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ABSTRACT

Femtosecond Laser Fabrication and Optical Characterization of Low-Loss
Diamond Waveguides
Master of Science in Material Science and Engineering
July 27, 2023

In addition to its excellent mechanical and thermal properties, diamond also
possesses favorable linear and nonlinear optical properties, including a wide spectral
transparency window from the ultraviolet to infrared, a high refractive index, and a
reasonably high nonlinear refractive index, among others.

In recent years, diamond has also been demonstrated as a promising platform for
quantum information and sensing applications due to the presence of spin-active nitrogen
vacancy centers (NV) with long coherence times at room temperature. These NV centers
generate spin-dependent fluorescence when excited at 532 nm and enable the
measurement of numerous physical quantities such as strain, magnetic field, and
temperature with high sensitivity. In such quantum sensing applications, optical
waveguides play a crucial role, since they can be used for addressing and spatially linking
NV centers or for guiding fluorescence between different locations inside the diamond
crystal.

In this thesis, fabrication and optical characterization of femtosecond (fs) laser
written waveguides with varying geometries and parameters in a single crystal CVD
grown diamond has been demonstrated. Depressed circular cladding, half-ring, and
double-line waveguides were fabricated. Design parameters such as core size and number
of written tracks were varied to minimize propagation losses. Characterization of the
waveguides was performed at 633 nm, which is close to the peak fluorescence wavelength
of the nitrogen NV centers in diamond. Important experimental results revealing the
dependence of the propagation loss and refractive index contrast on the design parameters
were obtained. The maximum refractive index contrast was estimated as 22.7x10 for
the fabricated waveguides. The measured propagation loss values of 2.05 dB/cm and 1.20
dB/cm, obtained with circular depressed cladding and half-ring waveguides, respectively,
are, to the best of our knowledge, the lowest propagation loss values reported so far

among fs laser written diamond waveguides. It is forseen that the photonic devices based



on the diamond waveguides examined in this thesis can find applications in quantum

communication.



OZETCE

Diisiik Kayiph Elmas Dalga Kilavuzlarinin Femtosaniye Lazer ile Uretimi ve
Optik Karakterizasyonu
Malzeme Bilimi ve Miihendisligi, Y Uksek Lisans
27 Temmuz 2023

Elmas, siradis1 mekanik ve termal 6zelliklerinin yanisira, morotesinden kizilotesine
kadar genis bir spektral transparan aralik, yiliksek kirilma indisi, ve gorece yiiksek bir
lineer olmayan kirilma indisi gibi bir¢ok faydali optik 6zellik barindirmaktadir.

Son yillarda, elmas, yapisinda bulundurdugu, oda sicakliginda yiiksek esevrelilik
strelerine sahip spin-aktif azot-bosluk (NV) merkezleri sayesinde gelecek vaadeden bir
kuantum haberlesme platformu olarak gosterilmistir. Bu NV merkezleri, 532 nm dalga
boyunda uyarildiginda spine bagli 1s1ma gergeklestirerek manyetik alan, sicaklik ve
gerilim gibi birg¢ok fiziksel niceligin oldukg¢a hassas Ol¢iimiinii saglamaktadir. Bu tur
quantum Ol¢iim uygulamalarinda, optik dalga kilavuzlari; hem birgcok NV merkezinin
uzamsal olarak baglanmasin1 hem de NV merkezlerinin yaydig1 1s1ma sinyalinin elmas
kristali icerisindeki farkli noktalara iletilmesini sagladigi i¢in olduk¢a ©nemli rol
oynamaktadir.

Bu tezde, farkli geometrik konfigiirasyonlara ve iiretim parametrelerine sahip cesitli
optik dalga kilavuzlari, kimyasal buhar yigma (CVD) yontemi ile biiyiitiilmiis tek kristal
elmas igerisine yazilmistir. Yiizey altina gdmiilii dairesel kilifli, yarim dairesel ve ¢ift
cizgili olmak Uzere (¢ tur dalga kilavuzu retilmistir. Kilavuzlayan gekirdek boyutu ve
¢izgi sayis1 gibi tasarim parametreleri, tiretilen dalga kilavuzlarinin yayilma kayiplarini
azaltmak i¢in genis bir aralikta degistirilmis ve en uygun degerler deneysel olarak
saptanmustir. Dalga kilavuzlarinin optik karakterizasyonu, NV merkezlerinin tepe 1sima
dalga boyuna yakin olan 633 nm dalga boyunda He-Ne lazeri kullanilarak
gerceklestirilmistir.  Yayilma kaybinin ve kirilma indisi kontrastinin tasarim
parametrelerine olan bagimliligmni gosteren 6nemli deneysel sonuglar elde edilmistir.
Uretilen dalga kilavuzlarinda elde edilen en yiiksek kirilma indisi kontrast1 22.7x10°

seviyesinde Ol¢lilmistiir. En diisiik kayipl ylizey altina gomiilii dairesel kilifli ve yarim

Vi



dairesel dalga kilavuzlarindan elde edilen, sirasiyla, 2.05 ve 1.20 dB/cm miktarindaki
yayilma kayb1 degerleri, bilindigi kadariyla, su ana kadar literatiirde raporlanan fs lazer
ile yazilan elmas dalga kilavuzlari arasindaki en disiik kayip miktarlaridir. Bu tezde
incelenen elmas dalga kilavuzu tabanli fotonik aygitlarin yeni nesil kuantum haberlesme

sistemlerinde uygulamalar bulabilecegi 6n goriilmektedir.
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Introduction 1

Chapter 1:
INTRODUCTION

1.1 Laser Material Processing

Shortly after the first demonstration of lasing in ruby by Maiman [1], lasers have
been utilized as intense light sources to process and shape materials, firstly demonstrated
by Giuliano on dielectric transparent materials [2]. Since then, lasers are considered as
effective and efficient tools to alter material properties due to their capability of producing
high-intensity light pulses with short duration. In addition, over the last decades,
technological advances enabled the production of robust high-intensity lasers which are
commercially available [3]. Coherent and confined nature of the light produced by lasers,
combined with precise sample positioning or laser beam movement opened up a
possibility to fabricate complex three-dimensional structures by machining with lasers on
micro-scale; both on the surface as well as inside the bulk of the target material. In
addition, the applicability of lasers to modify various materials such as metals [4],
semiconductors [5], and dielectrics [6] make lasers well-rounded tools to enhance
material properties by laser material processing. Moreover, the process itself is
deterministic and versatile since the process parameters such as laser power, scan speed
and numerical aperture can be differed on a wide range.

