. Larger imperfections
can be seen on the sample with large diamond grains. The presence of large grains (> 100 nm)
increases the surface roughness (RMS 19 nm, measured by AFM). Subsequently, the PhC columns are
randomly deformed depending on the orientation of grains in the layer. By contrast, the sample with
small diamond grains (< 50 nm) reveal smaller surface roughness (RMS 7 nm). This results in a better
control over the column shape, which remains more or less identical across the sample.

The PhC dimensions, determined from SEM images, are summarized in Tab. 1. Thickness of the
diamond film (both before and after etching) was measured by reflectance interferometry. The height
of the columns was determined by AFM measurement. A significant difference between the samples
lies in the diameter of PhC columns. The difference originates from fabrication process. Although the
diameter of EBL circles and thickness of gold layer (70 nm) were similar on both samples, the diameter
of gold-mask circles was different. This is most probably caused by the higher surface roughness of the
layer with large diamond grains.

The layer with large diamond grains has more pronounced absorption in the visible region, which
is caused by larger content of sp? phase. The absorption coefficient of the layer with large and small
grains is 875 cm™ and 610 cm™, respectively, for the wavelength 650 nm as measured with the PDS.
The spectral dependence of the absorption coefficient is shown in the Fig. S1b in the Supp. Info.

Finally, the transmission of white light through the samples was measured (Fig. 2). Minima in
transmission efficiency are observed when the light is coupled to the leaky modes of the PhC slab at
the given angle of incidence and given wavelength. For skewed angle of incidence, the coupling
condition is shifted to other wavelengths with respect to the spectral position under the vertically
incident beam (M-point). The photonic band diagram (for leaky modes) can be reconstructed from this
measurement. Fig. 2 shows that there is almost perfect conformity between measured and simulated
transmission band diagrams for the sample with small diamond grains. For the sample with large
grains, the transmission was measured only for the direction normal to the sample plane (see the
Supplementary Information.

Table 1 The dimensions of diamond photonic crystal slabs: a lattice constant. d diameter of columns, / thickness of the as-
deposited diamond layer. and /¢ height of the columns (equals to the thickness etched by RIE). The uncertainty of the
measurements is 5 nm.

grain size large (> 100 nm) small (< 50 nm)
a(nm) 390 390
d(nm) 165 215
h(nm) 175 160
he (nm) 105 105
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Figure 2 Simulated (left) and measured (right) photonic band diagrams of the sample with small grains for p-polarized
(top) and s-polarized (bottom) light. The left part of x-axis of each diagram is for I'-M direction and the right part for I'-X
direction. The position of X and M points is also indicated in the diagram. Dimensions specified in Tab. 1 were used for the
simulation. The vertical lines show the edge of the collection cone of the used objectives (NA 0.12: 6.9°, blue solid lines: NA
0.4: 23.6°, blue dashed lines: NA 0.5: 30°, red solid lines: NA 0.9: 64.2°, red dashed lines).

3.2 PL measurement with the optical fiber

Figure 3 shows the PL signal measured with the optical fiber placed at the vertical direction with
regard to the sample plane. Clearly, two peaks are present in the PL spectra measured on the PhC
(black line), while there are no such peaks on the as-deposited diamond layer (blue line). The peaks
originate from the extraction of the PL signal via leaky modes. Note, that the same intensity of the
excitation beam and identical detection time were used for all measurements with the fiber.

In order to evaluate the performance of the PhC structures, we define the enhancement factor as
a ratio between the PL intensity measured on the PhC and the PL intensity measured on the as-
deposited diamond layer (while using same parameters for both measurements). The peak
enhancement factor is 4.1 for the PhC slab on the sample with large grains (TEo leaky mode at the
wavelength of 643 nm) and 16.7 for the PhC slab on sample with small grains (TEo at 631 nm). We also
determined the overall enhancement factor, which is the ratio between the total intensity of PL
measured on PhC and that measured on as-deposited diamond layer (intensity between 460 nm and
750 nm was integrated). The integral enhancement factor is 1.5 for the sample with large grains and
4.4 for the sample with small grains.

The main mechanism of the PL enhancement is the extraction of leaky modes (narrow spectral
peaks at approximately 590 nm and 640 nm). The TE, leaky mode offers higher enhancement factor
than TM, leaky mode for both samples (Fig. 3). However, there are also other effects that contribute
to the enhancement factor. Firstly, it is the effect of Fabry-Perot resonances. In our case it enhances
the extraction of light (into vertical direction) in the blue and green spectral region (Fig. 3), while the
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extraction of red light is suppressed. This is in accordance with the numerical simulations of Fabry-
Perot resonances (see Fig. S2 in Supp. Info). Secondly, the volume of material is lower on the PhC when
compared to as-deposited diamond layer, which affects the number of emitters and thus the overall
PL intensity. The ratio between the volume of the material on the as-deposited diamond layer and on
the PhC structure is 2.05 and 2.00 for the sample with large and small diamond grains, respectively.
Thirdly, different surface area of the PhC with respect to the reference layer may cause the
enhancement in the whole spectral region. The higher the surface area is, the more emitters are placed
near the diamond surface and may thus emit light directly into space.

In order to exclude all other effects except the extraction of the leaky modes, we approximated the
background PL on the PhC by the red dashed lines (shown in Fig. 3) and used this approximation as
a reference for determination of the corrected enhancement factor. After this correction, the peak
enhancement factor is 2.0 and 4.1 for TMo and TEo leaky mode, respectively, for the sample with large
grains. On the sample with small grains, the peak enhancement factor is 3.6 and 7.0 for TMo and TEq
leaky mode, respectively.

Clearly, the leaky modes offer higher enhancement on the sample with small grains. The better
performance of this sample is partially caused by the lower absorption coefficient and better overall
homogeneity of the diamond. Better homogeneity decreases the scattering of light that is propagating
through the layer, which is a mechanism that compete with the diffraction of leaky modes on the PhC.
Reduced scattering thus leads to increased extraction efficiency via leaky modes. Note that, although
the scattering improves the extraction of light, the light is not extracted into any specific direction and
objectives with high numerical aperture must be used for its collection.

The second factor that leads to the observed better performance of the sample with small grains is
the better structural quality of PhC structures. The structural quality of PhC not-only improves the out-
coupling efficiency of the leaky modes from the photonic structure but mainly causes that the light is
extracted into the specific direction. This is not the case of the sample with large grains, and hence the
maximal observed enhancement factor is reduced. Moreover, the samples with small grains have
larger column diameter, and the light is extracted more efficiently from the layer [31].

Note that the resonant excitation can be used to additionally enhance the PL by coupling the
excitation laser into the leaky mode of PhC [7,26]. The morphology of PhC affects also this so-called
resonant excitation enhancement. The maximal observed resonant excitation enhancement for the
laser beam incident under the resonant angle was only around 3 on the sample with large grains, while
it was more than 5 on the sample with small grains.

3.3 PL measurement with the microscope objectives

Fig. 4 shows the PL spectra measured with the microscope objective with numerical aperture 0.12
(acceptance angle of 6.9°) on both samples. Again, we measured the PL intensity on the PhC slab (black
curve) and on the as-deposited diamond layer (blue). The peaks in the PhC spectra are spectrally
broadened when compared to those measured with the optical fiber. The reason is that also the leaky
modes that propagates slightly skewed with regard to the vertical direction lie within the collection
cone of the objective. These modes are spectrally shifted with regard to those extracted directly into
the vertical direction, as can be seen on the photonic band diagram (Fig. 2), where the maximal
collection angles for all objectives are depicted.

The peak enhancement factor is 3.1 (wavelength 650 nm) and 4.4 (wavelength 631 nm) for the
sample with large and small diamond grains, respectively. These values are lower than the peak
enhancement factors measured with the optical fiber, which is in accordance with the fact that the
PhC offers highly directional emission. At one particular wavelength, the increase of the collection
angle leads to the gradual increase of the intensity for the case of the reference and background (not
leaky modes enhanced) signal. On the other hand, the signal from the leaky modes does not increase
gradually due to the directionality of leaky modes. These two effects lead to the observed decrease of
the enhancement factor.
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Figure 3 PL intensity measured by fiber with low Figure 4 PL intensity measured by 5x objective (NA
collection angle (1°) on the PhC slab (black) and on the as- 0.12) on the PhC slab (black) and on the as-deposited
deposited diamond layer (blue) for the sample with (a) diamond layer (blue) for the sample with (a) large and (b)
large and (b) small diamond grains. The numbers show the small diamond grains. The numbers show the peak
peak enhancement factor for TMo and TEo leaky modes. enhancement factor for TMo and TEo leaky modes.

Fig. 5a shows the enhancement factor as a function of the wavelength for the objectives with
different NA for the sample with small diamond grains. The figure shows not only that the peaks in PL
spectra become wider with higher NA, but also that the peak enhancement factor increases again. The
increment of enhancement factor is most probably caused by the integration over large angle, where
folded leaky modes contribute to the extraction. Interestingly, no increase of enhancement factor was
observed for the sample with small diamond grains (Fig. 5b).

The dependence of the enhancement factor on the NA of the collection optics was investigated on
the photonic structures made of TiO2/PMMA [6] and on the photonic structures in Si-nanocrystals rich
glass [32,33], and, in both cases, the enhancement factor remained constant or decreased with the
numerical aperture (similarly to diamond layer with large grains in our case). Nevertheless, these
studies were performed on materials with different refractive indices, PhC slabs with different
dimensions, and employing objectives with max. NA 0.4.

The main reason for the different behavior of our PhC structure compared to other works is
probably caused by different dimensions and refractive index of the PhC. It can be seen from the
photonic band diagram (Fig. 2) that the X-point is located between 30° and 50° for the relevant
wavelengths. The bands are folded in the X-point, which increases the portion of light that is diffracted
into large angles. This light can be collected only with the high NA objectives. The reason why the
diamond sample with large grains works differently is that the light is scattered and reflected on the
boundaries between diamond grains. This causes that a large part of light is scattered from the layer
within the Lambertian radiation pattern instead of being diffracted via leaky modes and the effect of
leaky modes is thus not as significant as on the sample with small diamond grains.
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Another factor responsible for the increase of the enhancement factor with the NA may be that the
excitation beam incident under the resonant angle can be coupled into the PhC and thus increase the
excitation efficiency. The resonant angles are 24°, 31°, and 54° for p-polarized excitation and 29°, 41°,
and 54° for s-polarized light for 442 nm excitation beam (Fig. 2). Therefore, the resonant excitation can
be achieved only when the objectives with high numerical aperture are used. Nevertheless, only small
fraction of the excitation beam is resonantly coupled into the structure in the case of excitation via the
objectives, and we thus expect only small effect on the overall enhancement factor.

Note that the growth of integral enhancement factor (integrated over all wavelengths) with
numerical aperture is expectable since each wavelength is Bragg diffracted into different angle. The
higher the numerical aperture is, the larger is the spectral bandwidth for which the leaky modes are
collected by the objective and the higher is the integral enhancement factor.

Finally, the PL spectra measurements on various places of the PhC itself revealed large-scale
inhomogeneities in the geometry, that are more pronounced on the sample with large grains (Fig. S3
in Supp. Info). This may affect the measurement with optical fiber, since the detected signal comes
from large area of the sample in that case. This is the reason why larger differences between samples
were observed with optical fiber measurement when compared to the measurement with microscope
objective.
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Figure 5 (a) The enhancement factor evaluated from PL intensity measurements with objectives with different numerical
aperture (NA) on the sample with small grains. (b) Dependence of the peak (solid symbols) and integral (open symbols)
enhancement factor on the numerical aperture of the detection optics for the sample with small (circles: data shown in (a)) and
large (squares) diamond grains.

