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ABSTRACT

Over the past decades, morphology dependent resonances, the optical resonances
occurring by the interaction of light with microspheres of various materials, were vastly
investigated. Spherical microcavities have diverse applications due to their high
concentration of modes in small volumes at optical frequencies and high Q-factors. The
localization of the electromagnetic waves inside the microsphere is realized by total
internal reflection. Microspheres provide the concave surface for light to circumnavigate

around the microcavity, giving rise to whispering gallery modes.

Because of its unique lattice structure, robust physical properties, as well as its
distinctive optical properties, different forms of diamond were vastly investigated for
various applications. As is well known, nitrogen vacancy (NV) centers inside the
diamond lattice give rise to such applications by replacing two carbon atoms by one

nitrogen atom and a vacancy, that yields a floating electron at the NV" center.

In this thesis, Raman and photoluminescence spectroscopy is performed with various
diamond samples including a diamond microsphere. The measurement setup is presented
for both spectroscopies. NV centers exhibit 575 nm or 637 nm zero phonon lines along
with their corresponding phonon side bands depending on the charge state of the point
defect, NV° and NV, respectively. A 572 nm inelastic Raman scattering (1332.25 cm™)
is observed with 532 nm excitation laser due to the vibrational state of carbon-carbon
bonds with sp® configuration, whereas sp® hybridization (144456 cm™) yields
inelastically scattered photons with 576 nm wavelength. It is possible to identify the main
impurities within the diamond lattice, and confirm the carbon-carbon bonds with

spectroscopic techniques.

In addition, the demonstration of a diamond microsphere whispering gallery modes
resonator in the standard telecom wavelengths between 1426.10 nm and 1427.42 nm in

the 90° elastic light scattering for both transverse magnetic and transverse electric
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polarizations is realized. The highest measured whispering gallery mode Q-factor is on
the order of 10% and the mode spacing 0.332 nm for both transverse polarizations. The
coupling of the continuous wave tunable infrared excitation laser to the diamond

microsphere is achieved by a single mode silica optical fiber half coupler.

All in all, diamond is a unique material with particular optical properties. Utilizing
such properties in a spherical morphology can give rise to distinctive applications. It is
essential to observe the aspects of the whispering gallery modes created by the light
circumnavigating a diamond microsphere such as mode spacing and Q-factor to classify
the properties of a 1 mm synthetically grown spherical diamond microresonator. Such a
diamond resonator can further be used as stable optical frequency comb generators or
lasing microcavities by exploiting the nitrogen vacancy centers present within the lattice

of the diamond.
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OZET

Gegtigimiz yillarda 151k ve ¢esitli gereclerden {iretilmis mikroyuvarlar arasindaki
etkilesim, yaptya baglt optik ¢inlamalar (MDR) olarak adlandirilmig ve incelenmistir.
Mikroginlaglar, yiiksek nitelik katsayilar1 (Q-factor) ve dar optik siklik bantlarina yiiksek
sayida 151k kipi sigdimalarindan  6tilirii  cesitli  uygulamalarda  kullanilmuglardir.
Elektromanyetik dalgalarm mikroyuvarlarda yerellesmesi tam i¢ yansimayla (TIR)
gerceklesir. Bu mikroyuvarlar 1s1gin yuvar ¢evresinde donmesini, i¢biikey yiizeyleri ile

gergeklestirerek, fisildayan gegit kiplerinin (WGM) olusmasini saglarlar.

Degisik atom Orgiisti, giiclii fiziksel ozellikleri ve cesitlilik yaratan optik
oOzelliklerinden dolayi, gesitli elmas ornekler ¢esitli uygulamalarda kullanilmak {izere
incelenmistir. Bilindigi gibi, elmas 6rgiisiiniin i¢ine yerlesmis azot bosluk 6zekleri (NV),
yan yana bulunan iki komiir atomunu elmas orgiisiinden ¢ikartarak olusurlar, boylece

NV 6zeginde bir fazla elektron bulunur.