One type of lasers which is advantageous on laser material processing is pulsed
lasers, especially femtosecond (fs) lasers, which have laser pulse durations on the order
of femtoseconds (10°*° seconds). Compressing the laser energy to such a short amount of
time inevitably involves nonlinear effects, opens up further possibilities to micromachine
any material regardless of the optical properties of the sample. In addition, light-matter
interactions on a fs time scale enables one to observe exotic intra-atomic mechanisms.
Considering all those, fs laser material processing, or so-called fs laser micromachining
has become an emerging tool for fabricating complex and precise structures. Just after ten
years of the first demonstration of fs laser micromachining in silica [7], the sensitivity of
the process has been reduced down to nanometer scale [8], proving the importance of the

technique by such advances over a decade.
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1.1.1 Femtosecond Laser Micromachining of Transparent Dielectrics

The mechanism behind fs laser micromachining is optical breakdown. During the
laser irradiation, the optical energy of the laser pulse is deposited and transferred to the
atomic lattice of the material by ionizing many electrons. Optical breakdown involves
nonlinear absorption of the incident laser beam, where the absorption coefficient of the
material, therefore the absorption of the incident beam, increases exponentially with the
intensity of the incident beam. This nonlinear nature of the optical breakdown is
especially advantageous while processing transparent dielectric bulk materials using fs
lasers. To process the bulk of a transparent dielectric, the sample material must be non-
absorptive at the laser wavelength to be able to reach a certain depth in the bulk of the
sample. On the other hand, incident laser beam must be absorbed at the local processing
volume inside the material. Both of those competing factors are eliminated by the
nonlinear nature of optical breakdown; an incident fs laser beam with a non-resonant
wavelength can be focused inside the bulk of a transparent dielectric material without
being absorbed, and due to the nonlinear absorption, the incident beam at the focal point
can be absorbed by the material. As a result, bulk of the transparent dielectric can be
processed. To achieve such nonlinear absorption and optical breakdown, incident laser
pulses need to have electric field intensities sufficiently large to overcome the binding
energy of the valence band electrons of the material, approximately on the order of 107
Vemt, which translates to 5 x 10 Wem [9]. Such electric field magnitudes are available
from tightly focused fs laser beams.

During irradiation of fs laser pulses, for pulses having durations greater than 10 fs,
the electrons excited by nonlinear absorption and got free by nonlinear ionization can be
excited to further energy levels by linear absorption stimulated by phonons. When the
electrons reach to a certain kinetic energy, the process called avalanche ionization takes
place where a chain reaction of ionization starts by excitation of bound electrons by the
nonlinearly excited electrons, leading to a rapid production of ions and free electrons.
After the excited electrons’ density reaches to a certain threshold, they act as a plasma
with a resonant frequency equlas to the frequency of the incident laser beam, resulting as
the absorption of the remaining laser pulse energy. This whole process is the main
mechanism behind the energy transfer between the electrons and the incident laser pulses

[10]. The figure below shows a representative schematic of sequential multiphoton
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ionization (a nonlinear ionization process), impact ionization and avalanche ionization

processes.
E4 Inverse
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Figure 1.1: A schematic showing the process of multiphoton ionization and
avalanche ionization involved in plasma formation during fs laser irradiation (the figure
is taken from Ref. [11]).

Figure 1.2. below shows various important timescales of both intra- and inter-atomic
events involving interactions between fs laser pulses and the sample material [6]. Between
several microseconds, thermal energy inside the lattice diffuses out through the focal
volume. On the nanosecond timescale, a shock wave resulting from the energy transfer
between the electrons and the lattice is created and propagates throughout the hot and
dense focal volume. Within a couple of picoseconds, the absorbed optical energy of the

electrons is transferred to the lattice system.
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Figure 1.2: Timescale of intra- (carrier excitation and thermalization events) and inter-
atomic (thermal and structural events) events after the interaction of a transparent

material with fs laser pulses (the figure is taken from Ref. [6]).

Figure 1.2 explains the advantage of the fs lasers on the micromachining applications.
As it can be seen, the duration of the fs laser pulse is shorter than the amount of time
needed to thermal energy transfer between the electron and the lattice systems. Thus, the
heat diffusion from the optical energy transfer is minimized and therefore the material
processing volume is confined approximately only to the focal volume of the incident
laser pulse, increasing the precision of the process. Apart from this, the nonlinear energy
transfer between the fs laser pulse and the electrons mentioned previously (nonlinear
ionization) eliminates the need of any seed electrons generated previously from the laser
pulse-material interaction. Seed electrons needed to start the whole process are already
generated within first few femtoseconds of the fs laser pulse by nonlinear ionization [10].
This spatial confinement and deterministic repeatability of fs laser micromachining
makes itself an attractive method for high precision material processing. In the figure
below, a representative schematic can be seen for an example fs laser micromachining

setup.
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Figure 1.3: A schematic of a fs laser micromachining setup including a CCD camera for
process monitoring (fs laser parameters are the same with the laser setup used during the

waveguide fabrication in this thesis).

As previously mentioned, the one major advantage of fs laser micromachining, apart
from spatial confinement and deterministic repeatability, is the fact that it is a process
independent from the processing material thanks to the avalanche ionization. If the energy
transfer between electrons and incident laser pulse would be dependent only to nonlinear
ionization, then the laser pulse intensity needed to ablate the material would be dependent
to the band gap nonlinearly. However, the involvement of avalanche ionization to the
process, which is a linear process as mentioned previously, suppresses the nonlinearity

coming from nonlinear ionization and makes the process much lesser dependent to the
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band gap, leading to the availability of fs laser micromachining to various different
materials.

Damage threshold intensity, the minimum laser intensity needed to damage the
material, is dependent on three experimental parameters: pulse duration (t), pulse energy
(E), and numerical aperture (NA). The laser intensity depending on those three
experimental parameters as well as the given wavelength of the laser (A) can be found as
in the below equation [12]:

; E NA? (1.1)
T TA2(1 — NA?)

Using the equation above, one can estimate the damage threshold intensity of a sample
material. As it can be seen from the Eq. (1.1), there is a directly inverse relation between
the laser intensity and the t parameter. On the other hand, experimental results presented
to the literature [7, 13] do not follow this directly inverse relation. For t values longer
than 10 ps, threshold intensity follows a t°® relation, meaning that on that pulse duration
regime, thermalization due to carrier-phonon scattering dominates for the material
damage. When the t further reduced below 10 ps, for every ten units of decrease on t,
threshold intensity reduces three units, which is because of the avalanche ionization:
nonlinear absorption and therefore, nonlinear ionization populates the seed electrons,
however; avalanche ionization, which is linearly dependent to the laser intensity, creates
the high plasma density needed to damage the material [10]. The small dependency of
threshold intensity on t creates a versitility on the initial selection of any commercial
laser, a critical advantage for fs laser micromachining implementations to the industry.
The fs laser micromachining process is strongly dependent on the process parameter
E, especially when the T and NA kept constant. The minimum E that would populates the
inital seed level of the electrons by starting the nonlinear ionization is called threshold
energy. When the selected E value is around the threshold value, irradiation of the sample
results as a change in the refracive index on the focal volume. The occured index contrast
can be both positive and negative, depending on the material. It should be noted that this
index contrast is not spatially homogenous and the mechanisms behind it under
investigation, such as laser-induced lattice stress and color center formation [14]. Most
photonic applications use E values close to the threshold energy value, resulting in index
contrasts [6]. Increasing E further from the threshold value both increases the average

plasma energy as well as the affected volume of the material from the irradiation. As the

6
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plasma energy increases, shielding effect between the electrons reduces, resulting
increased Coloumb repulsion. Sufficent amount of Coloumb repulsion would result as
void formation on the focal volume, which is also called ablation [15].

A change in the next process parameter, NA, would determine the volume that
occupied at the focal spot by the laser and therefore, the size of the fabricated structure.
For the commercially available E values on the order of milijoules, the minimum
theoretical NA needed to achieve threshold intensity is around 0.002. However, in real
life, the minimum NA value needs to be higher than that value because of two nonlinear
processes competing with energy deposition with laser irradiation: First one is self-
focusing, the undesired change in the shape of the propagating wavefront which results
as collapse of the pulse into a filament with a smaller diameter [16]; the second one is
white light generation, which causes a broadening on the spectrum of the pulse [17]. Both
of those nonlinear processes are intensity dependent. When NA<O.1, the threshold
intensity of those two nonlinearities are below the damage threshold intensity. Therefore,

the experimental minimum of the NA is 0.1 [12].