Conclusion

In this study, we showed that the morphology (grain size) of diamond layer significantly affects the
fabrication of the PhC slabs. Precise structures fabricated in the sample with small grains (grain size
< 50 nm) are essential for obtaining highly directional PL emission from diamond PhC slabs. For the
case of the layer with small grains, we also observed that the peak enhancement factor increases with
numerical aperture of the collection microscopic objectives. The increase of peak enhancement factor
is primarily caused by the extraction via leaky modes that are folded in the X-point of the photonic
structure and that can be collected only by using objectives with high numerical aperture. No increase
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of peak enhancement factor with numerical aperture was observed on the sample with large grains
(grain size > 100 nm), which is most probably caused by the scattering of light on the larger diamond
grains, which is more pronounced on this sample. The obtained results may be helpful in fabricating
diamond photonic structures for sensing applications making use of diamond color centers.
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Diamond optical centers have recently emerged as promising single-photon sources for quantum photo-
nics. Particularly, negatively charged silicon vacancy (SiV™) centers show great promise due to their
narrow zero-phonon emission line present also at room temperature. However, due to fabrication toler-
ances it is challenging to prepare directly photonic structures with optical modes spectrally matching the
emission of SiV™ centers. To reach the spectral overlap, photonic structures must typically undergo com-
plicated post-processing treatment. In this work, suspended photonic crystal cavities made of polycrystal-
line diamond are engineered and more than 2.5-fold enhancement of the SiV™ center zero-phonon line
intensity via coupling to the cavity photonic mode is demonstrated. The intrinsic non-homogeneous
thickness of the diamond thin layer within the sample is taken as an advantage that enables reaching the
spectral overlap between the emission from SiV~ centers and the cavity modes without any post-proces-
sing. Even with lower optical quality compared to monocrystalline diamond, the fabricated photonic
structures show comparable efficiency for intensity enhancement. Therefore, the results of this work may
open up a promising route for the application of polycrystalline diamond in photonics.
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cation of the PL emission rate of the embedded light-emitters
via the Purcell effect.>*

1 Introduction
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Single-photon emitters are envisioned as basic building blocks
of the future quantum optical circuits.'™ Diamond optical
centers with their high-brightness and long coherence time
are promising candidates.”” The photoluminescence (PL)
emission rate (number of photons emitted per second) of the
optical centers can be improved by incorporating them into
nanostructures which also provide a control over their emis-
sion pattern.®® A large variety of photonic nanostructures have
been demonstrated both on monocrystalline'®™® and polycrys-
talline diamond.'®>* One of the examples of such nano-
structures is a photonic crystal (PhC) cavity. Modified local
density of optical states within the PhC cavity enables modifi-
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Particularly, promising diamond optical centers are nega-
tively-charged silicon vacancy (SiV™) centers possessing a
narrow room-temperature zero-phonon line,***® reasonable
(more than 5% quantum yield) brightness,>”** and single-
photon emitter properties.*® Their coupling to monocrystalline
diamond PhC cavities has been demonstrated too. For
example, Becher et al. have obtained 2.8 enhancement of the
ensemble of SiV™ center PL via the Purcell effect by spectrally
tuning the photonic crystal cavity mode via diamond oxi-
dation.’® The same group has also shown that a single Siv~
center can be coupled to a photonic crystal cavity prepared in a
monocrystalline diamond with 19-fold enhancement of the
SiV~ center PL.*" Even higher enhancement has been obtained
by Vuékovié¢ et al.** who coupled the SiV™ center into a one-
dimensional diamond photonic crystal cavity.

All the above-listed achievements have relied on a relatively
complicated and expensive fabrication process. In PhC cav-
ities, the optical modes must be well both spatially and spec-
trally overlapped with the emitters.”® Typically, however, the
inaccuracies in the fabrication do not enable spectrally match-
ing the cavity mode with the emitter possessing a narrow emis-
sion line (such as the SiV™ center) within one processing
run.**** Therefore, after fabricating the cavity itself, it must be
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optically characterized and, based on its properties, post-proc-
cessed to obtain the desired properties.”® Post-processing
methods take advantage of the fact that the spectral position
of the cavity mode strongly depends on the thickness of the
layer. Therefore, the cavity modes can be shifted by thinning
via oxidation®® or reactive ion etching, via the deposition of
thin dielectric layers, or via gas condensation.** The post-pro-
cessing techniques are either time-consuming or require
advanced experimental equipment. For example, the latter
approach (gas condensation) relies on creating a thin layer of
ice on the cavity and it would be therefore complicated to use
it in practice. Furthermore, if a set of cavities is prepared on a
single chip, each cavity is slightly different from another and
thus in the end only one structure is (after suitable postproces-
sing) usable with the given type of emitter.

Polycrystalline diamond, even though possessing higher
optical losses than monocrystalline diamond, provides one
important advantage - a relatively low-cost and large-scale fab-
rication process on various substrates.” Furthermore, by
employing suitable approaches, nanoresonators®® and PhC
cavities with Q-factors comparable to those obtained on mono-
crystalline diamond have been acquired*’ and coupling of the
broad emission of nitrogen vacancy (NV) centers to the cavity
mode has been demonstrated.'® For example, scattering losses
can be minimized by smoothing the surface of polycrystalline
diamond.***” However, the fabrication process still contains
inaccuracies due to the grain-like structure of polycrystalline
diamond, which might be a reason why PhC cavities coupled
with SiV™ centers have not been demonstrated for polycrystal-
line diamond so far.

A hybrid approach that combines diamond optical centers
and photonic nanostructures prepared on a well-established
material from classical photonics may provide an alternative
solution.*®*° For example, recently, an efficient coupling of an
ensemble of NV centers to the modes of Si;N,-based PhC cav-
ities has been demonstrated.”” Similarly, plasmonic based
nanostructures combined with nanodiamonds present a prom-
ising alternative.*' ™’ However, from the point of view of inte-
gration and practical applications, the all-diamond device
remains the most favorable.

In this contribution, we demonstrate a very simple but
efficient approach to reach the spectral overlap of the photonic
mode of an all-diamond photonic crystal cavity with the zero-
phonon line of the negatively charged SiV"™ centers without the
need for post-processing. A series of regularly distributed air-
suspended photonic crystal cavities are prepared into the
diamond thin film containing an ensemble of SiV™ centers.
The non-homogeneous thickness of the polycrystalline
diamond thin film, which is its intrinsic property arising from
the fabrication method, serves then as a tool for in-direct spec-
tral fine-tuning of the cavity modes. By looking at the PL spec-
trum of each cavity, optical modes in spectral resonance with
the emitters are identified. Even though such an approach is
partially random (the local changes of the thickness cannot be
easily measured and only the average thickness is known), it
leads to the desired output without the need to employ compli-
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cated post-processing. We show by micro-PL measurements
that up to 2.5-fold PL intensity enhancement of the zero-
phonon emission line of the SiV™ centers can be obtained by
coupling the emission into the cavity mode. On such a chip,
one has to choose the well-performing structures and realize
the experiments on them. The same holds for practical appli-
cations where the properly functional cavities could be selec-
tively coupled to the photonic circuits.

2 Results and discussion
Sample design and fabrication

As a proof-of-concept, we have designed a photonic crystal
cavity composed of three missing holes in the hexagonal
lattice two-dimensional photonic crystal, the so-called L3
cavity. We have tuned the dimensions of the PhC structure
such that the SiV™ center zero-phonon emission line would
couple to higher order modes of the L3 cavity. As will be
shown, these modes are spectrally close to each other
(Fig. 2(d)) which simplifies the emission-mode matching. The
drawback of these modes compared to the fundamental
cavity mode is their lower theoretical Q-factor’® and thus the
lower expected Purcell enhancement of the emission. This
constrains dimensions of the PhC to a lattice constant of
300 nm, a layer thickness of 190 nm, and a hole diameter of
185 nm.

The fabrication process is in detail described in the
Methods section and schematically sketched in Fig. S1 in the
ESLT Briefly, we have fabricated a thin polycrystalline diamond
layer (approx. 170-190 nm thick) on a SiO, buffer layer (1 pm
thick) grown on a Si substrate. The SiV~ centers were incorpor-
ated during the growth with homogeneous distribution as veri-
fied by scanning the PL from the large area of the sample (not
shown). The density of the centers was not estimated; however,
it is relatively high based on the fact that the PL is not satu-
rated even with few mW of the excitation power. By combining
electron beam lithography and reactive ion etching, a series of
PhC cavities within a single diamond layer possessing varying
thickness have been created. An overall metallic mask of a
selected PhC cavity is shown in Fig. 1(a) with details displayed
in Fig. 1(c). Fig. 1(b) shows a SEM image of the PhC cavity
after reactive ion etching through the mask. Fig. 1(d) shows
details of another PhC cavity. After removing the mask, the
diamond layer has been under-etched in buffered HF in order
to obtain a slab surrounded by air (Fig. 1e). Clearly, the poly-
crystalline nature of the diamond causes the surface of the
layer to remain rough (surface roughness RMS =~ 31 nm from
AFM measurements).

Enhancement of the SiV™ center emission intensity

The cavity modes can be mapped using a micro-PL setup. In
our case, 442 nm laser light was focused via an objective on
the sample and the PL was collected employing the same
objective. We have used objective with high numerical aperture
(NA = 0.9) in order to reach high spatial resolution and to

This journal is © The Royal Society of Chemistry 2020
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Fig.1 SEM images of the fabricated photonic crystal cavities. (a)
Metallic mask on the diamond layer and (b) the resulting PhC cavity. The
photonic crystal is under-etched also around its boundaries giving the
contrast in (b). Details of the photonic crystal cavity — (c) metallic mask
and (d) the final diamond structure. (e) Angle-view SEM image of the
photonic crystal.

collect all the photonic modes overlapping the emission spec-
trum of polycrystalline diamond.

Fig. 2b shows the room-temperature micro PL spectrum of
the selected PhC cavity, the one providing the highest
enhancement of the SiV™ center PL with respect to the sur-
rounding PhC structure. Furthermore, the PL spectra of the
surrounding PhC structure and the adjacent homogeneous
diamond suspended slab are also plotted in Fig. 2b. The zero-
phonon line of the SiV~ centers (at 738 nm) superimposed on
a broadband luminescence of other diamond defects clearly
dominates in the three PL spectra. The PL intensity from the
PhC structure is in the whole detected spectral range slightly
higher than that of the homogeneous suspended diamond
slab due to the concerted action of the PL collection efficiency
and the Purcell factor. For a detailed explanation see Fig. S6 in
the ESL¥ In the PL spectrum of the PhC cavity, we observe a
clear cavity mode at around 780 nm and an enhancement of
the PL intensity at the emission wavelength of the SiV™
centers. This enhancement is localized around the center of
the cavity as evidenced by a PL map of the photonic structure
(Fig. 2a). The PL map was measured with a confocal micro-
scope and the emission was focused on the avalanche photo-
diode via a filter transmitting in the range of 740 + 13 nm. We
would like to note that a point with increased intensity occurs
also in the right bottom part of the photonic crystal. By closer
analysis of the SEM image of the whole photonic crystal struc-
ture (see Fig. S2 in the ESIf) we assign this enhancement to
the localized mode in a PhC cavity formed by one missing hole
(L1-cavity), which was created unintentionally during the fabri-
cation process. Furthermore, the border of the PhC structure
has slightly increased PL intensity compared to both the inner
part of the PhC and the homogeneous diamond slab due to
the additional scattering on the interface of the latter two.

This journal is © The Royal Society of Chemistry 2020
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In order to examine the origin of the PL enhancement, we
plot the enhancement factor, given as a ratio of the PL inten-
sity measured at the PhC cavity and at the surrounding PhC,
as a function of the emission wavelength in Fig. 2d. The
obtained enhancement factor can be fitted with multiple
Lorentzian functions representing the L3 PhC cavity modes. In
order to justify the correctness of this fit, we have performed
finite-difference time-domain (FDTD) simulation®® to identify
the spectral position of the cavity modes (Fig. 2d) based on the
geometrical parameters from SEM images. Namely, in the fit
we have fixed the hole diameter (185 nm) and the lattice con-
stant (300 nm) and varied the diamond thickness in order to
reach a spectral overlap between the measured and calculated
fundamental mode (e1). The obtained thickness is 185 nm,
which corresponds well with the thickness evaluated from
reflectance measurements performed on the larger area (not
shown) and from the angle-view SEM image of the sample
(Fig. 1e). By this approach, also the calculated higher order
modes are in very good spectral agreement with the Lorentzian
functions fitted to the experimental data. Surface roughness of
the polycrystalline layer and structural imperfections of the
fabricated photonic structures are the reason for the small dis-
crepancy between the measured and calculated positions of
the higher order modes.

The PhC cavity modes can be divided into even (e) and odd
(0) modes based on the symmetry of the E, component of the
electric field with respect to the axis going along the cavity.
The TE-mode relevant components of the electric and mag-
netic fields calculated by the FDTD are displayed with their
labels in Fig. 2c. We have verified the polarization of the
modes by polarization-resolved PL measurements (Fig. S3 in
the ESIt).