Bu tezde, cesitli elmas 6rnekler ve bir elmas mikroyuvar ile Raman ve fotoisima
izgedlclimleri yapilmustir. 1ki tiir izgedlgiimii igin kullanilan deney diizenekleri
sunulmustur. NV° ve NV- 6zeklerinden 575 nm ve 637 nm olmak iizere, iki sifir fonon
cizgisi 1s1masi ile bunlari izleyen fonon yanbant 1simalar1 gézlemlenmistir. 532 nm lazer
kaynag kullanilarak gézlemlenen Raman sagilmasindan ise 572 nm (1332.25 cm™?) de
esnek olmayan sagilma goriilmiistiir. Bu Raman kaymasi sp® diizeninde bag yapan C-C
atomlarinca olusur. sp? diizenindeki C-C baglar1 ise 576 nm’de Raman kaymasi
(1444.56 cm™) yapar. Fotoisima izgedlgiimii kullanlarak elmas icindeki safsizlik,

elmasin tiirii ve C-C baglarinin durumu bulunabilir.

Elmas mikroyuvardan 90”de esnek sagilma yapan WGM ¢mlamasi kizilalt:
uzakiletim (Telekom) dalgaboyu olan 1426,1 - 1427,42 nm arasinda enine elektrik (TE)
ve enine manyetik (TM) kutuplu bir lazerle 6lgiilmiistiir. G6zlemlenen en yiiksek nitelik

katsayis1 Q-factor 10* ve olgiilen kip arah@ 0,332 nm’dir. Dalgaboyu degistirilebilen



stirekli uyarma lazeri ile elmas kiire arasindaki baglasma, bir optik lif yar1 baglastirictyla
(OFHC) gergeklestirilir.

Sonugta, elmas kendisine 6zgli optik Ozelliklerinden dolayr esi benzeri olmayan
degerli bir tastir. Bu essiz o6zellikleri kiire yapisinda kullanmak farkli uygulamalara yol
acabilir. Bu baglamda, 1 mm ¢apindaki elmas mikroyuvarinin etrafinda dénen 11k
yardimiyla olusan fisildayan gecit kiplerinin, kip araligi ve nitelik faktori gibi
oOzelliklerinin incelenmesi biiytik bir 6nem tasir. Boyle bir elmas mikro¢mlag optik siklik

tarag Uireticisi veya NV lazer mikroginlact olarak kullanilabilir.
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Chapter 1

INTRODUCTION

Over the past three decades, morphology dependent resonances (MDRs), the optical resonances
occurring by the interaction of light with spherical microcavities of various materials such as fluidic
droplets, and solid state spheres [1], were vastly investigated [2]. Spherical microcavities have diverse
applications in sensing [3], filtering [4], and lasing [5] due to their high Q-factor resonances, and high

concentration of modes in small cavity volumes at optical frequencies [6].

Natural modes of oscillations at specific frequencies, corresponding to precise size to wavelength
ratios (Size parameter) occur in dielectric and semiconductor spheres[2]. The localization of
electromagnetic waves inside the microsphere is realized by total internal reflection (TIR)[7].
Microspheres provide the concave surface for light, to circumnavigate around the great circles, giving rise
to whispering gallery modes (WGMs) [8]. Similarly, the quality of surface finish is essential to achieve
high Q-factors up to an order of magnitude to 10 [9], while confining WGM:s in circular microcavities
[10].

Because of its unique lattice structure, robust physical properties such as high thermal conductivity,
high ignition point, and high density [11], as well as distinctive optical properties, i.e., broad transmission
range from ultraviolet to far infrared (far-IR) [12], wide electronic bandgap (5.5 V), and large Raman
gain [13]; different forms of diamond were investigated for applications such as microwave
antennas [14], quantum information processing [15], sensors[16], and electronics [17]. As is well
known, nitrogen vacancy (NV) centers inside the diamond lattice give rise to such applications by
replacing two carbon atoms by one nitrogen atom and a vacancy [18]. Two forms of NV centers can
form out of the vacancy, depending on the floating electrical charge at the color center, namely NV and
NV~ It is possible to control properties of this electrical charge by interactions with light, which can

further be exploited around a microsphere resonator [19].
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Previously, solid microcavities manufactured of materials such as glass [20], silicon[21], and
germanium [22] were well studied as high Q-factor optical resonators. Diamond microcavities are now
attractive, because of the recent developments in high purity diamond crystal manufacturing techniques in
various geometries [23], and the possibly to alter the quantum spin state of the stable NV~ centers.
Formerly, resonators manufactured of diamond with morphologies of race-track on silica [24], ring on
silica [25,26], and nearly spherical with 2 mm diameter coupled to a silicon prism [27] were investigated,

and their corresponding Q-factors were measured to be in the order of 10°, 106 and 10, respectively.