1.1.2 Femtosecond Laser Written Dielectric Waveguides

In the field of integrated photonics, optical waveguides are small devices used to
confine and manipulate the propagation of any input electromagnetic wave inside their
structure. The primary aim of a waveguide is to confine light in a spatial location and
enable its transfer between selected locations in a solid with minimum optical loss.
Waveguides achieve this by confining the input electromagnetic modes within the spatial
extend of the waveguide. Mainly, depending on the material used to build the waveguide,
there are two types of waveguides: metal waveguides and dielectric waveguides. In the
context of this section, dielectric waveguides will be the main focus. The confinement
inside the dielectric waveguide structure is reached by the refractive index contrast.
Typically, inside a waveguide structure, there are two distinct regions: a high refractive
index core and the surrounding lower refractive index cladding. The refractive index
contrast occurred between the core and the cladding region would result as the
phenomenon called total internal reflection, where an electromagnetic wave with a given
wavelength reflects from the core-cladding interface with an acceptance angle depending

on the amount of refractive index contrast achieved. In general, waveguides have very
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small volumes, which make them quite compact and useful devices for signal processing
applications and development of integrated photonic devices [18]. Moreover, waveguides
are highly efficient in terms of achieving very high light intensities thanks to their
confinement inside their small volume, which results as enhancement of certain photonic
processes compared to their bulk operations, such as improving laser features by
waveguide lasers and nonlinear optics applications [19, 20]. In addition to those,
waveguides can be used as wavelength filters, mode filters, mode splitters and mode
combiners [21].

Fabrication of waveguides with diverse configurations and geometries is an
important task to fulfill for addressing different photonic applications. Those fabrication
techniques are including metal-ion diffusion [22], chemical vapor deposition and
epitaxial layer deposition [23], ion/proton exchange [24], ion-beam implantation, pulsed
laser deposition [25] and fs laser micromachining [26].

As mentioned before, the nonlinear ionization and avalanche ionization involved
during fs laser micromachining offers local change in the refractive index confined only
to the focal volume of the irradiated material, since the thermal diffusion is eliminated.
This provides a possibility to fabricate structures with a refractive index contrast (An) on
a sub-micron scale. Combination of those features with 3D sample translation or beam
scanning makes fs laser micromachining a suitable technique for fabrication of optical
waveguides inside transparent dielectric materials. Depending on the material properties
as well as to the process parameters, both positive (An>0) and negative (An<0) changes
on the local refractive index of the material can be created [26]. In addition, this technique
doesn’t demand any clean room environment or special sample preparation, making it
direct and versatile for waveguide fabrication. Moreover, thanks to the nonlinear
absorption during fs laser irradiation, waveguide fabrication using fs laser
micromachining has been realized on wide range of materials from amorphous glasses to
single crystal dielectrics [27]. All those factors considered, fs laser micromachining is a
versatile, practical, direct and efficient technique to fabricate 3D waveguide structures
inside transparent dielectric materials.

The sign of the An of the local irradiation zone of the material depends on the type
of the morphological change in the structure of the material. The first type of the
morphological change is introduced by small damage produced inside the focal volume

by fs laser irradiation which results as a smooth positive change on the local refractive

8



Introduction 9

index [28]. Main mechanism behind such refractive index change is the increase in the
material density inside the focal volume. As a result, this type of a An is usually observed
at amorphous non-crystalline materials, since materials with crystalline structure have
higher spatial order inside their lattice structure and harder to densify. It should be noted
that the main disadvantage of this type of morphological change is that they can be easily
removed even by only heating the sample, therefore they can degrade easily in high-
power optical applications [26].

The other type of morphological change introduced by distinct damage tracks
induced by fs laser irradiation inside the focal volume. This type of morphological change
creates An<0 inside the local irradiated volume [29] and it has been reported for various
different materials so far. Typically, this kind of a refractive index change corresponds to
a decrease in the local material density, therefore amorphization inside the material
structure. In addition, a stress-field surrounding the damage track is also created which
increases the refractive index of the surroundings [30]. This feature can also be used to
create a higher refractive index core when compared to the bulk of the material by simply
inscribing subsequent damage tracks. This type of morphological change has also been
studied comprehensively by using spectroscopic methods such as micro-Raman and can
be summarized as follows: permanent damage on the lattice structure at the center of the
damage track in the shape of sub-micron sized amorphous damage traces; compressed
lattice structure surrounding the center of the damage track which consists thermally
removable (thermally unstable) lattice defects; thermally stable and compressed lattice
structure covering the whole damage track [31].

Although morphological changes and micromodifications inside the material
depends on the material properties, process parameters have an important role one those
aspects. The most important process parameters that are affecting the size and shape of
the fabricated structures and the morphology of the irradiated material are pulse energy
and pulse duration of the fs laser. Since formation of distinct damage tracks via fs laser
irradiation involves several nonlinear processes, the peak power of the incident laser
needs to be greater than a certain threshold value, which is also called as critical power
[32]:

3.77 A2 (1.2)
8mnyn,

crit =
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where A is the wavelength of the fs laser, n, is the linear refractive index of the sample
and n, is the nonlinear refractive index of the sample. It should be noted that the peak
power of the laser is a function of both the pulse energy and the pulse duration. It has
been reported that for a fixed pulse duration, as the pulse energy increases to make the
peak power greater than P.,;;, the damage track becomes longer along the propagation
direction and stress-field induced area becomes larger [28]. In contrast, decreasing pulse
durations for a fixed pulse energy weakens the damage track since lower pulse durations
increases the nonlinear absorption before the self-focused focal point.

Another parameter which affects the morphology and the geometry of the fabricated
structure is the focusing condition of the irradiated fs laser, such as the NA and the depth
of focus. NA typically determines the length of the damage track created along the
propagation direction of the irradiated laser. An increase in the NA would increase the
divergence of the laser after the focal point, leading to shorter damage tracks through the
propagation distance since confocal parameter reduces with increasing NA. Depth of
focus is the distance travelled by the laser beam inside the dielectric before it reaches to
the focal point. It affects the processes such as absorption and dispersion, which may vary
from material to material and need to taken into account. Moreover, both of the focusing
condition parameters affect the spherical aberration introduced at the air/dielectric
interface, which elongates the focal point along the propagation direction of the laser
beam.

One process parameter apart from the laser and focusing parameters is the scan
velocity of the beam (or sample). Scan velocity basically specifies the number of pulses
penetrating each different focal point along the scanning direction. This number can be
roughly estimated by the following formula [26]:

_af (1.3)
v

N

where N is the number of pulses penetrating the same focal point, d is the spot
diameter of the focused laser beam at the focal point, f is the repetition rate of the laser
and v is the scan velocity. An increase in the number of pulses per focal point would
increase the size of the modified volume and change the morphology of the fabricated
structure; usually more pulses would increase the amount of micromodifications [26] and

thus, refractive index contrast along the damage track. However, while choosing this
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parameter, one should also take into account the time consumption during the processing
as well as the optical losses may have occur during waveguiding due to the scattering.