Table 1 summarizes the Q-factors extracted from the
Lorentzian fits of the computed (Queory) and measured (Qexp)
cavity modes. For all the detected modes, the theoretical
Q-factor is higher than that obtained by measurements.
However, by including optical losses due to absorption
(measured on the polycrystalline diamond layer by photother-
mal deflection spectroscopy®) to the theoretical values, we
have obtained a very good agreement between the theory and
experiment. This indicates that the quality factor of the PhC
cavity structure is in our case limited mostly by the intrinsic
absorption of the polycrystalline diamond and not by the
structural imperfections (tilt of holes, varying diameter or
surface roughness).

The spectral and Q-factor agreement between the calculated
and measured cavity modes shows that the emission from the
SiV™ centers couples to one of the higher-order photonic
modes of the PhC cavity and it is subsequently enhanced by a
factor of 2.5 (Fig. 3d), which we define as the ratio between the
PL intensity measured at the cavity (I.,,) to that on the PhC
structure (Ipnc), i.e. Enheyp = Ieay/Ipnc. The enhancement factor
is approximately 3.2 when the air-suspended homogeneous
diamond slab is taken for comparison (see Fig. S8 in the ESIT).
The difference in the enhancement factors arises mainly from
the difference in the collection efficiency and the Purcell factor
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Fig. 2 Photoluminescence of the selected PhC cavity possessing the highest enhancement of the SiV™ center PL emission with respect to the PL
spectra of the adjacent periodically patterned PhC slab and with respect to the adjacent homogeneous diamond slab suspended in air. (a) Confocal
microscope PL map of the photonic structure measured through a filter transmitting 740 + 13 nm placed in front of the detector. The dashed line
depicts the border of the PhC structure, i.e. the interface of the PhC and the homogeneous diamond slab. (b) Micro-PL spectra of the PhC cavity
(black curve), the PhC structure (red), and the homogeneous diamond air-suspended slab. The most prominent peak at 738 nm is the emission from
SiV™ centers enhanced by the coupling to the higher order photonic crystal cavity modes. The peak at around 780 nm superimposed on the broad
PL is a fundamental cavity mode. The inset shows PL decay at 738 nm of the PhC cavity, of the PhC structure, and of the homogeneous diamond
slab. (c) In-plane electric field components (E,, E,) and vertical magnetic field component (H,) of the L3 PhC cavity TE modes obtained by the FDTD
simulation. (d) Experimental PL enhancement factor given by the ratio of the PL intensity measured at the cavity and at the PhC structure. The
enhancement factor is fitted by Lorentzian peaks. Below the fits of the experimental data, cavity modes acquired from FDTD simulation of the PhC
cavity are plotted as well.

Table 1 Q-Factors of even (e) and odd (o) modes of the PhC cavity.
Calculated Q-factors for the ideal diamond material (Qineory). Q-factors
including the losses of 500 cm™ (Qtheory+abs) due to absorption
measured on the polycrystalline diamond layer (the scattering is not
included), and the Q-factors exported from the measured spectra (Qeyp)

Cavity modes el ol 02 e2 03
Qtheory 759 171 145 219 126
Qtheory+abs 252 119 106 142 96
Qexp 292 115 116 96 118

of the respective structures as discussed in the ESL.{ The close
spectral separation between the higher-order modes causes
slight broadening of the SiV™ center PL peak but, on the other
hand, simplifies the spectral matching of the cavity mode and
the zero-phonon emission line of the SiV™ centers. The fact
that the higher-order modes are spectrally close to each other

Nanoscale

increases the probability of successful coupling to one of these
modes.

The theoretical Purcell enhancement factor for a single
emitter in a cavity (placed in the maximum of the cavity mode)
can be calculated from the measured Q-factor of the modes
and their theoretical mode volume V using the equation

3 (Vo
P = () 2, 1)

where the refractive index for our sample is n = 2.33 (obtained
from the photothermal deflection spectroscopy experiment™).
For the mode in resonance with the maximum of the SiV™
center emission (0;) having the theoretical modal volume V =
0.67(4/n)* and Qexp = 115, the expected value of Fe,, = 13. When
considering I.ay ~ Feaflcay (eav & 0.42 being the collection
efficiency of the o, mode with the NA = 0.9 objective) and Ipyc ~

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Tuning of the PhC cavity modes to match the SiV™ zero-phonon line (depicted by the red rectangle throughout the image). (a and c)
Simulated spectral position of the cavity modes as a function of the diamond thickness for a fixed hole diameter (185 nm) and as a function of the
diameter of the holes for a fixed diamond thickness (185 nm), respectively. (b) Schematic cross-section and layout of the sample under study. Each
row of PhC cavities is prepared with a different radius of holes. The varying thickness of the pristine diamond layer is color-coded. (d) PL enhance-
ment factors obtained on PhC cavities fabricated on a polycrystalline diamond thin layer in a layout shown in (b). The blue shaded mode is a funda-
mental cavity mode. The yellow region depicts the higher-order modes and the red shaded area is at the spectral position of the SiV™~ centers. At the
very top of the image, we have also plotted a PL spectrum of the second cavity (cavity no. 2) placed in the first row. In the right part, SEM images of

the selected PhC cavities are displayed.

Fpncttene (Fpne & 0.15 being the Purcell factor of the PhC and
nene & 0.39 being the collection efficiency of the emission from
the PhC at the same wavelength), we obtain Enheory = leav/Iphc
~ 93. Details on the determination of the Fp,c and the collec-
tion efficiency can be found in the ESI.} As the optical losses of
the polycrystalline diamond (both absorption and scattering)
are already included in the value of the experimental Q-factor,
the main reason for the lower measured enhancement (2.5)
compared to the ideal one (93) is the presence of an ensemble
of the SiV™ emitters inside of the cavity because the relation for
the Purcell factor applies to the emitter in perfect spatial and
spectral overlap with the PhC cavity mode.

This journal is © The Royal Society of Chemistry 2020

For the ensemble of emitters within the PhC cavity we
define an ensemble-averaged PhC cavity Purcell factor
Fensemble By taking into account the measured enhancement
factor of PL on the zero-phonon-line of the SiV™ centers, the
ensemble-averaged Purcell factor of the fabricated PhC cavity
Fensemble 0,24 (see the ESIT for a detailed computation). The
Fensemble denends on the type of emitters within the excitation
volume, on their spatial distribution with respect to the cavity
mode and on the polarization of the emitted light. It is impor-
tant to realize that the value of the ensemble-averaged Purcell
factor reflects both the properties of the structure and experi-
mental conditions of the measurement. For example, by
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decreasing the size of the excitation spot and changing its
position, the value will change because the spatial overlap of
the cavity mode and the excited ensemble will change. The
ensemble-averaged PhC cavity Purcell factor being lower than
unity was measured also by other groups using the ensemble
of SiV~ centers coupled to PhC cavities.”” In other words, if
only a single emitter would be placed into the point of
maximum local density of photonic states of the mode, then
the ideal value should be reached. However, due to the aver-
aging over the ensemble spatially distributed over the whole
cavity, the enhancement is lower than the ideal value.

The inset of Fig. 2b shows that the PL decay of the Siv™
centers measured at the PhC cavity is within the detection
error similar to the decay of the SiV™ centers in the PhC and
the air-suspended homogeneous diamond slab. A similar
effect has also been documented for the ensemble of emit-
ters in monocrystalline diamond.*® This may seem to be in
contradiction with the measured PL intensity enhancement
and with the changes in the Purcell factors, however, it has
to be stressed that the Purcell factor affects only the radiative
rate of the system®" but the measurement contains the total
decay rate including the non-radiative rate. The reported
value of the quantum yield of SiV™ centers in polycrystalline
diamond is ~5%,”” which means that the system decays to a
large extent via non-radiative channels. As derived in detail
in the ESI (section 6f), the 3.6% prolongation of the PL
decay time on the PhC with respect to the homogeneous
diamond slab is expected based on their Purcell factors. For
the PhC cavity and the PhC, the expected shortening of the
PL decay is below 1%. Both values are below the resolution
of our detection system, which explains the recorded PL
decay curves.

In order to put the performance of our photonic structure
into perspective, diamond photonic cavities possessing ensem-
bles of SiV™ must be taken into account. In principle a very
similar type of structure with the ensemble of SiV™ centers,
however, made on monocrystalline diamond using postproces-
sing is discussed in ref. 30. The measured enhancement factor
of PL from the SiV™ centers ensemble provided by our polycrys-
talline diamond PhC cavity is almost similar (2.5) to the case
of monocrystalline diamond (2.8).>° However, when we take
into consideration the collection efficiency and the Purcell
factors of the PhC slabs surrounding the cavities in both cases,
the cavity structure presented here performs worse by a factor
of ~2 compared to the PhC cavities on monocrystalline
diamond presented in ref. 30. Nevertheless, this still presents
a remarkable success realizing that the polycrystalline
diamond possesses two-orders of magnitude higher optical
losses. Furthermore, the lower efficiency is counterbalanced by
cheaper and relatively easily up-scalable growth of polycrystal-
line diamond films. An alternative solution to all-diamond
structures could be coupling the SiV™ centers into PhC cavities
made from materials that are cheaper and easier to process
than diamond.”® At room-temperature, these hybrid structures
possess an approximately three times higher ensemble-aver-
aged Purcell-factor than the all-diamond PhC structures
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studied in this paper mainly thanks to the high optical quality
of the cavity material.*

Spectral tuning of the photonic crystal cavity modes

In order to demonstrate our approach of obtaining spectral
matching between the PhC cavity modes and the narrow emis-
sion line of the SiV™ centers, we have fabricated a series of
PhC cavities on a polycrystalline diamond layer. The layout of
the sample is shown in Fig. 3(b). Each row contains five L3-
PhC cavities being 500 pm apart from each other. The thick-
ness of the layer varies from approximately 170 to 190 nm
which gives us a relatively large span for spectral tuning of the
cavity modes. Fig. 3(a) shows the calculated dependence of the
spectral position of the L3 PhC cavity modes on the thickness
of the polycrystalline diamond layer for the first row having a
diameter of the holes of #185 nm. The second and third rows
have L3 PhC cavities with a smaller diameter of the holes,
namely 175 and 165 nm, respectively. The motivation behind
the fabrication of PhC cavities with a smaller hole diameter
was to verify the correctness of the simplified calculations also
for the rough-surface polycrystalline diamond, namely that the
modes redshift with decreasing the diameter (Fig. 3c).

Fig. 3d shows the experimentally obtained PL enhancement
factors on the three rows of PhC cavities. The first cavity in the
first row was damaged and thus its spectrum is not plotted.
The shift of the cavity modes with the thickness and the dia-
meter can be most easily seen on the fundamental cavity mode
(which we highlighted by blue color-filled rectangles in the
figure). For the first row of the PhC cavities, it blueshifts from
785 to 770 nm with decreasing the thickness, which is in
agreement with the simulation. For the second and third rows
of the cavities, the fundamental mode first redshifts and then
blueshifts due to slightly different thickness profiles among
the rows. The thickness of the polycrystalline diamond layer
decreased from the middle to the edges of the sample in the
way that is schematically color-coded into the sketch in
Fig. 3b. Simultaneously, also the higher order modes blueshift
with decreasing the thickness of the layer which tune them
into the resonance with the SiV™ zero-phonon line. The best
match of the SiV™ center emission line with the cavity modes
was obtained for the first row of the PhC cavities, where three
out of five L3 PhC cavities provided from 1.2 to 2.5-fold
enhancement of the PL intensity due to the Purcell effect.

The limiting factor of using polycrystalline diamond for
producing PhC cavities is a certain randomness in the struc-
tural quality of the final PhC cavities. SEM images of the repre-
sentative PhC cavities are shown in Fig. 3(d) and it is clear that
some holes are not fully etched due to local inhomogeneities
and/or surface roughness. This effect then causes a decrease
of performance due to the decreased Q-factor of the cavity and
modified mode volume. Furthermore, the ratio of the enhance-
ment factors among the modes of the PhC cavity differs from
cavity to cavity. This can be seen, for example, in Fig. 3(d): the
measured PL enhancement factor at the fundamental mode
(e1) is typically similar or even lower to that of the closest
higher order mode (o1), even though its theoretical F}, is more
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than twice higher due to the higher Q-factor (see Table 1, the
mode volumes are comparable). The local imperfections can
even lead to the formation of other photonic modes localized
in such defects (see the ESI{) which might be exploited, for
example, for decoupling emission from the excited area.
However, the spectral position of the fundamental and higher
order cavity modes is only marginally affected by the presence
of such a defect mode due to the fact that they are localized in
the main L3 cavity. Nevertheless, by improving the surface
roughness of the polycrystalline diamond layer, the above-dis-
cussed effects could be minimized. The strong side of using
polycrystalline diamond for PhC cavities is that the properties
of the starting material, the thickness of the layer and its
surface roughness are reproducible with an error lower than
few percent. In total more than 40 cavities were fabricated on 4
polycrystalline diamond samples and ~20% of the fabricated
cavities were in resonance with the zero-phonon-line of the
SiV™ centers.