In this thesis work, we report our observations of Raman scattering and photoluminescence (PL) of a
1mm synthetic diamond in spherical morphology, as well as the elastic light scattering from the WGM
resonances in the same synthetic diamond microsphere by using a near-IR tunable diode laser coupled to
an optical fiber half-coupler (OFHC). Our results indicate that, a 1 mm diamond microsphere has a mode
spacing of 0.332 nm and the Q-factor of the resonances is measured to be on the order of 10* at a central

wavelength of 1426.29 nm.

Chapter 2 is a brief introduction to resonators by inspecting properties of a Fabry-Pérot resonator. It
also summarizes the subject of optical microsphere resonators. A description of an optical microsphere is
presented, as well as the Lorenz-Mie Theory that explains the elastic scattering from a microsphere in 90°
scattering and 0° transmission directions. This chapter also includes the portrayal of WGMs in terms of
mode spacing, Q-factor, and coupling analysis together with the definitions of the size and impact

parameters.

Chapter 3 presents information about diamonds in terms of physical and optical properties. Physical
properties of diamonds are analyzed in terms of material properties and classification of diamond types in
terms of impurities. Optical properties, such as refractive index and absorption coefficient, are discussed.
Photoluminescence caused by NV centers and Raman scattering under 532 nm visible laser excitation are

explained with respect to the corresponding electronic energy level transitions.

Chapter 4 includes the results of the diamond spectroscopy. The investigated diamond samples are
presented along with the experimental setup, which is used to measure the PL spectra and Raman

scattering. PL results of the diamond samples and manufacturing details of diamond microsphere are
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included, as well as the microRaman spectra acquired by Raman microscopy. Finally, images of various
diamond samples, including the diamond sphere during 532 nm laser excitation, taken by a microscope

camera with a high pass color filter, are also displayed in this chapter.

Chapter 5 is about the elastic scattering of light by the diamond microsphere. The measurement setup
to detect elastic scattering and transmission is shown along with the transverse electric (TE) and
transverse magnetic (TM) spectra for both 90° elastic scattering and 0° transmission. Parameters such as
Q-factor and mode spacing are analyzed, and compared with the previous reported values on diamond

resonators.

Finally, chapter 6 summarizes the work done, and gives brief information about the future work, that

can be conducted in this topic using diamond microcavities.
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Chapter 2

OPTICAL RESONATORS

2.1 Fabry-Pérot Resonator

An optical resonator can be achieved by aligning two parallel mirrors in a manner that a light beam
would successfully complete one full round-trip that satisfies a phase matching condition. The most
typical form is a Fabry-Pérot resonator with a fixed linear distance, L, between the two mirrors, which
yields a round-trip path of 2LN, where N is the refractive index of the media between the two
mirrors [10]. The Fabry-Pérot resonators selectively reflect or transmit light depending on the particular
wavelength. A schematic of a Fabry-Pérot resonator, which consists of a medium with refractive index N
confined with two mirrors is presented in Fig. 2.1. The light propagates in different mode numbers (n)
during its round-trip. For a Fabry-Pérot resonator, the relation between the mode number, wavelength (1)
and round-trip is formalized by [28]:

nA=2LN 2.2).

The resonance exhibits itself when, there is an integer mode number for a round-trip. Eq. (2.1) is satisfied
when, the light waves interfere constructively by forming a standing electromagnetic wave between the
spacing of two mirrors. Resonant peaks arise in the corresponding resonance spectra at the particular 1

due to the constructive interferences for their respective n'’s.

The dependence of the round-trip length to the wavelength is characterized by a dimensionless size

parameter (), which relates the round- path length to the wavelength of the incident light by [28]:

2L
X=—
AI'N

outside

(2.2)

that can be further converted into a relation between mode number n and reflective index N by
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N
Nn=———X=mXx (23),
N

outside

where m is the relative refractive index of the inside medium.

Mirrors
N
Incident Output'
Beam Beam
L
Fig. 2.1 Schematic of a Fabry-Pérot Resonator with a spacing of L and refractive index of N.