Laser repetition rate is another key parameter that affects the result of the laser
irradiation process for waveguide fabrication. Repetition rate distinguishes two different
microprocessing regimes from one another; non-thermal and thermal microprocesses. In
non-thermal processes, the time between two subsequent pulses is longer than the time
needed for the heat produced on the processing volume to dissipate. Therefore, heat
doesn’t accumulate on the processing zone. On the other hand, in thermal processes, the
time interval between two pulses is shorter than the time that heat needs to dissipate,
therfore heat produced by every laser pulse overlaps with the previous pulse, which would
turn the focal volume into a somewhat point heat source [33]. The critical repetition rate
that determines the regime of the microprocessing can be found as [34]:

ferit = % (1.3)
where « is the thermal diffusivity of the irradiated material and d is the diameter of the
irradiated spot. As expected, the damage threshold of a material on thermal regime is
lower than the nonthermal regime. Moreover, it has been reported that laser processing
on thermal regime would result as a laser annealing effect on the locally processed area,
leading to less defect concentration and better waveguiding characteristics [35].

Lastly, laser wavelength is not crucial on the process and not affecting the
modifications in general, since the absorption process is nonlinear and not wavelength
dependent. Typically, shorter wavelengths than those on the mid-infrared region would
decrease the damage threshold of the material, and therefore increases the damaged
volume surrounding the focal point. However, most of the commercially available fs
lasers are on the mid-infrared region, therefore this aspect is negligible.

Fs laser written dielectric waveguides have various configurations, which depends
on the geometry of the designed waveguide. Generally, fs laser written dielectric
waveguide configurations are distinguished to two categories; Type | (positive refractive
index change on the damage track) and Type Il (negative refractive index change on the
damage track) [26]. In the Type I category, the only waveguide configuration is directly
written (single line) waveguides. In Type 11, the configurations are stress-induced (double
line) waveguides, depressed cladding waveguides and ridge waveguides. Detailed
illustrations of the mentioned waveguide configurations can be seen in the below figure.

11
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(a) (b)

() (d)

Figure 1.4: Illustration of fs laser writing of dielectric waveguides and their cross-
sections for different waveguide configurations: (a) Single line (b) Double line (c)

Depressed cladding d) Ridge waveguides (Sketches were taken from Ref. [26]).

As mentioned, single line waveguides have a positive refractive index change (An)
relative to the bulk of the material throughout the written damage track, which acts as a
waveguide core and the bulk of the material surrounding the track acts as a waveguide
cladding. As previously discussed, this type of a change in the index induced by an
increase in the local material density throughout the track, which is usually seen on
materials with non-crystalline structure, such as glasses and limited only to a few
crystalline materials, such as LiNbOs [36], ZnSe [37] and Nd:YCasO(BOs3)s [38]. The
main advantage of this waveguide configuration comes from the simplicity during the

fabrication process. Since the damage track itself acts as the core and the bulk of the
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material acts as the cladding, the fabrication of the waveguide becomes a direct process,
opens up possibilities to build rather complex waveguide devices such as directional
couplers, Y-branches and waveguide arrays [27]. In addition, since the core of the
waveguide in this configuration is rather small, it is suitable for single-mode guidance.
The main disadvantage of this configuration also comes from the directness of the
process; fs laser irradiation typically degrades the lattice features of the material, therefore
any input light beam sent to the fabricated waveguide would have to propagate on a rather
degraded region of the material, since the fs laser irradiated region itself directly acts as
the waveguide core. Moreover, single line waveguides are structures which are thermally
unstable, they can be easily degrade or even be removed by heat, thus, single line
waveguides are usually not suitable for high-power guiding applications. The thermally
unstable behaviour of the single line waveguides can be overcomed by multi-scan
techniques, however, this would eliminate the directness of the process, which is the main
advantage of the single line waveguides. Additionally, single line waveguides only
support one polarization direction, limiting the guiding applications only demands 1D
guidance [26]. An illustration of a fs laser written single line waveguide can be seen on
Fig. 1.4 (a).

Double line waveguides generally consists of two parallel fs laser written tracks. As
previously discussed, fs laser irradiation induces a negative refractive index change
(An<0) in the locally modified track region due to the amorphization. In contrast, in the
surrounding vicinity of the tracks, the index change is positive (An>0) due to the stress-
induced densification of the lattice structure of the material. Therefore, with two parallel
written tracks (usually with a length of 10-30 um along the propagation direction)
seperated by an optimal distance (usually 10-20 pm), double line waveguide
configuration can be achieved with An<0 in the cladding region formed by the written
tracks and An>0 in the core region. This configuration is especially advantageous in
crystalline materials, since the core region of the material is not significantly affected
from the laser irradiation; nonlinear and luminescence properties of the bulk are
preserved. Compared to the single lines, double line waveguides are thermally stable and
high-power guiding can be achieved using them. Additionally, depending on the material,
guiding on two polarizations (transverse-electric (TE) and transverse-magnetic (TM)) is
achievable since core of the waveguide has a higher refractive index than the bulk,

providing a chance to use the bulk of the material as a cladding. However, the guiding on
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both polarization directions may not be symmetric. It should be noted that, in general,
formation mechanisms behind the Type Il structures are better understood when
compared with the Type | structures, making waveguide configurations belong to the
Type Il category more controllable. An illustration of a fs laser written double line
waveguide can be seen on Fig. 1.4 (b).

In the category of Type Il waveguides, another waveguide configuration is the
depressed cladding waveguides. The waveguide core of this configuration consists
completely bulk material and the cladding consists many low-refractive index tracks,
induced by fs laser irradiation. The written tracks surrounds the waveguide core, forming
a seemingly continuous circular optical wall which determines the waveguide cross-
section and provides the guiding aspect of the waveguide. In theory, written tracks can
form any geometrical shape but the general convention considers the circular shape since
their coupling with other optical devices, such as fibers are the optimum. Typically, the
waveguide core diameters are ranging from 20 pum to 150 um and the distance between
the tracks are around 2-4 pm, which makes this configuration rather versitile.
Furthermore, from single-mode to multi-mode guiding is available from visible to mid-
infrared regions in this configuration thanks to the availability of wide range of
geometrical dimensions. The main advantage of this waveguide configuration is the
availability of completely symmetrical 2D guidance. For most of the materials, the TE
and TM mode guidance is identical, enabling efficient unpolarized pumping for
applications such as waveguide lasers or frequency converters. The significant
disadvantage of this configuration is the high amount of time consumption during the
processing of the waveguide, since it usually consists many written tracks. An illustration
of a fs laser written depressed cladding waveguide can be seen on Fig. 1.4 (c).

Instead of damage track formation, fs laser irradiation can also be used for etching,
which is the fabrication mechanism behind the fs laser written ridge waveguides, a
configuration belongs to the Type Il category. Using a pre-fabricated planar waveguide
substrate, ridge waveguides can be fabricated by etching the determined sections of the
planar waveguides, forming an air-substrate interface which provides waveguiding. The
main disadvantage of the ridge waveguides is the rough sidewalls produced during
fabrication, which introduces additional optical losses to the structure. An illustration of

a fs laser written ridge waveguide can be seen on Fig. 1.4 (d).
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1.2 Diamond in Photonics

Diamond is a well known material for its strength, elegancy and scarcity. Its place in
human history dates back to ancient Neolithic times for its use on polishing stone axes
[39]. Using the well established techniques developed by the technological advances,
such as chemical vapor deposition (CVD) and high pressur-high temperature (HPHT),
diamonds as pristine as natural diamond can be grown in laboratory environment with
various structures such as nano-, micro- and polycrystalline diamond, diamond wafers
and single crystal diamond plates [39]. Availability of lab grown diamonds accelerated
the research including diamond as well as opened up new research areas starring diamond.
Interestingly, this ancient material is now under investigation to revolutionize the
quantum information science thanks to its excellent optical/quantum-optical properties
[39].