3 Conclusions

In conclusion, we have presented a simple yet efficient
approach for reaching spectral overlap between the narrow
zero-phonon emission line of the SiV™ centers and the photo-
nic cavity modes. On photonic cavities prepared on polycrystal-
line diamond, we have obtained 2.5-fold enhancement of the
intensity via coupling the emission from SiV™ centers into the
cavity modes, which is comparable to that obtained on a
monocrystalline diamond.”® Furthermore, by improving the
optical and structural quality of the final structures, it is
expected that the enhancement can be further improved. We
would also like to note that the fabricated PhC cavities are
robust toward mechanical vibrations caused by the sample
manipulation. Our approach which takes advantage of the
non-homogeneous thickness of the polycrystalline diamond
layer presents a much cheaper and faster alternative to post-
processing techniques used for fine-tuning the photonic struc-
tures from monocrystalline diamond. In order to fully exploit
this approach for practical applications in quantum photonics,
a single-photon emission from polycrystalline diamond has to
be demonstrated and also a protocol for matching the emis-
sion of multiple devices has to be found.

4 Experimental section
Sample fabrication

The schematic illustration of the PhC cavity fabrication
process is shown in Fig. S1 (ESIt). Cleaned Si/SiO, substrates
(1 x 1 em?) were first nucleated using ultrasonic seeding with
diamond nanoparticles (NanoAmando Aqueous Colloid:
Dispersed Bucky diamond with a median diamond grain size
of 4.8 + 0.6 nm). A continuous polycrystalline diamond film
was grown in a focused microwave plasma enhanced chemical
vapour deposition reactor (Aixtron P6). Process parameters

This journal is © The Royal Society of Chemistry 2020
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used for the deposition process were as follows: 6 kPa, 1% CH,4
in H,, 3 kW, 700 °C, 2 hours. The main source of Si was a
piece of crystalline Si wafer placed near the substrate. After the
growth process, the diamond film was treated in oxygen
plasma (0.5 mbar, 12 W, 20 seconds) to achieve hydrophilic
surface. Next, a thin continuous Al layer (80 nm) was sputtered
on the top of the diamond film. The periodic PhC structure
containing a cavity in the middle was fabricated employing
electron beam lithography on the polycrystalline diamond film
coated with an Al layer and a spin-coated (4500 rpm, 20
seconds) electron sensitive polymer layer (ARP 617.06,
200 nm). Through a periodic matrix prepared in the polymer,
the Al layer was etched in SiCl,/Ar plasma (30 W, 5 minutes)
using inductively coupled plasma reactive ion etching
(Plasmalab ~ System 100, Oxford Plasma Technology).
Subsequently the polymer mask was removed in O,/Ar plasma.
The air holes in the diamond film were created through a
structured Al mask using capacitively coupled plasma RIE
(Phantom LT RIE System, Trion Technology) at 150 mTorr, 100
W, 0,/CF, = 45/2 scem, 18 minutes. After that the Al mask was
chemically wet-etched in 2.7% TMAH solution. Finally, the
SiO, layer was wet-etched through the holes of the photonic
structure in the BOE solution (7 : 1 volume ratio of 40% NH,F
in water to 40% HF in water, 15 minutes).

Micro PL measurements

The sample was excited with a HeCd cw laser (442 nm) and the
spectrally resolved PL was detected with a silicon CCD camera.
The photoluminescence was excited and measured in a direc-
tion perpendicular to the sample plane employing a 100x
Leica objective with NA = 0.9. The excitation spot diameter was
~600 nm.

Confocal imaging and decay measurements

We employed a MicroTime200 (PicoQuant) confocal time
resolved microscope platform.>” The sample was excited with
2 pW average power in the diffraction limited confocal obser-
vation spot by a 470 nm diode laser through 100x magnifi-
cation air spaced objective (Olympus, NA = 0.8). The PL was
collected in epifluorescence observation mode by the same
objective, passed through a 75 pm wide pinhole and detected
with a Si-avalanche photodiode (PerkinElmer SPCM-AQR-14)
through an optical filter transmitting 740 + 13 nm (Semrock).
Pixel resolution was 533 nm.

Reflectance measurements

The thickness of the diamond layers was evaluated from the
interference fringes of the reflectance spectra measured in the
UV-VIS-NIR region using commercial software for modeling of
the optical properties of thin films (FilmWizard).

Simulations

Photonic crystal cavity modes were analyzed with the MEEP
package® using the harminv function. The collection
efficiency was calculated by integrating the radiation collected
by the objective with respect to the overall radiation.
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We report on a scalable, open-access optical microcavity
platform which significantly exceeds the highest optical
enhancement factors achieved to date. These devices will
boost the performance of light-matter interaction in quantum
science and technology. © 2019 Optical Society of America
http://dx.doi.org/10.1364/0ptica.99.099999

The confinement of the electromagnetic field inside a small
volume is key in building devices with high quantum efficiency, by
enhancing the interaction strength between photons and qubits.
For instance, cavities can increase the single-photon countrate from
an emitter due to the Purcell effect [1]. More generally, such strong
confinement enables interactions of light and atoms in cavity
quantum electrodynamics (CQED) [2], or with dielectric particlesin
cavity quantum optomechanics [3].

There are many types of optical resonators, such as Fabry-Perot
(FP), micro-sphere, micro-disc or photonic crystal cavities, that can
be used to enhance light-matter interactions [4]. Regardless of the
cavity type, the mode volume (V) is a significant design parameter.
The advantage of FP cavities is their fast tuneability by changing the
mirror spacing L, which can be achieved in a scalable manner [5].
However, the mode volume of FP resonators is usually larger when
compared to micro-disc or photonic crystal cavities. We report on
our progress on building a scalable architecture for open-access FP
micro-cavities with high finesse and exceedingly small mode
volumes. To the best of our knowledge, the reported Q /(V /%) =
1.8 x 10° value exceeds the performance of all open-access optical
microcavities to date [6-8].

Our microcavity mirrors are coated for high performance in the
telecom O-band (1.26 - 1.36 pm). We have chosen this band since
several promising emitters exist which are optically active in this
regime, among which are the vanadium (V) center in silicon carbide
(SiC) [9,10] and the G center in Si [11,12]. SiC and Si are stable host
environments and offer superb optical properties. They are
therefore prime candidates for implementation in long range
quantum communication networks.

Dissipation due to surface roughness, diffraction or absorption
inside the cavity must be reduced to achieve high performance in

(b) Plano-Concave

ROC
L
Si Si
350um HR AR

Figure 1. (a) Microscope image of the coated Si chip showing the
micro mirrors ona 125 pmgrid (b), Schematic of a PC microcavity.

any optical resonator. Two important figures of merit are the
finesse F = FSR/Av and the quality factor Q = v,./Av with the
resonance frequency v,, the FWHM linewidth Av and the free
spectral range FSR of the cavity. The finesse is proportional to the
number of roundtrips before a photon leaves the cavity or is lost via
dissipation, while the Q factor is the average number of optical
cycles before a photonis lost from the cavity.

In the paraxial approximation, the mirror spacing L and the radius
of curvature R of the mirrors determine the mode properties of the
resonator. The beam waist w,, defines the mode volume Vgiven by:

V= ZwiLwithw, = fﬁ\/aRL—LZ, @

with the wavelength A and 2= {1,2} for plano-concave (PC) and
concave-concave (CC) cavities, respectively [13]. With the Rayleigh
range z, = nw¢ /A, R is given by R = z[1 + (z,/2)?]. We collect
several of these terms in the optical enhancement Y = (Q/
V) (1/n)?, with n the refractive index of the medium. This termis a
key quantity in the interaction of nanoparticles, atoms, or molecules
with light. It is also central to the Purcell enhancement P =
3Yn/4m? where ) is the branching ratio of the relevant two-level
transition.

Short cavities with a small beam waist naturally require asmall R,
which is challenging to fabricate with high precision. Our micro-
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mirrors were fabricated from four-inch silicon wafer substrates by
a two-step dry etching process (see Ref [8] for details). The
structured substrate is diced into chips of 3 X 3 mm? which host
hundreds of mirrors spaced ona 125 pm grid (see Figure 1). The Si
chips are coated with a dielectric high-reflectivity Bragg multi-layer
coatingwith L;;, = L, =5 ppm transmissivity (at 1280 nm) giving
a theoretical limit of F < 6.3 x 10°. The backside of the Si chips
is coated with a corresponding anti-reflection layer. To characterize
the cavities, we used a tunable narrow bandwidth laser source
(EXFO T100S-HP). The laser light is coupled into the cavities in free
space and the reflected laser light was separated by a fiber
circulator and detected by a high-bandwidth photodiode. The
mirror shape was determined by a white light interferometer
(Filmetrics Profilm 3D) to extract R.

The shortest cavities are assembled in a PC configuration by
gluing two mirror chips together. The length of each cavity is fixed,
but in order to vary the resonance frequency of the cavities across
the array, a spacer with = 16 pm thickness was inserted between
the Si chips on one side, forming a narrow wedge with
~ 0.3 degrees tilt. The curved mirrorshave R = (63 + 4) pmand
the depth of the mirrorsis = 4.5 pm.The cavities are characterized
by scanning the laser wavelength over a broad range and recording
the position and spectral distance between fundamental and higher
order modes. The FSR for such short cavities could not be observed
directly as it exceeds the wavelength range of the laser. Instead, we
determined the cavity length from the spectral position of
fundamental and higher order modes (see Figure 2a), and from R.
The radius of curvature is related to the cavity length L by:

L=R (1~ [cos (ﬁAquuT")]z), @

where (p,q) is the Hermite-Gaussian beam order, Avw-y, is the
frequency difference between TEMo,0 and TEM 4 Gaussian mode,
and cis the speed of light [8]. With Equation (2) the calculated length
of the shortest cavity that supported a TEMoo mode at 1275.7 nm
and a mode with p + g = 1 at 1263.5 nm was (7.4 + 0.5) pm,
which corresponds to FSR=¢/2L = (20.3 + 1.4) THz (see Figure 2a).
Hence the mode volumeis V = (23 + 1.4) A%, Note thatthe field
mode also extends into the Bragg coating for 0.8 2 = 1 um [14].

The cavity linewidth was measured by scanning the probe laser
over the cavity resonance while a 200 MHz sideband modulation
was applied, and the observed linewidth is compared with the
known splitting of the sidebands (see Figure 2b). The highest
observed cavity finesse for the shortest possible cavities was F =~
350,000 which corresponds to a roundtrip loss of 18 ppm. The
excess dissipation of = 8 ppm could arise due to slight distortions
of the curved mirror shape, or from scattering losses due to surface
roughness (see Table 1: “PC-f").

We also assembled cavities with variable mirror spacing L by
mounting one of the mirrors on a piezoelectric actuator, enabling
rapid tuning of the resonance frequency. For this setup we
measured PC and CC cavity configurations with L > 15 um.
Longer cavities allowed to measure the FSR = 9.3 THz directly.
We found good agreement between the L obtained via the FSR and
the value computed using Eq. (3). For the actuated cavities we used
mirrors with larger R = 100 pm with a mirror depth of 8.5 um,
giving a spacing between the mirror chips of 6 pm. This
configuration reaches F = 490,000 (see Table 1: PC-a and CC-a).

In conclusion, we have built small volume, high finesse optical
Fabry-Perot cavities for the telecom O-band at 1280 nm

TEMy, | |
- M\=1220M ——
p+q=1

1262 1264 1266 1268 1270 1272 1274 1276
A (nm)

g

i

8. Av

-300 -200 - 100 200 300

100 0
Frequency (MHz)

Figure 2. Spectra for “PC-f* (see Table 1) (a) fundamental TEMoo mode
and one higher order mode. (b) resonance at A = 1276 nm with
sideband modulation of 200 MHz (black dots). FWHM linewidth of
Av = (58 £ 2) MHzis extracted by a Lorentzian fit (red dashed line).

wavelength. These cavities are suitable for enhancement of photon
countrates from vanadium in silicon carbide or G centers in silicon.
The extracted optical enhancement value reaches Y = 1.8 x 10°%,
almost three times larger than other types of open-access
microcavities [7,8]. This improvement is highly desirable for spin-
photon interfaces, cavity cooling of nanoparticles, and other
applications requiring extreme enhancement of the interaction of
light with matter.