By changing in the spacing or the refractive index between the mirrors, it is possible to alter the
resonant wavelengths, which indicates Fabry-Pérot resonators as sensitive wavelength selective devices,

that give rise to various applications such as sensors and laser cavities [29].
2.1.1 Free Spectral Range

The resonance condition is satisfied by infinite number of modes inside the cavity, that are separated
by a fixed spacing due to the quantized state of the modes. The distance between two resonant peaks are

identified as free spectral range (FSR) and can be defined in terms of frequency as:
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C

AVegg = AV, —Av, “OLN

(24),
where c is the speed of light in vacuum. In terms of wavelength for two consecutive modes n and n+1,
that satisfy the resonance condition defined in Eq. (2.1). The assumption of n =~ n+1 can be made for high

mode numbers of n, which can modify the term as:

A A°

AJ’FSR = ;A Vesr = ﬂ (2.5),

at the central resonant wavelength A. As is clear from the Egs. (2.4) and (2.5), FSR decreases as the
spacing between the mirrors increases, as well as the refractive index of the media in between the mirrors

of a Fabry-Pérot resonator.
2.1.2 Q-Factor

Quality factor (Q-factor) is another significant parameter that defines a resonator. At the resonant
wavelengths the Fabry-Pérot resonator, or any other resonator, transmits 100% of the incident beam by
neglecting the reflectance (R) of the mirrors. Theoretically, Q-factor can be defined as:

stored energy

Q=2x (2.6),
energy loss per cycle

which is also the ratio of the resonant wavelength to the full-width-at-half-maxima (FWHM) of the

resonance peak and shown as:

Q= / 27)

/IFWHM
where Arwhm represents the FWHM of the peak. Q-factor defines the sharpness of the resonant peak and
is in a correlation with R of the Fabry-Pérot resonator’s mirrors. Reduction in the Q-factor occurs, when

an energy loss at the cavity is realized. This is dependent on various factors such as reflectance, mirror
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surface absorption. Q-factor is also known as the resolving power of the resonator, and high Q-factor
values are essential for different applications, i.e., laser cavities, monochromatic separations of

wavelengths, or frequency comb generations [30].
2.1.3 Finesse

The ratio of FSR to FWHM of a resonant peak defines the finesse (F) of the resonator and is shown

as:

F = Aﬂ“FSR

sy (2.8).

Finesse of an ideal Fabry-Pérot resonator can also be defined by:

__mR

= 2.9).
1_R (2.9)

Finesse is entirely defined by the cavity losses, and has no relation with the resonator length. High finesse
can be achieved by increasing R of the mirrors. The relation between Q-factor, finesse, and reflectance are

realized by

o A FonF - 2Lm7r\/§ _ mXﬂ\/E 210
Adeqr A(l-R) 1-R

Eq. (2.10) yields an understanding of the dependency of the Q-factor to reflectance of the Fabry-Pérot
mirrors, size parameter, and the relative reflective index of the media. As can be realized from Eq. (2.10)
higher mode numbers will yield high Q-factors, hence incident waves with wavelengths, which
corresponds to higher mode numbers can exhibit higher Q-factors.

Fig. 2.2 illustrates a transmission spectrum of a Fabry-Pérot Resonator. Arsr and ArwHm are shown on

the figure along with the resonance wavelengths An1, A, and An+1. Intensity has arbitrary units and
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normalized with I/Imax. FSR is defined as the free spectral range between two resonant modes, that satisfy

Eq. (2.4) and (2.5), as shown on the spectrum.
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Fig. 2.2 Transmitted light intensity of the Fabry-Pérot resonator modes.
2.2 Spherical Microcavity Resonator

Similar to Fabry-Pérot resonators, incident light beam should complete a full round trip to exhibit
morphology dependent resonances (MDR) inside the spherical microcavity. The circumnavigating light
is confined inside the sphere by exploiting the total internal reflection (TIR). TIR is defined by the

boundaries obtained from the Snell’s Law as
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N sin@d = Nsing, (2.12),

outside

where Nouside and G; are the refractive index and angle of incidence in the incident media, and N and & are
the refractive index and the transmittance angle after the plane of incidence. TIR is realized if the incident

angle is greater than the critical angle 6. (6 > 6c) that is defined by

0. =sin™" 2.12).

outside
The localization of propagating electromagnetic waves inside the microsphere is realized by total
internal reflection (TIR). Microspheres provide the concave surface for light to circumnavigate around the
microcavity, giving rise to whispering gallery modes (WGMs) [31]. Localization of WGMs due to TIR
are presented in Fig. 2.3.

Coupling of light to the microcavity can be achieved by a waveguide or a prism that carries
propagating light in the vicinity of the microsphere. A standing wave occurs in the cavity, whenever the
incident beam with wavelength A in Nousice is in phase with the reflected light. This resonance condition

can be formalized as defining the round trip around the sphere by

nA =2raN (2.13),

where n is the mode number, 1 is the wavelength of the incoming light, a is the radius of the microsphere
and N is the refractive index of the microcavity. Similar to Fabry-Pérot resonator, n is an integer that
defines the polar angular quantum mode number, and A/N defines the wavelength of the resonating light

inside the cavity.
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N

outside

Fig. 2.3 Propagation of light around a microsphere exhibiting WGMs with TIR.