Diamond has a very large band gap which makes it both suitable for electronic
applications as well as transparent from ultraviolet to mid-infrared range. High Raman
gain coefficient of diamond makes it an excellent Raman gain medium [40], allowing
applications including Raman scattering, such as diamond Raman lasers from visible to
mid-infrared range [41, 42]. Additionally, diamond has a large linear and nonlinear
refractive index (n,=2.4, n, =1.3 x 10'° m?W-?) [43]. Furthermore, diamond has an
excellent thermal conductivity and low thermal expansion, allowing it to be able to
operate on harsh conditions. Moreover, diamond is biocompatible and very stable in terms
of its chemistry. Most importantly, diamond is a unique material for quantum applications
since it hosts more than 500 optically active color centers, where some of those can be
utilized as single photon sources at room temperature. The large bandgap of diamond
allows us to recieve emission from those color centers without absorption. The ease to
harness the quantum-optical properties of diamond made it an attractive material in the
field of quantum information and communication.

Among 500 optically active color centers of diamond, only a few of them have been
reported to have single photon emission at room temperature, which makes them single
photon sources. The most researched color center among all is the nitrogen vacancy (NV)
centers. NV centers have two distinct charge states; NV?, the neutral charge state and NV-
the negative charge state. The NV- and NV?° states have zero-phonon emission lines at

637 nm and 575 nm, respectively, when excited optically with 532 nm green light. The
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three-level energy band diagram of the NV centers has a unique feature; they have optical
spin-polarization at room temperature, enabling optical spin readout applications. The
optical spin readout from NV centers enables numerous metrological applications
including diamond on nanoscale, such as high sensitivity magnetic field, temperature and

strain measurements.
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Figure 1.5: (a) Scanning electron microscopy and (b) confocal microscopy images of
deposited nanodiamonds. Confocal microscopy image shows the single photon emission
from NV centers as bright spots. (c) Second-order correlation function of a NV center
from a nanodiamond (Figures and graph are taken from Ref. [44]).

The primary challange is to spatially link many NV centers in a way to enhance the
emission of the NV centers and distinguish the well-defined electromagnetic modes. This
inevitably requires the coupling of NV centers to optical cavities, especially waveguides.

In such quantum sensing applications, optical waveguides play a crucial role, since they
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can be used for addressing and spatially linking NV centers or for guiding fluorescence
between different locations inside the diamond crystal.

In recent studies, the fs laser writing method has been employed to fabricate different
types of optical waveguides inside diamond [45-55]. The potential of this method in
fabricating three-dimensional waveguide structures has also been demonstrated [26].
Moreover, by positioning NV centers inside fs laser written double-line waveguides,
potential quantum sensing platforms have been experimentally reported [48, 53, 55]. An
example demonstration of a quantum magnetometry platform based on fs laser written

diamond waveguides can be seen in the figure below.

< >

2 mm

Figure 1.6: Hlustration of a quantum magnetometry platform in the shape of a fs
laser written double line waveguides inside a diamond sample (illustrlation taken from
Ref. [55]).

However, due to the graphitization of fs laser written domains, fabrication of low
loss waveguides inside diamond remains a challenge and also a necessary step to fabricate
efficient quantum sensors with high signal collection efficiency [56, 57]. Hence,
understanding the effect of fs laser writing parameters on the amount of waveguide
transmission losses as well as the degree of mode confinement (equivalently, the

refractive index contrast) plays an important role in the development of high-quality
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optical waveguides in diamond similar to waveguide structures fabricated in other
dielectric media [26].

In this thesis, waveguides with different geometries and having various design
parameters were fabricated in CVD grown diamond by employing fs laser writing.
Detailed optical characterization of the waveguides with different design parameters was
performed at the wavelength of 633 nm. Results clearly revealed the important
dependence of propagation loss and refractive index contrast on the design parameters of
the waveguides. In previous studies, the reported lowest propagation loss of femtosecond
laser written diamond waveguide was at the level of 4.20 dB/cm [48]. To the best of our
knowledge, the propagation loss levels of 2.05 dB/cm and 1.20 dB/cm, obtained in this
study with circular depressed cladding and half-ring waveguides, respectively, are the

lowest propagation loss values reported so far for fs laser written diamond waveguides.
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Chapter 2:
EXPERIMENTS AND RESULTS

2.1  Waveguide Fabrication Setup

In the experiments, waveguides were written inside a 3 x 5 X 6.7 mm sized, single
crystal, CVD grown diamond sample. Crystal growth occurred along the [100]
crystallographic direction (Appsilon B.V.). All of the facets of the sample were pre-
polished for waveguide writing experiments. Fig. 2.1(a) includes a sketch of the
waveguide writing setup which shows the orientation of the diamond sample and defines
the writing parameters of the waveguides. A commercial, regeneratively amplified fs
Ti3+:Sapphire laser (MKS Newport-Spectra Physics Spitfire Ace) was utilized in
waveguide writing experiments. The laser generated 120 fs pulses at the central
wavelength of 800 nm and at a pulse repetition rate of 1 kHz. Laser pulses were focused
to a depth of approximately 100 um below the top surface of the diamond sample by using
a 40X objective (Olympus Plan-N, Numerical Aperture (NA)=0.65). Precision writing of
the waveguides was achieved by using a computer controlled 3-D stage (Newport pFab).
Femtosecond laser writing was performed along the [100] direction of the diamond

crystal.
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Figure 2.1: (a) Sketch of the microfabrication setup for waveguide writing, including
cross-sectional sketches of a half-ring waveguide, circular depressed cladding
waveguide, and a double-line waveguide along with the definition of the waveguide
design parameters: Core size “D”, line height “L” and number of written tracks “N”. (b)
Optical microscopy images of the fabricated waveguides with design parameters of (top
row, left to right): D =30 umand N =18; D =45 umand N =28; D = 60 pum and N
=36 (circular depressed cladding waveguides); (bottom row, left) D = 60 pm and N =18
(half-ring waveguide); and (bottom row, right) D = 30 um and L = 45 (double-line
waveguide). (c) Specific design parameters of the waveguides fabricated in this study.

2.2  Fabricated Waveguides

Optical microscopy images of some of the written waveguides taken from the input
facet can be seen in Fig. 2.1(b). During the fabrication of the circular depressed cladding
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waveguides, the incident pulse energy, energy fluence, and scan velocity were set to 100
nJ, 2 J/lcm?, and 0.4 mm/s, respectively. It should be noted that the pulse energy and scan
velocity parameters were optimized by several waveguide fabrication and propagation
loss characerization trials. In the below Fig. 2.2, waveguides fabricated with pulse
energies ranging from 285 to 100 nJ and scan velocities from 0.2 to 0.6 mm/s can be seen.
All those waveguides with different parameters were inferior when compared to the top

rightmost waveguide in Fig. 2.1(b), both in terms of optically and visually.

Figure 2.2: Optical microscopy images of several waveguides having the same
geometry with different fabrication parameters: (top row, left to right) pulse energy =
285 nJ and scan velocity = 0.2 mm/s, pulse energy = 215 nJ and scan velocity = 0.2
mm/s, pulse energy = 140 nJ and scan velocity = 0.2 mm/s; (bottom row, left to right)
pulse energy = 100 nJ and scan velocity = 0.2 mm/s, pulse energy = 100 nJ and scan

velocity = 0.6 mm/s.