Table 1. Comparison of selected cavity assemblies

type A(m)  R(um) L (um) V) T (/109
PCf 1276 63+4 74+05  23+14 35030
PCa 1280 109+1  169+0.1  102+14 490£90
CCa 1280 100£1  254#01  129+14 18010
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layer of hydrogenated amorphous silicon (a-Si:H) can be prepared by using locally applied electric field
in an atomic force microscope (AFM). Depth of the resulting structures (1-40nm) can be controlled
by the process parameters (magnitude of electric field, exposure time, or nano-sweeping of the tip).
We demonstrate that complex patterns can be scribed into the a-Si:H layer in that way. The prepared
patterns exhibit different structural, optical, electrical, and electron emission properties, compared to
the surroundings as detected by Raman micro-spectroscopy, scanning electron microscopy (SEM), and
conductive AFM. The silicon thin films with locally modified properties can be useful in themselves or
can serve as templates for further nanoscale growth or assembly.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Preparation of nanoscale templates represents an important
step in many methods which use bottom-up approach for con-
trolled synthesis of nanomaterials, formation of nanostructures,
or guided assembly of whole nanoscale devices for prospective
applications in electronics, plasmonics, photonics, energy sources
aswell as biosensors [ 1].Such function can be predefined by natural
substrate features (such as step-edges or dimer rows) or induced
by substrate modification on a microscopic level. Diverse types of
the substrate modification such as structural [2-5], chemical [6,7],
electrostatic [8,9], or their combinations can be utilized as nano-
templates.

There is a broad range of techniques and materials for creating
the structural templates. The most established method is optical
lithography using shadow masks or direct laser writing to modify
photoresist properties. This method can be used also in an inno-
vative way for direct modification or assembly. For instance, laser
assisted corrosion of aluminum [ 10] can be used for preparation of
various patterns in a thin aluminum layer [11]. Structured illumi-
nation can be used for modification of electrode conductivity and

* Corresponding author at: Institute of Physics, The Czech Academy of Sciences,
Cukrovarnicka 10, 16200 Prague, Czech Republic.
E-mail address: fait@fzu.cz (]. Fait).

https://doi.org/10.1016/j.apsusc.2017.09.228
0169-4332/© 2017 Elsevier B.V. All rights reserved.

thereby for electrophoretic deposition of nano-particle patterns
[12].

However, optical techniques working in the visible spectral
range are not capable of creating structures significantly smaller
than the wavelength of light. Using the radiation with shorter
wavelengths (UV, XUV, X-ray) or electrons instead is possible but
it makes the creation of nano-structures more complicated and
expensive. Therefore, nanotechnology techniques have emerged
that use self-organized template structures, e. g. nanosphere
lithography [13,14] or porous alumina templates [15,16]. These
techniques are inexpensive and capable of creating large area
(square centimeters [17]) nano-templates. However, only limited
types of pattern shapes [18,19] and dimensions (mostly with the
hexagonal structure) can be prepared using the self-organization
techniques.

Local anodic oxidation [20] represents another group of meth-
ods in which scanning probe microscopy is employed for localized
microscopic modification of a substrate [21-23]. Oxidation of the
substrate is achieved by applying voltage (negative polarity on the
tip) on the scanning tip in form of a sharp needle or atomic force
microscopy (AFM) probes. Oxidized features can then, for instance,
act as insulating patterns around transistor structures in GaAs [24]
or diamond [25,26], or they can control selective assembly of metal
nano-dots on silicon due to differences in sticking coefficient and
wettability [27]. Another AFM-based technique was introduced for
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producing nanostructures in a thin layer of hydrogenated amor-
phous silicon (a-Si:H) [5].

Thin layers of a-Si:H have been of particular interest in the
recent decades. Due to the lack of long-range crystal periodic-
ity, the band structure is modified compared to crystalline silicon.
That leads to many applications in photoluminescence [28], pho-
tovoltaics [29,30], electronics, and others [31]. Amorphous silicon
is usually prepared in the form of thin layers by chemical vapor
deposition (CVD).

When a-Si:H temperature is heated over 600°C, the mate-
rial starts to crystallize. Presence of some metals (nickel, chrome,
or palladium) can reduce the crystallization temperature [32,33].
Moreover, if an electric field is additionally applied the crystal-
lization can occur even at room temperature by the so-called
field-enhanced metal-induced solid phase crystallization (FE-
MISPC) [34,35].

By using a similar process to FE-MISPC, nano- or micro-pits can
be prepared in the thin film of a-Si:H [36]. Preparation of pits in a-
Si:H layers with thickness above 170 nm was investigated by using
specialized electronic circuitry [37]. Conductive (crystallized sili-
con) or non-conductive pits were formed in such layers depending
on the parameters used. Both types of pits were further used as tem-
plates for growth of localized silicon nano-crystals [5]. Such direct
structuring of a-Si:H films thus avoided multistep lithography pro-
cess including typically the use of resist layers, shadow masks, and
wet or dry etching.

In this work, we build upon this phenomenon further and
present a way for preparation of complex, large area nano-
patterned templates in a thin layer of amorphous silicon by using
a simple single-step technology utilizing AFM. We identify sev-
eral crucial factors for achieving reliable and well reproducible
process: i) thin enough layer of amorphous silicon (40 nm), ii) nano-
sweeping of the tip (local modulation of the tip position) during
the process, iii) parameter window of electrical current ampli-
tude and exposure time. Furthermore, by using optical microscopy,
Raman micro-spectroscopy, scanning electron microscopy (SEM),
and conductive AFM, we show that the process gives rise to local
modification of not only structural but also optical (Raman scatter-
ing) and electronic (electron emission and conductivity) properties
of the exposed places while not changing the amorphous character
of the thin film.

2. Experimental

Glass (Corning 7059) or monocrystalline silicon wafers were
used as substrates. Nickel film (thickness 40nm) with titanium
adhesion layer (10nm) was deposited on the substrates using
vacuum thermal evaporation. Subsequently, thin layers of a-Si:H
(thickness 40nm =+ 5nm) were deposited on the Ni-coated sub-
strates by plasma-enhanced CVD. High hydrogen content in the
layers (20-45 at.%) was achieved by using 0.02 % of SiH4 (1sccm)
diluted in helium (5000 sccm), and low temperature (50 °C) of the
CVD process. Some samples were made with Pt electrode (40 nm
again) instead of Ni in order to find out whether the role of nickel
is crucial for the pit formation.

The fabrication of nano-structures was done by atomic force
microscope (AFM; Veeco DI3100 IV) in contact mode equipped
with metal coated silicon tips (ContE-G, BudgetSensors, force con-
stant 0.2 N/m). Constant electrical current (0.5-15nA) was locally
applied to the sample using the Ni film (negative polarity) and the
AFM tip as electrodes (see Fig. 1). External unit (Keithley K237)
was used as a current source as well as a voltage monitor. Using
the constant current regime is preferable due to better control over
the process [36].

J. Fait et al. / Applied Surface Science 428 (2018) 1159-1165

Fig. 1. (a) Schematic drawing of the experimental setup. (b) Photography of the
sample.

In the first employed method, nano-pits were created by the
AFM tip which was not moving during the exposition. Exposure
time was in the range of 10-30s. In the second method, the tip
was sweeping across the sample during the process, i.e. its position
was laterally modulated. The amplitude of the sweeping was in the
range of 0nm (corresponding to static regime) to 300 nm and the
frequency in the range of 0Hz (corresponding to static regime) to
0.5 Hz. Tip velocity may be calculated from these parameters. In the
third method, complex movements of the tip across the surface of
sample were employed to draw line art patterns. The parameters
were chosen based on prior optimization measurements. Larger
current (at least 8 nA) was needed for continuous drawings. In addi-
tion, depth and width of the structures depended on the tip velocity.
Note that scanning the tip in a raster (bitmap) pattern turned out to
be less precise and more time consuming. Thus it was not further
investigated.

The morphology of nano-structures was characterized using
AFM in contact mode with the same tip which had been used
for their preparation before. Conductive AFM (with a new metal
coated tip) was used to measure local conductivity map of the
samples when biased by a constant voltage. Furthermore, some
nano-structures were re-measured with different tip in tapping
mode to improve image clarity. The dependence of the size of the
pits on different parameters during the process (especially the cur-
rent magnitude and the exposure time as well as tip wear and
sample-tip force) were investigated.

Material and chemical composition of the exposed places was
determined by Raman micro-spectroscopy (Horiba XploRA, excita-
tion wavelength 532 nm, objective 100x, Raman resolution <1 pLm).
Changes of optical properties were characterized in reflected light
by bright field optical microscope images using 100 x objective and
Xe lamp illumination. Scanning electron microscopy (SEM, Tescan
Maia3) was used to measure morphology complementary to AFM
and also to characterize changes of secondary electron emission
using an in-beam detector.
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Fig. 2. Depth of the structure (pit) h as a function of: (a) the electric current mag-
nitude I (at the fixed 10s exposure); (b) the exposure time ¢ (at the fixed current of
0.5 nA) for static method. Each data point was evaluated as an average value of three
single pits — error bars show standard deviation of arithmetic mean. The connecting
lines are guide for eye.

3. Results
Fig. 2 shows the typical resulting depth of the structure (pit)

created by the static method, where the tip was not moving during
the exposition, as a function of exposure time and current. As a

b)
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—a®
T T
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function of the current (at the fixed 10 s exposure), the depth of the
pits remained zero until a threshold current of about 0.4 nA was
reached. Then the pit depth quickly increased and saturated above
0.6 nA. As function of the exposure time (at the fixed current of
0.5 nA), the depth of the pits remained zero until a threshold time
of about 8 s was reached. Then the pit depth quickly increased up
to 12 s and dropped for longer times.

The maximum depth of the pits achieved by the static method
was around 10 nm. Lateral diameter of the pits was in the range of
few hundreds of nanometers. The depth and diameter of the pits
did not depend on a force between tip and sample (at least in the
range of 20-60 nN). The force during the process was adjusted by
the deflection setpoint of AFM.

Note that voltage, supplied to keep the constant current,
increased gradually during the pit creation. Then for lower cur-
rents the voltage saturated (~15V for 0.3 nA; ~50V for 0.5nA). On
the other hand, for larger currents (>0.8 nA) the voltage dropped
to zero if certain value (usually between 80V-120V) was reached.
The process was not fully controllable in such case and large craters
with diameter >1 um were created. Similar behavior was observed
before [36] and it was attributed to current surges due to discharg-
ing parallel capacitance when voltage becomes lower as conductive
path is formed.

When sweeping was utilized during the process, deeper pits
were created. Fig. 3(a-c) shows dependence of the depth of pits
on current magnitude and exposure time. In Fig. 3(a) the pits with
lower current were prepared first and in Fig. 3(b) the other way
round. The sweeping amplitude was fixed at 100 nm and the sweep-
ing frequency at 0.3 Hz. These parameters were chosen by exploring
dependence ofthe pit depth on the sweep amplitude and frequency.
The data are shown in the Supplementary information (see Fig. S-1
in the Supporting information).

For the sweeping tip, currents lower than typically 0.5nA did
not create pits at all. Thus the threshold is somewhat higher than
for the static method above. The depth of the pits tends to increase
within the range 0.5-1.5 nA. Currents >4 nA led again to creation of

Fig. 3. Dependence of pit depth h on the electric current magnitude I and the exposure time t for sweeping tip (amplitude 100 nm and frequency 0.3 Hz): (a) The pits with
lower current were prepared first; (b) The pits with larger current were prepared first. New tip was used for this data set. (c) Comparison of dependences for exposure time
305 (the connecting lines are guides for eye.). (d) Dependence of pit lateral diameter x (in the direction of sweeping). Same pits as in (a). Each data point was evaluated as an

average value of three single pits.
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Fig.4. (a) AFM topography image of nanostructured part of the sample with a matrix
of pits. (b) Height cross-section along the line indicated by the arrows in the image.

large craters with diameter of few micrometers and tip modifica-
tion or destruction. The values of maximum current and threshold
slightly vary (20%) even for tips of the same type. Nevertheless, the
trends are similar with all tips. Actual pit depth depends on whether
the process starts from higher or lower currents, as summarized
in Fig. 3(c). It affects also the overall trend. It is monotonously
increasing when starting from lower currents but exhibits a max-
imum when going from high to low currents. It may be related to
the observation that new tips create shallower pits. Thus certain
forming of the tip seems to be advantageous for the process.