A dimensionless size parameter that compares the wavelength and circumference of the sphere can be
formalized by [32]:

2ra
a=——
AIN

outside

(2.14),

where X is the size parameter, and k is the propagating wave vector in the surrounding medium Noutside. A

relative refractive index m, should be defined to express the resonance condition

in terms of size parameter.

m= N (2.15)
N 15),

outside

is the relative refractive index. By joining Eqg. (2.14) and (2.15), x can be expressed by
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nN_
n> XZOT““"’G :% (2.16),

in terms of mode number and relative refractive index. The right side of the Eq.(2.16) is similar to the case
of the one-dimensional Fabry-Pérot solution, shown in Eq. (2.3), for minimum mode order | = 1. The left

side of the Eq. (2.16) is for maximum mode order | = Inax.

2.2.1 Lorenz-Mie Theory for Elastic Scattering from Microspheres

Different forms of modes exhibit themselves during the propagation of light inside around a
microsphere. These modes are geometry dependent and defines the wave nature of the light during its one

round trip in its three dimensional freedom.

The notational difference between electromagnetic (EM) wave theory and quantum mechanics (QM)
theory is presented in Table 2.1 for azimuthal mode number m, polar mode number n, and radial mode
order I. The azimuthal mode number m shows the number of azimuthal maxima of the intensity
distribution inside the sphere in the range between 0° and 180°, where | represents the number of intensity
maxima in the radial direction [33]. For each polar mode, the allowed azimuthal mode numbers are in

between —n <m < n, that gives rise to 2n+1 degeneracy of the azimuthal modes [8,34].

Table2.1.  Mode Notations in Electromagnetics (EM) & Quantum Mechanics (QM)

Parameter EM Notation QM Notation
Azimuthal mode number m m
Polar mode number n |

Radial mode order | n
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Considering a perfect sphere, with minimal elipticity, all of the m modes are 2n+1 degenerate,
however the degeneracy is dependent on the symmetry at the z-axis, and can be lifted based on the
deformations of the geometry of the sphere. On the other hand, MDRs are independent of the direction of
the light circumnavigating the sphere. In the case of high resolution measurements, it is possible to
observe a mode splitting due to internal backscattering caused by m modes, which couples two counter

propagating modes to the spherical microcavity.

Light interaction with a microcavity to exhibit MDRs can be fully described by electromagnetic
theory. Helmholtz equation for electromagnetic spherical boundary conditions were first solved by Mie
[35]. Mie scattering is a description for light scattering from spheres, that has a size parameter between
~ 0.1 <x<100. Solution of such an electromagnetic problem requires detailed derivations, however only

the crucial equations are mentioned in this thesis. Helmholtz eigenvalue equation is given by

VW, =2 W, =0 (217)
W A, Cz(r) l// g,

where i, . is the eigenfunction, e’ _is the eigenvalue for the —c*(r)V* operator.

Assuming an incident plane wave approaching a microsphere to excite the MDRs, it is possible to
define the eigenmodes of the characteristic equations satisfying the wave equation in spherical polar

coordinates as

W, =cos(m@)P" (cosd)z, (kr) (2.18),
and

W, =Sin(mg)P" (cos )z, (kr) (2.19),

where P"(cos®) is the Legendre polynomials with degree n and order m, and z, (kr) demonstrates any

of the spherical Bessel functions, thus the vector spherical harmonics of the propagating plane waves is

expressed by
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— ., 2n+1 —@ (1)
Ei = EOZIn (M on — e|n) (2.20),
= n(n+1)
—( —® VxMg L . .
where Mo|n Vx(r Won)and Nen = " [34, 36]. Considering an isotropic and homogenous

microsphere with radius (a), elastically scattered field is expressed by

E= ZE (a, |Ne|n =p M&?) (2.20),

where a, and by, are the elastic scattering coefficients, which can be further simplified by the Riccati-

Bessel functions

w, (r) =rj,(r) and £(r) =rh{°(r) (2.22)

where j (r)andh®(r)are the Bessel and spherical Henkel functions of the first kind, respectively. As a

result the elastic scattering coefficients for TM and TE polarizations are formalized as [8,34]

(M), (X) = My, (X, (MX)

a =V | (2.23),
v, (Mx)&, (X) = My, (MX)&, ()
and
M o (M, () =7, (7 (MX) (2.28),
My, (MX)E, () — 7, (MX)Z, (X)
respectively.