In the case of depressed claddings, both circular and half-ring waveguides were
fabricated. The only distinguishing aspect of the half-rings from the circular depressed
claddings was that they were written directly below the top surface, whereas the latter
were written at a depth of 100 um beneath the surface. Nine different circular depressed

cladding waveguides were fabricated, with core sizes of D = 30, 45 and 60 um and with
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the number N of written tracks ranging from 18 to 60. See Fig. 2.1(c) for a complete list
of the waveguides fabricated in this study. For the half-rings, 3 waveguides were
fabricated with D = 60, 90, and 120 pm and with corresponding N values of 18, 28, and
36. While fabricating the double-lines, the same incident pulse energy and fluence were
used with a scan speed of 0.1 mm/s. Note that during the fabrication of double-lines, the
line height L was controlled by writing different number of tracks along the vertical
direction of the crystal (see Fig. 2.1(a)). With the pulse fluence of 2 J/cm2 and scan speed
of 0.1 mm/s used during the fabrication of double-lines, tracks with a height of
approximately L = 9 um were created along the vertical direction. Thus, by consecutively
writing 3 to 5 tracks along the vertical direction, 12 different double-line waveguides with
core sizes of D = 15, 18 20, and 30 um and with line heights of L = 27, 36, and 45 pm
were successfully written inside the bulk of the crystal. The design parameters for all
fabricated waveguides are summarized in Fig. 2.1(c). Note that the fabrication parameters
used in this study were optimized by minimizing the loss arising from graphitization
during fs laser writing and at the same time, by maintaining sufficient confinement within
the waveguides. When compared with a previous study described in Ref. [51], even
though the N.A. value used here is lower than those in the reported study, no discontinuity
was observed here across the fs laser written tracks. This is possibly due to the fact that
the operation wavelength (515 nm), pulsewidth (230 fs), and repetition rate (1 MHz) of
the laser used in Ref. [51] are quite different than those used in this study (wavelength of
800 nm, pulsewidth of 120 fs, and repetition rate of 1 kHz), resulting in a different

fabrication regime.

2.3 Waveguide Characterization

After the writing experiments, optical guiding characteristics of the waveguides were
investigated. A sketch of the setup for waveguide characterization is shown in Fig. 2.3(a).
Characterization was performed by using a commercial He-Ne laser operating at 633 nm,
close to the peak wavelength of fluorescence for NV centers [58]. The laser was coupled
to the waveguides by using an input converging lens (L1) and guiding was obtained for
each waveguide. The spot radius (1/e2) of the He-Ne laser beam was measured as 1.10
mm at the location of L1. The guided beam exiting from the output facet of the diamond

crystal was collimated and imaged with an aspheric lens (L2) which had an effective focal
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length of f = 6 mm. As an example, Figures 2.3(b)-(e) show the images of the exit facet
of a circular depressed cladding (D = 45 um and N = 28) and a half-ring (D = 90 um and
N = 28) waveguide for the cases of no coupling and optimized coupling. In addition, the
far-field spatial intensity profile of the guided beam from the same waveguides can be
seen in Figs. 2.3(f) and 2.3(g). Figs. 2.3(h) and 2.3(i) show the top view images of the
cases of no coupling and optimum coupling for the circular depressed cladding waveguide
having D =45 um and N = 28.

Powermeter/
a) f=2-|7-15 - L2 CCD Camera
. \ f=6 mm
e-Ne »1
@633 nm |
Diamond

Figure 2.3: (a) Optical characterization setup of the diamond waveguides. Images of the

exit facet of the circular depressed cladding waveguide with core size D = 45 um and
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number of written tracks N = 28 for the cases of (b) no coupling and (c) optimized
couplin g. Images of the exit facet of the half-ring waveguide with D =90 pm and N =
28 for the cases of (d) no coupling and (e) optimized coupling. Far-field spatial
intensity profile of the guided beam from (f) the circular depressed cladding waveguide
with D =45 pm and N = 28, and (g) half-ring waveguide with D = 90 pm and N = 28.
Top view images for the cases of (h) no coupling and (i) optimum coupling for the

circular depressed cladding waveguide having D = 45 pm and N = 28.

In the measurement of the waveguide propagation losses, in order to correct for the
Fresnel losses, propagation loss of each waveguide was determined by comparing the
power transmission of the waveguide with the bulk transmission of the crystal. In
particular, the diamond crystal was first positioned on a 3-D translation stage and the
power Pcoupled OF the guided beam was measured after the optimization of waveguide
coupling. Here, care was taken to block the uncoupled portion of the transmitted laser
beam in the far field by using an iris. Next, the focused laser beam was uncoupled from
the waveguide by translating the diamond crystal to measure the transmitted power Poui
through the bulk of the sample. The propagation loss of the waveguide in units of dB/cm

was then computed by using the equation:

coupled

Propagation Loss= L

In Eq. (1), L is the length of the sample. It should be noted that no significant
polarization dependence was observed from the circular depressed claddings, since they
have a symmetric distribution of refractive index contrast. Figure 2.4(a) shows the
measured variation of the propagation loss as a function of the number N of written tracks
for the circular depressed cladding waveguides. In terms of propagation loss, the best
performing circular depressed cladding waveguide had the parameters of D = 60 um and
N = 36. On the other hand, the highest propagation loss was observed for the waveguide
with D =30 um and N = 30. Data displayed in Fig. 2.4(a) show that the propagation losses
vary directly with the number N of written tracks and inversely with the core size D. In
the case of written tracks, it has been shown in previous studies [57] that fs laser writing

causes the formation of graphite-rich regions, which introduce losses for the guided mode
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due to optical absorption in graphite. In the case of the dependence on core size, this is
due to the increase in the size of the unmodified core region as the core diameter increases
[20]. Hence, the trends observed in Fig. 2.4(a) may be qualitatively explained based on
these effects.

In the case of circular depressed cladding waveguides, depressed double-ring and
triple-ring waveguide configurations were also fabricated and characterized by measuring
their propagation losses. Fig. 2.4(b) shows the optical microscope images of fs laser
written triple-, double-, and single-ring circular depressed cladding waveguides. Note that
the same fabrication parameters were used during the fabrication of the double and triple-
ring waveguides as in the case of single-ring circular depressed cladding waveguides. To
fabricate the depressed double-ring waveguide, the depressed cladding waveguide with
D =30 um and N = 24 was first written and on top of it, another concentric ring with D
=45 um and N = 36 was fabricated to form the second cladding. For the depressed triple-
ring waveguide, a third concentric ring with D = 60 um and N = 48 was fabricated on top
of the double-ring structure with D = 45 um and N = 36. The propagation losses from
depressed single-, double-, and triple-ring waveguides was 11.10, 12.70, 13.30 dB/cm,
respectively. As it can be seen, increasing the number of cladding rings resulted in more

propagation loss, which is due to the increased graphitization of the waveguide structure.