The maximum depth of the pits achieved by the sweeping
method was around 40 nm, thus significantly deeper than depth
obtained by the static method. Lateral dimensions of the pits were
again in the range of few hundreds of nanometers (Fig. 3(d)).

Fig.4 shows that the process can be used to create a well-defined
ensemble of many pits precisely placed at given coordinates. The
pits are stretched in horizontal direction because of the sweeping
(100 nm amplitude). Experiments with more pits can be found in
the Supplementary material (Fig. S-2 in the Supporting informa-
tion). The number of pits that can be created by one tip is 80-120.
Afterwards, the tip is too worn to create pits with controlled sizes.
Nevertheless, more durable tips such as diamond ones [38] could
be employed.

Based on the fact that the sweeping of the tip was favorable for
the process, application of more complex movements across the
sample was also investigated. Fig. 5 shows the picture of the logo
of the Institute of Physics of the Czech Academy of Sciences that
was scribed into a-Si:H film by this technique. The logo is made of
line art many micrometers long within the area 6 x 8 um? with the
depth between 20 and 40 nm.

The tip was moving along a trajectory defined as a vector image.
The velocity of the tip was 50 nm/s along the line art segments.
Faster movement (10 wm/s) was used between the individual seg-
ments. Those lines are also faintly visible in Fig. 5 (electric current
was not switched off in these segments for simplicity). The depth of
lines can be obviously controlled by adjusting the tip velocity. Nev-
ertheless, itis also possible to develop methods in which the current
is switched off (or the tip retracted) and such joining lines are not
made. It took approximately 20 min to scribe the logo. Another logo
is shown in Fig. S-3 in the Supporting information. That logo was
made using the same parameters but a new tip (same type). The
lines are shallower (few nanometers) and thinner (~100 nm).

J. Fait et al. / Applied Surface Science 428 (2018) 1159-1165

Fig. 5. (a) AFM topography image of nanostructured part of the sample with the
logo of the Institute of Physics of the Czech Academy of Sciences; (b) map of local
electric current (measured with bias voltage 3.5V); (c) height cross-section and
current cross-section along the lines indicated by the arrows in the images; (d) SEM
image of secondary electron emission; (e) bright field optical microscope image in
reflected light. Scale bars 2 pum.

Constant electric current of 13 nA was used to create the logo,
which is approximately four times more than maximum current
used for the pit fabrication. Larger currents led again to formation of
large craters. The currents <8 nA did not make continuous lines, but
isolated holes or short segments instead. The voltage was oscillating
between 14 — 20 V during the scribing.

Fig.5(b) shows the current map (bias voltage 3.5 V) of the sample
with logo. Exposed places feature lower conductivity than the sur-
rounding area. Also electron emission is different (increased) along
the exposed lines, which can be seen in the SEM image (Fig. 5(d)).

The Raman spectra of the same area are shown in Fig. 6.
The sharp peak of crystalline silicon at 520cm~! is missing in
Raman spectra. Only broad amorphous band is present instead.
The shape of Raman spectra on the exposed places and on
the surrounding area differs for wavenumbers <1800cm~! just
minutely. However, the overall intensity of Raman signal changes
throughout the exposed area. Map of the integrated Raman inten-
sity (300-1800cm~1) is shown in Fig. 6 (inset). Raman intensity
detected on the lines is lower than on the unexposed area (same
parameters of acquisition). On the other hand, the Raman inten-
sity alongside these lines is higher than intensity on the unexposed
area.
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Fig. 6. (a) Raman spectra on the exposed area (place with maximal signal and place
with minimal signal) and in the surrounding unexposed area. The noise is the con-
sequence of short acquisition time (0.5 s) as the spectra were measured during the
acquisition of the Raman map. Inset: Map of the Raman intensity on the logo. The
spectra in each point were integrated and converted to grey scale. White places cor-
respond to the largest signal. (b) Normalized Raman spectra of unexposed (black)
and exposed (red) places. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

The change of Raman signal between exposed places and sur-
rounding area was observed around 2000 cm~! (Fig. 6(b)), where
the Si—H and Si—H; bonds are evidenced. A peak with maximum
at 2093cm~!, which corresponds to Si—H, bonds [39-41], was
observed on the as deposited layer. A shoulder at lower wavenum-
bers (2030 cm~1) was observed. After the nanofabrication process,
a peak at 1997 cm~!, which corresponds to Si-H bonds, became
dominant while the peak at 2093 cm~! decreased. This is probably
caused by the overall decrease of hydrogen concentration inside
the a-Si:H film.

4. Discussion

The process which leads to the creation of pits has not been suf-
ficiently described yet. The pits are most probably created by the
change of the density of the layer (as discussed before in [42]). The
a-Si:H layers with high hydrogen concentration typically contain
voids, which decrease the overall density of the layer [43]. Energy
supplied by the electric current which is flowing through the layer
increase the mobility of hydrogen atoms. Subsequently, hydrogen
atoms leave a-Si:H and the layer shrinks. This assumption is sup-

ported by the changes which we observed in Raman spectra in the
region of Si—H bonds around 2000 cm~!.

Smets et al. [43] have shown that films with hydrogen con-
centration below 14 + 2 at.% are dominated by di-vacancies, which
contain hydrogen, and low stretching mode (1980-2030 cm~1) is
dominant in IR absorption spectroscopy. On the other hand, films
with hydrogen concentration over 14 + 2 at.% of hydrogen are dom-
inated by voids and high stretching mode (2060-2160cm~1) is
dominant in IR absorption spectroscopy. Moreover, density of the
layer is significantly reduced in films with voids. These measure-
ments are in accordance with our observations of topographical
and Raman spectra changes, and also with the fact that the depo-
sition parameters were chosen to achieve high hydrogen content
(>20at.%) in the a-Si:H layer. Therefore, we propose that locally
applied electric field promotes the escape of hydrogen, which leads
to shrinking of the layer.

The contribution of silicide forming metals (both nickel and
platinum) must be also taken into consideration. Those metals sig-
nificantly contribute to the FE-MISPC process [34]. Even though the
crystallization was not observed in our case, silicide forming met-
als could facilitate the hydrogen escape. Also the mechanical force
induced by the tip could influence the constriction of the layer.
However, the tip does not make any observable changes in a-Si:H
layer when the current is switched off or lower than the thresh-
old. Moreover, slight changes of the force magnitude between tip
and sample did not measurably affect the process of pit creation.
Hence the influence of the tip-surface mechanical interaction can
be neglected.

During a process of pit creation, the depth of pits grows with
the exposition time as expected, because more hydrogen leaves
the a-Si:H layer. Nevertheless, after certain time (~12s) the depth
starts to decrease again. It was observed repeatedly when the static
regime was used. Hence we assume that there is some mechanism
behind.

There is obviously no other possibility than that some material
fills the pit. We propose that it is oxide from the AFM tip. When the
tip is static the oxide grows on the positively biased tip during the
pit formation process. After some time the tip is covered by oxide,
which increases electrical resistance of the tip-surface contact. Thus
in order to maintain the current the voltage increases up to the
discharge through the oxide layer, which may blow away some of
the oxide from the tip, a well-known process used for improving
conductivity measurements in AFM [44]. This effect is reproducible,
albeit with some variations in the outcome as reflected by increased
error bar in Fig. 2. When the topography of pits was measured after
the process, artefacts were observed in some cases. This might be
caused by the modified tip.

The same mechanism can also explain why the pit depth is
larger for sweeping tip. The thickness of oxide layer is reduced for
tips moving faster [45]. In our case, smaller oxide thickness is evi-
denced by lower voltage which is required to maintain the current
constant for sweeping tip (fluctuating between 14 and 20V). Thus
oxide growth on the tip is inhibited and the voltage is not enough to
blow away the oxide and fill the pits. The sweeping also reduces the
possibility of electrical discharge as the conducting channel is spa-
tially spread during the exposure. Analogous effect was observed
for electric discharges in gas when discharge “cooling” was gener-
ated by acoustic field in the gas [46]. At the same time, the current
flow is not inhibited and the modification of a-Si:H layer may pro-
ceed further. Moreover, larger currents and longer exposition times
may be used for sweeping tip because the voltage does not increase
over the discharge threshold. Yet when the current is set too high
(>4 nA), the voltage increases and leads to the discharge. The opti-
mal velocity for sweeping is about 60 nm/s. The achievable depth
becomes again smaller for faster sweeping. Electrical current driv-
ing the reaction is most likely too dissipated.
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Significant changes of the tip properties occur during the first
few (usually three) expositions. This process is denoted as tip form-
ing [37] and has mostly positive effect on the process. The ability to
control the pit depth is reduced by gradual tip wear in later stages.
Various mechanisms could be responsible for the tip wear includ-
ing decrease of metal coating thickness, material accumulation on
the tip, increasing radius of the tip or aforementioned anodic oxida-
tion of the tip [ 38]. Opposite polarity reducing the anodic oxidation
of the tip is not convenient for pit creation though [36]. Moreover,
the opposite polarity could lead to oxidation of silicon surface. Tip
wear can be reduced when more durable tips are used [38]. Using
for instance diamond-based tips may increase the number of pits
and also improve the control over their size.

Compared to previous studies [36,42], thinner a-Si:H layers
were used now (40nm vs. >170nm). Much thinner layers have
lower overall resistance, which has several important conse-
quences. Firstly, the current magnitude required for pit creation
(>0.5 nA)is higher than 0.2 nA, which was typically used before [47].
Secondly, the a-Si:H layer does not crystallize as is evidenced by
Raman spectroscopy and conductive AFM measurement (exposed
places exhibit lower electrical conductivity). Before, regulation of
current magnitude (by external circuitry with MOSFET) had to be
used to avoid crystallization [5]. Thirdly, the external voltage, which
keeps the current constant, is generally lower. That significantly
suppresses the current surges from parallel capacitance after the
pit formation. Again external circuitry was used before to avoid cur-
rent surges. Thin layer of a-Si:H (40 nm) provides therefore better
reproducibility and better control over the pit depth.

As mentioned above, the created features exhibit generally
lower electrical conductivity than the surroundings even though
the thickness of the layer is lower there. The conductivity of mate-
rial would have to decrease by a factor of ~4 in order to explain
the decrease shown in Fig. 5(b). The decreased conductivity is not
due to larger tip contact area inside the pits, which would lead
rather to increased currents [48]. More likely it is influenced by the
change of hydrogen content. It was shown before that conductivity
of a-Si:H films varies by few orders of magnitude if illuminated
by visible light or thermally annealed [49,50]. This change was
attributed to the displacement of hydrogen atoms. Hydrogen ter-
minates the dangling bonds of silicon atoms in a-Si:H layer and
affects its density of gap states. In our case, hydrogen content is
greatly reduced and the dominant type of bonding (SiH or SiH;)
is significantly changed on processed places. Decrease in hydrogen
content increases the number of unsatisfied silicon dangling bonds,
which leads to the observed increased electrical resistance of the
created pits or pattern.

Besides electrical conductivity, the Raman intensity was also
modified on the exposed area. Raman intensity coming from the
lines in the middle of the logo (Fig. 6) is lower in comparison with
the unexposed area. We assume that the drop is the consequence
of the lower thickness of a-Si:H layer on the exposed places. Sur-
prisingly, the Raman intensity alongside these lines is higher. This
could be caused by accumulation of material along the exposed
places. However, such accumulation was not observed with AFM.
We therefore suggest that this enhancement may be caused by
diffraction of Raman signal on roughened surface, which leads to
its more efficient collection. Such optical effects could be useful in
various photonics applications [51].

5. Conclusion

Nano-patterns of various complex shapes and sizes were repro-
ducibly created in a thin (40 nm) layer of hydrogenated amorphous
silicon by local application of electrical current, via conductive AFM
tip. Sweeping of the AFM tip during the process led to deeper
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and better defined features. It was possible to control the feature
depth by adjusting the electric current magnitude and the sweeping
amplitude and frequency. By using AFM, the features were localized
with high accuracy and precision into matrices. Moreover, complex
line art patterns were scribed into the a-Si:H film by moving the tip
across the surface during exposition. It was possible to control the
depth and width of the lines by changing the velocity of the tip or
by adjusting the current magnitude.