25



Experiments and results 26

N
o

E .o
§ . B
_3 15 x D—Go um
g 10 4 2
-
P L 2
K]
® S @
)
g ® e
g 0 : : :
= 16 22 28 34 40 46 52 58 64 22
a) ] B D=30 N=18
Number of Written Tracks (N) " i6 - P
< [k  D=60 N=36
1.2 G-Band % g D=60 half ring
w »
1 E p % @® D=90 half ring
B S e A M D=120 half ring
30.8 Eb . o i M z
]
£06 g o 4 ..
é 0.4 e, ® = :
L2 Written Track —Bulk Diamond]
—Written Track —Bulk Diamon,
C) 0 d) ’ 2 4 6 8 10 12
1300 1350 1400 1450 1500 11550 1600 1650 Input Lens Focal Length f (cm)
Raman Shift (cm)
2 € 25
- * = g 2
: 1.8 4 D=30pum E - *D=30 um
T:n 1.6 P D=45pm ‘;‘ - & D=45 pum
ﬁ 14 o D=60um 2 g 15 ® D=60 um
o
g 12 £~y ¢
go S ®
g ! £
8 08 2 5 ® ®
0.6 0
e) 16 24 32 40 48 56 64 f) 16 22 28 34 40 46 52 58 64
Number of Written Tracks (N) Number of Written Tracks (N)

Figure 2.4: (a) Measured variation of the propagation loss as a function of the number N
of written tracks for circular depressed cladding waveguides with different core sizes D.
(b) From left to right: optical microscopy images of fs laser written triple-, double-, and
single-ring circular depressed cladding waveguides. (c) Raman spectra taken from bulk
diamond and a written track (normalized with respect to the intensity of the G-band). (d)
Measured variation of the propagation loss as a function of input lens focal length. (e)
Measured divergence angle of the laser beam exiting each of the fabricated waveguides
as a function of N for waveguides with different D. (f) Measured refractive index
contrast of each circular depressed cladding waveguide as a function of N for

waveguides with different D.

In addition, by using the same characterization setup, we were able to obtain guiding
in half-ring waveguides with core sizes of D = 60, 90 and 120 um (see Figs. 2.1(b) and
2.3(e)). The measured propagation losses were 6.18, 1.87, and 1.20 dB/cm, respectively.
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To support the trends shown in Fig. 2.4(a), we further examined the structure of the
written tracks with a Raman microscope (Renishaw inVia Raman). A 532 nm laser was
used as the excitation source and was focused with a 100X objective on the written tracks.
The Raman spectra of a written track as well as of bulk diamond with its corresponding
1332 cm* Raman peak are shown in Fig. 2.4(c). The corresponding Raman peak of
graphite (G-Band) can be clearly seen at 1575 cm-! for the written track region. We note
here that scattering from written tracks can also contribute to transmission losses in the
waveguides. Our Raman spectrum measurements suggest that a portion of this loss could
be attributed to graphitization arising from fs laser writing.

Note that, to reduce the propagation losses due to the mode mismatch between the
input beam and the waveguide mode, the focal length f of the input coupling lens (L1)
was varied for the waveguides with different core sizes. Fig. 2.4(d) shows the variation
of the propagation loss of half-ring and circular depressed cladding waveguides for
different values of f. The procedure used in this experiment is similar to the loss analysis
described in Ref. [59]. Note that, for the case of circular depressed cladding waveguides,
only the specific configuration (with a particular N value) having the lowest measured
loss is shown. Also note that as the core size of the waveguide increases, the
corresponding value of the optimum focal length also increases as shown Fig. 2.4(d). Due
to the different core sizes, the lowest propagation loss of each waveguide is obtained at a
different optimum focal length, as expected. Beyond the optimum focal length, the
propagation loss starts to increase again due to the increase in mode mismatch. Thus,
from the data displayed in Fig. 2.4(d), the optimum focal length was determined as f =
4.0, 5.0, and 7.5 cm for the depressed cladding waveguides with core sizes of D = 30 um
(and 60 pm half-ring), 45 um (and 90 pm half-ring), and 60 um (and 120 pm),
respectively.

To ensure that all cases of coupling remain within the regime of waveguiding, the
Rayleigh range inside the diamond crystal was further calculated for each input lens.
Here, the beam waist of the focused beam w2 was first determined by using [60]:

w, f (2.2)

~

W2 Zl
where z1 is rayleigh range of incident beam, f is the focal length of the input lens and w1
is the beam waist before the input lens. The corresponding Rayleigh range zr inside
diamond was calculated by using the formula:
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~ nizW22 (2.3)
2
In Eq. (2.3), n is the refractive index of the medium (n = 2.4 for diamond) [39] and A is

the wavelength of the laser. Note that, L/zr (L = crystal length = 6.7 mm) comes to L/zr
=18.6, 10.5, 6.7 and 3.0 for the focal lengths of f = 3.0, 4.0, 5.0, and 7.5 cm, respectively.
This indicates that even in the case of f = 7.5 cm, the crystal length L remains reasonably
large in comparison with the Rayleigh range zr and beam propagation occurs
predominantly in the waveguiding regime.

Furthermore, the An between the fs laser written tracks and the guiding region (core)
was investigated as a function of N and D for circular depressed cladding waveguides. By
using the step index waveguide approximation, An was determined from [20, 61]:

sin* 6 (2.4)
¥ 2n

An

In Eq. (2.4) above, 6 is the divergence angle, n is the refractive index of the medium
and An is the refractive index contrast produced by fs laser writing. The divergence angle
was experimentally determined by using the knife-edge method, where the spotsize of the
exiting beam was measured after the waveguide as a function of position at 5-mm
intervals. The detailed information on the measured spot sizes can be found in the
Appendix A. Experimentally determined divergence angle of each waveguide is plotted
as a function of N in the Fig. 2.4(e). As it can be seen, the divergence angle of the beam
exiting the waveguide is increases directly with N and inversely with D. Using the
divergence angles shown in Fig. 2.4(e), the An of each waveguide is determined according
to the Eq. (2.4) and plotted as a function of N and D in Fig. 2.4(f). The largest An value
of 22.70x10° was measured for the waveguide with D = 30 um and N = 30, whereas the
smallest value (3.90x10-%) was obtained for the waveguide with D = 60 um and N = 36.
In Fig. 2.4(f), the measured An of each circular depressed cladding waveguide was plotted
as a function of the number of written tracks N for waveguides with different core sizes
D. The results show that An increases with increasing number of written tracks and
decreases as the core size increases. Previous studies show that fs laser written tracks
introduce a decrease in the refractive index around the modified track regions in diamond
[49]. Hence, the trends observed in Fig. 2.4(f) are as expected since the ratio of the

modified region to the unmodified region increases by reducing the core size and by

28



Experiments and results 29

increasing the number of written tracks. It should be noted that the divergence angle and
the An of the fabricated waveguides follow the same trends with respect to varying N and
D, which is expected since an increase in An would increase the NA of a waveguide and
therefore the divergence angle of the exiting beam. In addition, An of the circular,
depressed double-ring and triple-ring waveguides was determined by using the same
method and found as 16.30x10-° and 17.70x10°, respectively. These are higher than the
An value of 15.60x10° of their single-ring counterpart (D = 30 um and N = 24). It should
be noted that in the previous studies, An values as high as 3.0x107 could be achieved
[49] in diamond, which are significantly higher than the results obtained here. This is
possibly due to the fact that the waveguide fabrication regime in Ref. [49] was completely
different (laser wavelength=515 nm, pulsewidth=230 fs, and pulse repetition rate=1
MHz) from what was used in the current study, as noted before. In addition, the wall
seperation in [9] was as low as 13 um, which is expected to increase the refractive index
contrast significantly.

The mode-field diameter (MFD) of the circular depressed cladding waveguides was

further estimated by using the empirical formula for step-index fibers given by [62]:
1.619 2.879} (2.5)

Vl.5 + V 6.0

MFD = 2a(0.65+

In Eq. (2.5) above, a is the waveguide core radius and V is the V-number, which can
be calculated from [60]:
2 (2.6)

2ra [
= n cladding

\% core
A

n

In Eq. (6) above, ncore is the refractive index of the core region of the waveguide
(n=2.4 for diamond) and nciadding is the refractive index of the cladding region, which is
found by using the experimentally determined index contrast (Ncladding = Ncore - AN), as
described above. The other parameters in Eq. (2.6) were defined before. Fig. 2.5(a) shows
the variation of the MFD as a function of the number N of written tracks for each of the
fabricated circular depressed cladding waveguides with a given core size D. Note that as

N increases, the confinement increases and the MFD decreases as expected.
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Figure 2.5: Calculated (a) mode-field diameter (MFD) and (b) M2 parameter as a
function of the number N of written tracks for each of the fabricated circular depressed

cladding waveguides with a core size of D.

In addition, the MFD and the measured divergence angle of the circular depressed
cladding waveguides were used to calculate the M? parameter of the output beam by using
the relation [60]:

M2 = ﬂH(MFD) (2.7)
22

In Eq. (7), 6 is the divergence half-angle, MFD is the mode-field diameter. Fig. 2.5(b)
shows the Calculated M2 parameter as a function of N for each of the fabricated circular
depressed cladding waveguides with a core size of D.

In the last set of experiments, the propagation loss of double-line waveguides was
measured and plotted as a function of line height L in Fig. 2.6. During the measurements,
similar to the depressed claddings, to reduce the propagation losses, the focal length f of
the input coupling lens L1 was chosen as f = 2, 3, and 4 cm for the double-line waveguides
with a core size of D = 15, 18 (and 20), and 30 um, respectively. Note that the
measurements were done with TM polarized light since the propagation loss of double-
lines is highly polarization dependent [26]. The lowest propagation loss of 4.84 dB/cm
was obtained with the double-line waveguide having D = 30 um and L = 45 um. On the
other hand, the highest loss of 16.79 dB/cm was obtained with the waveguide having D
=15 pum and L = 45 pm. The measured data show that at a fixed line height L, as the core
size increases for the double lines, propagation losses decrease, which agrees with the
previous results obtained with circular depressed cladding waveguides in this study.

When the propagation losses are examined at a fixed D value as a function of the line
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height L, three different trends can be seen for waveguides having D = 15 um, D = 18
pm, and D = 20, 30 um. In the cases of waveguides having D = 20 and 30 um, the
propagation losses vary inversely with the line height L. For the D = 15 um waveguides,
the observed trend is opposite. Lastly, no significant change was observed in the
propagation loss for the case with D = 18 um. This is primarily because two competing
effects occur as L is varied. In the first effect, as the line height L of a waveguide is
increased while keeping the core size D constant, the geometry of the waveguide becomes
more favorable for supporting the TM polarization due to the increased aspect ratio (L/D)
of the waveguide. Since the input light is TM polarized in the case of double-lines,
increasing L causes a decrease in the propagation loss. In the second effect, increasing L
means an increase in the number of written tracks along the vertical direction of the
crystal, leading to more graphitization in the vicinity of the written tracks and higher
propagation loss due to graphite absorption. Thus, in the case of waveguides having D =
20 and 30 pm, the first effect is dominant, whereas for D = 15 pm the second effect
dominates. For the waveguides with D = 18 um, the two effects approximately cancel

each other, leading to no significant dependence on L.
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Figure 2.6: Measured propagation loss as a function of the line height L for

double-line waveguides with different D.
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Chapter 3:
CONCLUSION

In conclusion, we have experimentally investigated the effect of the design parameters on
the propagation loss and the refractive index contrast of fs laser written waveguides in a
CVD grown diamond crystal. The obtained experimental results show that the
propagation loss of the fs laser written waveguides decreases as the core size increases
and as the number of written tracks decreases. Similarly, the refractive index contrast
between the core and the written tracks showed the same trend as the propagation loss.
Therefore, varying the design parameters for the sake of minimizing the loss of the
waveguide also reduces the ability of the waveguide to confine the propagating mode.
With regard to the experimental results, refractive index contrasts ranging from 3.90x10-
5 to 22.70x10-5 were obtained for depressed cladding waveguides. Moreover, double-
and tripple-ring waveguide configurations of the circular depressed cladding waveguides
resulted in more beam confinement but at the cost of more propagation losses. Overall,
we were able to obtain propagation losses as low as 2.05 dB/cm and to 1.20 dB/cm by
utilizing circular depressed cladding and half ring configurations, respectively. In
addition, propagation loss of 4.84 dB/cm was obtained with double-line waveguides,
which is within the range of loss values reported so far for CVD grown diamond [45, 46,
48]. Double-line configuration provided more spatial confinement and smaller mode field
diameters but, again, more losses were encountered due to graphitized regions. Table 1
summarizes the waveguide configurations and obtained loss values reported in previous
studies involving fs laser written diamond waveguides [6-12]. To our knowledge, the
propagation loss values obtained with our circular depressed cladding and half-ring
waveguides are the lowest reported to date for fs laser written waveguides in diamond.
Furthermore, among the waveguide geometries investigated in this study, half-ring
waveguides appear to be the most promising in terms of low loss propagation and we
forsee that they can have important potential applications in linking NV centers in

diamond for quantum sensing/communication applications.
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Table 3.1: Summary of waveguide configurations and obtained loss values reported in
previous studies with fs laser written diamond waveguides.

Reference Waveguide configurations Loss
Present Double-line, circular depressed cladding, As low as 1.20
Study double- and triple-ring, half-ring dB/cm
[45] Double-line 16.00 dB/cm
[46] Double-line, circular depressed cladding and Y - As low as 7.90
branch dB/cm
[48] Double-line 4.20 dB/cm
[49] Double-line Not specified
[52] Circular depressed cladding As low as 11.60
dB/cm
[53] Double-line 6.00 dB insertion loss
[55] Double-line 6.95 dB insertion loss
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To measure the spot size of the laser beam exiting the output facet of each fabricated
waveguide, the knife edge method was applied. A knife edge was mounted onto a 3D
translational stage with a resolution of 10 um, and the transverse positions of the knife
edge giving 84% and 16% power transmission were measured. The spot size of each
beam, which corresponds to the distance between these two positions, was measured
along the propagation direction. Measurements were started from 5 mm away the output
facet of the sample and continued with intervals of 5 mm until 5 measurements were taken
from each waveguide. Afterwards, the spot size measurements of each waveguide were
plotted as a function of the distance between the measurement point and the waveguide
exit (output facet of the sample) as shown in the figures below. Therefore, the slope of
the linear fit of each dataset was determined, which corresponds to the tangent of the
divergence angle (tan 6). Since the divergence angles in this study are rather low, small
angle approximation can be used and tan 8 ~ sin 8 can be assumed. Finally, using the

sin 8 values obtained, the An values in Fig. 2.4(f) were determined.
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Fig.A 1: Spot size measurement of the waveguide having D=30 um and N=18 as a

function of distance.
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Fig.A 2: Spot size measurement of the waveguide having D=30 um and N=24 as a

function of distance.
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Fig.A 3: Spot size measurement of the waveguide having D=30 pum and N=30 as a

function of distance.
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Fig.A 4: Spot size measurement of the waveguide having D=45 um and N=28 as a
function of distance.
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Fig.A 5: Spot size measurement of the waveguide having D=45 pm and N=36 as a
function of distance.
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Fig.A 6: Spot size measurement of the waveguide having D=45 um and N=44 as a
function of distance.
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Fig.A 7: Spot size measurement of the waveguide having D=60 um and N=36 as a
function of distance.
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Fig.A 8: Spot size measurement of the waveguide having D=60 um and N=48 as a
function of distance.
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Fig.A 9: Spot size measurement of the waveguide having D=60 pum and N=60 as a
function of distance.
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