The a-Si:H film did not crystallize during exposition as
evidenced by conductivity measurements and Raman micro-
spectroscopy. Properties of exposed places still differed from their
surroundings. In addition to morphological (pit or trench forma-
tion), electrical conductivity of the features dropped while electron
emission and light interaction was enhanced. This may be useful for
various applications of a-Si:H itself. The modified properties of the
patterns may also become useful as universal templates for further
growth or assembly of nano-materials and nanostructures by geo-
metrical, physical, chemical, or optical processes. Some possibility
of such use has already been demonstrated [5,52].
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Selective deposition of diamond allows bottom-up growth of diamond nanostructures and nanoscale devices.
However, it remains challenging to reduce the size of the patterns and to suppress parasitic spontaneous nu-
cleation. We show here that thin layers of hydrtogenated amorphous silicon (down to 40 nm) efficiently suppress
spontaneous nucleation of diamond. The suppression of diamond nucleation does not depend on the substrate
materials below hydrogenated amorphous silicon (Si, SiO,, Pt, Ni). We attribute the suppressed diamond nu-

cleation to surface disorder on atomic scale. By using a structured layer of hydrogenated amorphous silicon,
highly selective growth of diamond micro-patterns with optically active SiV centers by low-temperature mi-
crowave plasma chemical vapor deposition is achieved.

1. Introduction

Diamond has many outstanding properties — optical, thermal, elec-
trochemical, chemical, electronic [1] — which are very promising for
many potential applications. One of the most interesting and intensively
studied features are diamond colour centers [2,3]. They are in-
vestigated for many reasons such as detection of very weak magnetic
fields [4,5] and quantum computing [6] by nitrogen-vacancy (NV)
centers, and biomarkers and (bio-)sensing by silicon-vacancy (SiV)
centers [7]. Many of these applications require, or may benefit from,
precise placement of luminescent diamonds on a substrate.

When chemical vapor deposition (CVD) of diamond is carried out on
a non-diamond substrate, stable clusters of carbon atoms with a dia-
mond structure (called nuclei) must first be created. In order to become
stable, clusters must overcome the energetic barrier (i.e. to achieve a
critical size). This process is called spontaneous nucleation [8,9]. The
height of the energetic (or nucleation) barrier is determined by the
deposition conditions - the deposition system, the gas mixture, pressure
or temperature [10]. The spontaneous nucleation rate is usually char-
acterized by the nucleation density — the number of spontaneously
created diamond grains per unit surface area. Spontaneous nucleation
depends not only on the deposition conditions, but also on the prop-
erties of the substrate material. CVD diamonds usually start to grow
after the formation of a carbide buffer layer on the substrate (e.g. SiC on

Si substrates). Moreover, the same material can lead to different nu-
cleation densities if defects are present on the surface. For example,
spontaneous nucleation is markedly enhanced near the scratches on an
otherwise smooth surface [11].

The substrate is often seeded with diamond nanoparticles before
deposition (e.g. in an ultrasonic bath), because the spontaneous nu-
cleation process is typically slow and the nucleation density is relatively
low and insufficient for growing thin, continuous films. Subsequently,
the diamond grows directly on diamond grains. Lateral structuring of
the seeding layer can be used for selective growth of diamond devices
[12]. However, it is challenging to reduce the size of the patterns in the
seeding layer to nanoscale, to control the position of the seeding par-
ticles in order to prepare small clusters of diamond crystals, as well as to
reduce unwanted growth outside the defined areas [13].

A mask made of material that suppresses diamond nucleation can be
used instead of lateral structuring of the seeding layer in order to
achieve selective growth. There are several requirements on the mate-
rial of the mask. 1. It must suppress spontaneous nucleation in order to
achieve growth only within predefined areas. 2. It must be compatible
with the conditions that are used for the diamond growth. 3. The ma-
terial should be easily deposited, structured on nanoscale and, pre-
ferably, easily removable.

In this respect, hydrogenated amorphous silicon (a-Si:H) thin films
are appealing. A layer of a-Si:H can easily be deposited by chemical
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vapor deposition, can easily be etched chemically, and can be locally
structured by photolithography or even by a conductive atomic force
microscope (AFM) [14-16].

In this study, we first investigate the effect of a-Si:H thin film
coating on the spontaneous nucleation of diamond on various substrate
materials. In order to quantify the effect, the nucleation density on a-
Si:H is compared with the nucleation density on a bare Si wafer, as a
reference. Low temperature diamond growth [17,18] was used for de-
position in order to avoid thermally-induced changes in a-Si:H layers.
We show that spontaneous nucleation of diamond is completely sup-
pressed on amorphous silicon in contrast to monocrystalline silicon,
where high spontaneous nucleation density can be achieved. In this
sense, the a-Si:H film can work as a mask for selective diamond de-
position, as demonstrated. Moreover, we show that the chemical purity
of the diamond is high enough for optically active SiV centers to be
observed. The method presented here can thus be highly beneficial for
bottom-up growth of diamond photonic [19] or electronic devices [12].

2. Experimental

Spontaneous nucleation was investigated on the following sub-
strates: standard polished monocrystalline p-type Si (100) wafers, or Si
wafers with additional interlayer made of Ni (40 nm by evaporation), of
Pt (40 nm by sputtering) or of SiO, (900 nm). All of these substrates
were covered by a thin layer (40 nm-230nm) of a-Si:H. The a-Si:H
layers were deposited by chemical vapor deposition (CVD), using
0.02% of SiH, (1 scem) diluted in helium (5000 scem), and a low sub-
strate temperature (50 °C). This process leads to a high hydrogen con-
tent in the a-Si:H layers (20-45 at. %). The thickness of the a-Si:H layer
was controlled by the CVD deposition time, with a linear increase in
thickness with deposition time, and was determined by atomic force
microscopy (AFM). A bare monocrystalline silicon wafer (placed side-
by-side with the a-Si:H covered samples) was used as a reference during
subsequent diamond deposition, and the nucleation density on a-Si:H
was compared with the nucleation density on this reference sample.

The diamond deposition was carried out in a focused microwave
plasma CVD (MP-CVD) reactor (Aixtron P6) using an ellipsoidal cavity
resonator. For the setup scheme of the reactor, see Fig. S1 in
Supplementary Information. The plasma is located close (1-2 mm) to
the substrate surface [8]. This proximity of the plasma limits the lowest
substrate temperature that can be achieved during CVD deposition. The
substrate temperature was kept low (approximately 430 °C; monitored
by a Williamson, PRO 92-20-C-23 type IR pyrometer) in order to reduce
possible thermally-induced changes to the a-Si:H. In some cases, a
higher surface temperature (approximately 560 °C) was used while
keeping the deposition conditions unchanged. This was achieved by
using a hollow substrate holder with lower thermal conductivity.

The deposition conditions were adjusted so that the nucleation
density on the reference polished monocrystalline silicon substrates was
higher than 10° cm ™2, which is the maximum that we could achieve
while keeping the substrate temperature low. The reference substrates
were cleaned using O, plasma treatment before depositions. The
parameters used for diamond deposition were as follows: deposition
time t = 3 h-12h, total gas pressure p = 4 kPa, gas flow of hydrogen H,
equal to 300 sccm, gas flow of methane CH4 equal to 3 scem (or 15
sccm), power of the MW source P = 4 kW. Three different deposition
scenarios were used. In the first scenario (labeled as long), the deposi-
tion time was 12h. All parameters were kept constant during the de-
position. In the second scenario (labeled as methane), the deposition
was shortened to 4 h. In order to enhance and accelerate spontaneous
nucleation, the methane concentration was increased to 5% during the
first hour. In the third scenario (labeled as interrupted), the deposition
was interrupted after 0.5 h. Deposition was restarted after 0.25h, and
lasted a further period 3 h.

Scanning electron microscopy (SEM; Tescan Maia3) was used to
determine the nucleation density of the diamond grains and the
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morphology of the samples after deposition. The particles on randomly
selected regions (each 1500 um? in area) over the surface of the sample
were manually counted. Subsequently, the number of particles was
divided by the total area of these regions.

The material and chemical composition of grains was characterized
by Raman micro-spectroscopy (Renishaw inVia Reflex, excitation wa-
velength 442 nm, objective 100 x; Horiba XploRA, excitation wave-
length 325 nm, objective 100 x ). The micro-photoluminescence of the
structures was also measured in the same setup (Renishaw inVia Reflex).
The chemical composition of some samples was analyzed by X-ray
photoelectron spectroscopy (XPS; AXIS Supra, Kratos spectrometer with
a hemispheric analyzer and a monochromatic Al Ka X-ray source,
1486.6 eV; high resolution spectra pass energy 20 eV). The XPS spectra
were acquired from an area of 700 x 300 um? with a 90° take-off angle
90°.

The selective growth of diamond was demonstrated on samples
consisting of a Si wafer covered by 40 nm of Pt. We used FDP (Fumed
Diamond Powder, 3.1 + 0.6 nm; NanoCarbon Research Institute) de-
tonation nanodiamonds, which were dispersed in DI water by means of
ultrasonication (200 W, 1 h; Hielscher UP200S) for seeding. The sam-
ples to be seeded were immersed in a colloidal solution (1 mg/ml) of
FDP diamond nanoparticles for 30 min, were rinsed in DI water, blown
by nitrogen and covered with a layer of a-Si:H (230 nm). Part of this
layer was removed using a standard photolithographic process (positive
photoresist, 6 s exposition with UV light, 40 s in the developer) and dry
etching in SFe plasma. SFe plasma, which is not harmful for the dia-
mond seeding layer, was used to selectively remove a-Si:H in places
where the resist was removed in the photolithographic process, re-
vealing the diamond seeding layer. The rest of the photoresist was re-
moved in an acetone bath. The final samples consisted of a Pt layer (on
a Si wafer) seeded with diamond nanocrystals and partially covered
with a-Si:H layer.

Subsequently, diamond deposition was carried out in the focused
MP-CVD reactor. The deposition parameters were: power 4 kW, pres-
sure 4 kPa, concentration of methane in hydrogen 1%, and deposition
time 3.5 h. The samples were characterized using SEM, Raman micro-
spectroscopy and micro-photoluminescence measurements.

3. Results
3.1. Spontaneous nucleation on monocrystalline silicon

We detected clusters of nanocrystalline diamond (NCD) sponta-
neously nucleated on the surface of monocrystalline Si (Fig. 1). The size
of the clusters differed according to the deposition scheme. The largest
clusters (up to 2 um) were observed on the sample with long deposition.
The surface of this sample was also covered by a thin layer of non-
diamond carbon particles. The larger clusters were composed of smaller
diamond grains 50 nm-100 nm in size. Solitary grains were also ob-
served on the samples.

The nucleation density on the reference sample (monocrystalline
silicon) achieved by three different growth scenarios was determined
from SEM images. The deposition scenarios are described in detail in
the Experimental section. The diamond nucleation density is roughly
the same (4 x 10°cm~2) for all three scenarios (Table 1). The un-
certainty of the spontaneous nucleation was estimated on the basis of
the slightly different number of particles in several SEM images taken in
various places over the sample.

The chemical composition of the nucleated particles was de-
termined by Raman micro-spectroscopy. The diamond peak is clearly
visible in the spectra of the particles, confirming their diamond com-
position. Raman spectroscopy also revealed different ratios of the sp* to
sp? bonds for the three scenarios. The highest concentration of sp?
bonds was detected on the sample with interrupted deposition (rela-
tively, in comparison with the other two depositions). The absolute
height of the diamond peak cannot be compared, as the Raman spectra
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Fig. 1. Monocrystalline silicon samples with spontaneously nucleated diamond
clusters (three different deposition scenarios): (a) SEM images, (b) Raman
spectra of clusters; the grey dashed line denotes the position of the diamond
peak.

Table 1

Nucleation density on monocrystalline silicon for three
different deposition scenarios. The estimated un-
certainty is 1 x 10°cm ™2,

Temperature approx. 430°C
Interrupted 5% 10°
Long 4% 10°
Methane 5 x 10°

were measured on clusters of different sizes.

The diamond nature of the nucleated particles was also confirmed
indirectly by the micro-photoluminescence measurements [20]. The
photoluminescence spectra show that optically active SiV centers were
created in diamond crystals formed on monocrystalline silicon (Fig. 2).
The zero phonon line (ZPL) is centered at approximately 738 nm. The
characteristic phonon band (wavelength > 750 nm) is also present.
The luminescence of the SiV centers was detected for all deposition
scenarios. However, the luminescence intensity varied in different
scenarios. This is most probably due to the different sizes of the parti-
cles. The highest intensity was detected for the long deposition scenario
with the biggest clusters, which supports this assumption. However, the
role of different chemical composition (e.g. a different ratio of the sp®
bonds) cannot be excluded.

Some carbon deposits were detected even in the surroundings of
diamond grains on the sample with the long deposition scenario.
However, these carbon deposits are not composed of diamond, as evi-
denced by both Raman and PL spectra (Fig. 1(b) and 2). Note that even
very small diamonds may contain optically active SiV centers [20,21]
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Fig. 2. Photoluminescence of spontaneously nucleated diamond clusters (var-
ious scenarios). The yellow dashed line denotes the position of SiV centers ZPL
(738 nm).

and the PL spectra can thus confirm the presence/absence of diamond
nanoparticles.

3.2. Spontaneous nucleation on a-Si:H

SEM images of a-Si:H coated samples with various thicknesses and
interlayers after diamond deposition (interrupted deposition) are
shown in Fig. 3. The results of other deposition scenarios were similar.
The first four samples were placed side-by-side inside the reactor
chamber. Deposition on the other two samples was carried out sepa-
rately, using the same deposition conditions.

The nucleation density was determined from SEM images (the
number of all particles in a given area). The nucleation density on
samples with microcrystalline silicon (a 40 nm layer of a-Si:H which
crystallized during diamond deposition due to the metal-induced crys-
tallization process [22]) is at least one order of magnitude lower than
on monocrystalline silicon (Table 2). A few particles can be seen on the
SEM image (Fig. 3(c), bottom right corner). However, not all the par-
ticles were composed of diamond, as was revealed by Raman spectro-
scopy. Detailed pictures of some particles can be found in Fig. S2, in
Supplementary Information. Some of the particles may be diamonds.
However, the diamond sp® peak was observed only in a few cases in the
Raman spectra of the particles. The absence of a diamond peak in other
cases is not caused by the small size of the particles, since different
Raman peaks (e. g. crystalline Si, carbon G-band, examples given in
Figs. S3 — S5, in Supplementary Information) were observed on the
particles.

No presence of spontaneously nucleated diamond particles was
observed on the samples with a thicker (150-230 nm) a-Si:H layer,
which remained amorphous during diamond deposition, as detected by
Raman micro-spectroscopy. Nevertheless, the layer was wrinkled in
some cases (Ni interlayer) due to the elevated temperature during de-
position (Fig. 3(d)).

Fig. 4 shows the Raman spectra of the samples presented above.
These spectra were taken on parts of the samples that did not contain
any particles (observable in the optical microscope). The spectrum of a
diamond particle nucleated on monocrystalline silicon is plotted at the
top for comparison. There is no sign of carbon in the spectra of the other
samples, with the exception of the sample with a 40 nm a-Si:H layer on
a Ni interlayer, which is covered with a continuous carbon film.
Moreover, a layer of carbon nanostructures composed of diamond-like
carbon (see Supplementary Information for details) was repeatedly
observed by SEM on this sample at high magnification. Luminescence of
the SiV centers was not detected on either of the samples with an
amorphous/microcrystalline silicon layer.
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Fig. 3. SEM images of samples on different substrates after diamond deposition
(interrupted deposition): (a) Monocrystalline silicon (reference and carrier
substrate); (b) Si/Ni/a-Si:H (40 nm); (c) Si/Pt/a-Si:H (40 nm); (d) Si/Ni/a-Si:H
(230 nm); (e) Si/SiO,/a-Si:H (150 nm); (f) Si/a-Si:H (150 nm). Note that the
contrast on the samples was intentionally increased in order to show details on
the surface of the sample.

Table 2

Diamond nucleation density (Np) on six different samples after diamond de-
position (interrupted deposition). Based on data from SEM. * denotes that the a-
Si:H layer crystallized during diamond deposition due to elevated temperature.

Substrate Np (cm™?)

5x10° = 1 x10°

Non-diamond carbon particles (see
Supplementary material)
<2x10°

No diamond particles

No diamond particles

No diamond particles

Reference
Si + Ni + a-Si:H* (40 nm)

Si + Pt + a-Si:H* (40 nm)
Si + Ni + a-Si:H (230 nm)
Si + SiO, + a-Si:H (150 nm)
Si + a-Si:H (150 nm)

3.3. Selective growth of diamond

Based on knowledge of suppressed diamond nucleation on a-Si:H,
the application of an a-Si:H layer as a mask for diamond deposition was
tested. Fig. 5 shows the sample, which was seeded by diamond nano-
crystals and was selectively covered by an a-Si:H layer (approx. 230 nm
in thickness) during diamond deposition. The SEM image and the
Raman spectra clearly show that the diamond is growing only on areas
that are not covered by an a-Si:H layer. The detailed SEM image shows
that the deposited layer has the form of nanocrystalline diamond with
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Fig. 4. Raman spectra of the surface of the sample after diamond deposition
(interrupted deposition, temperature approx. 430°C). From the top:
Monocrystalline silicon (reference - diamond particle); Ni/a-Si:H (40 nm); Pt/a-
Si:H (40 nm); Ni/a-Si:H (230 nm); SiO»/a-Si:H (150 nm); Si/a-Si:H (150 nm).

grain size between 20 and 50 nm. Moreover, the diamond contains
optically active SiV centers that are clearly evidenced by the micro-
photoluminescence measurement. No diamond crystals were detected
on the a-Si:H part of the sample.

When a thinner layer of a-Si:H (40nm) was deposited on the
sample, we observed some growth of nanocrystalline diamond even on
the masked areas of the sample. This is most likely because the thick-
ness of the a-Si:H layer tends to decrease during diamond CVD growth,
due to an escape of hydrogen or due to crystallization. The diamond
nanoparticles in the seeding layer can thus be partially uncovered, and
diamond grows directly on them without the spontaneous nucleation
process.

4. Discussion

The nature of the a-Si:H films remained amorphous during diamond
deposition if the layer was sufficiently thick (150 nm-230 nm). Thicker
a-Si:H layers on the Ni interlayer were wrinkled (Fig. 3(d)), which is
very likely caused by the different coefficient of thermal expansion of
Ni and a-Si:H. The situation was different for thinner layers of a-Si:H
(40 nm). These layers crystallized during diamond deposition (tem-
perature approx. 430 °C). The crystallization was probably caused by
the presence of metals (Ni, Pt), both of which significantly reduce the
temperature at which amorphous silicon crystallizes [22]. In addition,
the high concentration of hydrogen reduces the crystallization tem-
perature [23]. However, both the metal interlayer and a high hydrogen
content are essential for templating a-Si:H layers with AFM [14].

We propose the following explanation of the observed phenomenon
of suppressed or reduced spontaneous nucleation on amorphous Si layer
and on a microcrystalline Si layer, in comparison with a monocrystal-
line Si wafer. On monocrystalline Si, diamond nuclei are created on
preferential sites on its surface, such as defects or nano-scratches, where
the concentration of carbon atoms is increased. Between these sites,
carbon atoms can migrate relatively freely over the surface. However,
the nucleation in the immediate neighborhood (10 nm) of nucleation
sites is suppressed, because they act as sinks for the diffusing adatoms
[24].

In contrast to crystalline Si, there are many more surface defects on
amorphous/microcrystalline Si that may act as potential preferential
sites [25]. However, all preferential sites also act as sinks for diffusing
adatoms and prevent nucleation in their neighborhood. The high sur-
face density of the preferential sites results in high competition between
them, and in the slow growth of carbon clusters. The slow growth rate
causes the diamond nuclei to be dissolved or destroyed by the
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Fig. 5. (a) Optical microscope image (top) and SEM

bombarding energetic species [26] before they reach the diamond nu-
cleation critical size. The low temperature of the substrate may play an
important role in this process, because it further reduces the diffusion
rate of adatoms or of clusters of adatoms over the surface.

The role of surface termination and the surface energy difference
between monocrystalline Si and a-Si:H was also considered. The sur-
faces of both materials were covered by a native oxide layer prior to
deposition. The thickness of the oxide layer on a-Si:H was roughly the
same as on monocrystalline Si [27], taking into account that there were
several days between the deposition of a-Si:H and the diamond de-
position. The surface energy is about 50 mJ/m? both for microcrystal-
line Si [28] and for a-Si:H [29] covered with native oxide, which is
significantly lower than the surface energy of diamond [30]. Thus,
there is no significant difference in surface termination or in surface
energy. Note that it cannot be only the amorphous structure of the
surface that suppresses the spontaneous nucleation of diamond, because
low nucleation density was also observed on microcrystalline Si (a thin
layer of a-Si:H that crystallized during deposition). However, the
number of surface defects is still significantly higher on microcrystalline
Si than on the monocrystalline reference. This can again lead to limited
diffusion of carbon atoms over the surface.

Some carbon nanostructures were observed only on Ni samples with
a thin (40 nm) layer of a-Si:H. The carbon layer is probably composed of
diamond-like carbon (DLC), as evaluated by Raman micro-spectroscopy
and XPS analysis (see Supplementary Information for details). At the
same time, there was no such nucleation of carbon on other types of
samples (a different material below a-Si:H, or a thicker a-Si:H layer).
The nucleation is, therefore, caused by the presence of Ni in the vicinity
of the surface. Similar structures were observed on Fe substrates in
[31]. We suppose that the a-Si:H layer (40 nm) shrinks and crystallizes
during deposition, due to the elevated temperature. Layer shrinkage
was observed after local application of an electric field in [16], and was
assigned to an escape of hydrogen atoms from the layer. Increased
temperature (400 °C) also leads to the effusion of hydrogen atoms from
hydrogen-rich layers [32]. The crystallization was evidenced by Raman
micro-spectroscopy. Subsequently, Ni atoms can diffuse through the
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crystallized Si layer towards the surface. The Ni diffusion rate is sig-
nificantly higher for crystalline Si than for amorphous Si [33], which
explains why we observed the effect of Ni only for the case of the thin
layer that crystallized during diamond deposition. This observation
shows that the a-Si:H layer must be thick enough in order to prevent
nucleation of carbon nanoparticles. If the layer is too thin, it crystallizes
during diamond deposition and the substrate material may affect the
deposition process and catalyze the growth of carbon species.

Similarly, a thicker layer (> 150 nm) must also be deposited for the
use of a-Si:H as an efficient mask over the diamond seeding layer. We
have demonstrated that thick layers block the growth of diamond and
at the same time reduce unwanted spontaneous nucleation. When very
thin layers (20 nm) of amorphous Si were used, they crystallized during
diamond deposition, and diamond growth was observed [34]. This is in
accordance with our observation here. This fact limits the maximal
deposition temperature (approx. 500 °C) that can be used during dia-
mond deposition. On the other hand, it means that an a-Si:H layer does
not have to be completely removed in order to achieve diamond de-
position on selected areas. This could be very important for the use of
AFM for a-Si:H lithography [16], where the a-Si:H is structurally
modified but is not completely removed. The process is therefore also
not so sensitive to the accuracy of dry etching in conventional pat-
terning by photolithography or electron beam lithography.

5. Conclusion

Coating various substrates (Si, SiO,, Pt, Ni) with a thin
(150-230 nm) a-Si:H films leads to complete suppression of the spon-
taneous nucleation of diamond at deposition conditions when diamond
spontaneously nucleates and grows on monocrystalline Si. Reduced
nucleation density was also detected on microcrystalline silicon thin
films. The suppression of spontaneous nucleation was explained by the
amorphous nature and, therefore, the large number of surface defects,
which greatly hinder the surface diffusion of C atoms. The suppression
of spontaneous nucleation by a-Si:H films opens a new way for highly
selective deposition of diamond nanostructures. By patterning the a-
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Si:H layer with the use of photolithography, highly selective growth of
nanocrystalline diamond with optically active SiV centers was achieved
even at relatively low substrate temperatures. This method can be
further miniaturized to nanoscale by using conductive AFM for creating
patterns in a-Si:H thin films. The results presented here thus open
prospects for various applications in photonics and in sensor systems.
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