Egs. (2.23) and (2.24) are applicable for planar waves, however we are using an optical fiber half
coupler (OFHC) carrying a light beam with a Gaussian distribution. Nominators of these equations

should be altered to satisfy the condition for a guided wave [37]. The denominators of the elastic
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scattering equations will not change, since the resonances exhibit themselves at the poles of the transfer

function of elastic scattering from a microsphere.

There are two elastic scattering coefficients, that corresponds to the solutions for the modes of light

with transverse electric (TE) and transverse magnetically (TM) polarized lights, respectively.

The two schools of solutions of the EM Helmholtz equation for TE and TM polarizations are
analogous to the energy levels of a QM problem similar to the notations shown in Table 2.1. Therefore

MDRs are defined with quantized polar, radial, and azimuthal numbers, n, I, and m, respectively.
2.2.2 Mode Spacing

Similar to the Fabry-Pérot resonator a constant range between two resonant peaks is present for
WGMs confined in a spherical microcavity. Previously, this gap was called as free spectral range (FSR)
for a Fabry-Pérot resonator as shown in Fig. 2.2, since there are no extra signal in between A, and An+1 due
to an additional modes, unless transverse modes are apparent. The range is not as free as a Fabry-Pérot for
a microsphere resonator, thus it would be more accurate to name this gap as Mode Spacing in terms of

terminology.

As formalized for Fabry-Pérot, mode spacing can be expressed as the difference between two

consecutive polar modes n for the identical radial mode order |, first for size parameter as:
—X (2.25),

where Ax; is the distance between two consecutive modes n+1 and n, by assuming the size parameter as

x+4x and x for terms the n+1 term for n, respectively. Ax mode spacing is then given as:

2
xtan™ (”;X) 1 (2.26),
AX =
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where m is the relative refractive index and x the size parameter. By assuming x >> 1, x ~n, mx ~ n and

mx > n, it is possible to simplify Eq. (2.26) as [38]:

-1 2
tan~"+vm° -1 2.27).

This term is almost independent of the size parameter x, if n and x are sufficiently large, and only a
function of the relative refractive index m. Recall Eq. (2.14), that defines the size parameter,
x = 2maNousice/A, and replace x and A with the corresponding consecutive mode orders as Axn+1 = 2ma/n+1
and Axn = 2nalin. Then the size parameter mode spacing at Eqg. (2.25) can be defined in terms of

wavelength by:

_ 27z—aNoutside (Aﬂ’n )

AX Y

(2.28),

where Al = Ans1 - /n is the mode spacing in terms of wavelength, and A’ = (4

n+1

)(4,) by assuming
n+1~n for the high mode numbers, 1 « n. Finally, to define the wavelength mode spacing Eq. (2.27)
and (2.28) are collated as [39]:

AL - A2 tan™m? -1
n 27Z-aNoutside “mz -1

where 4, s the resonant wavelength, m the relative refractive index and a the radius of the microsphere.

(2.29),

Another approach is to define the mode spacing in frequency domain. Similar to Eq. (2.4) for Fabry-Pérot

Av for the spherical resonator is given as:
Av=Av ,—Av, (2.30).

The frequency at the corresponding mode can be calculated via the roundtrip as presented in Eq. (2.14),

thus the v for n and n+1 modes are shown by:
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nc
v = (2.31),
m2ra

where c is the speed of light in the vacuum. By subtracting the term given in Eq. (2.31) according to
Eq. (2.30) and Eq. (2.27), mode spacing in terms of frequency can be expressed as:
¢ tan/(m*-1)

Av, = (2.32),
2ra (mZ _1)

for the same polarization.
It is more accurate to select Eq. (2.26) or (2.32) to calculate the mode spacing, if the assumptions of
- . 1 .
x>>1, X~ n, and mx ~ n are not satisfied. To be more precise, |x— n| > 5 and |x— n| > 4 defines the

conditions to use Eq. (2.26) to calculate the mode spacing with %1 accuracy, and if |x—n| <4then

Eq. (2.29) can predict the mode spacing with the same accuracy [40].
2.2.3 Q-Factor

Q-factor is a dimensionless parameter, which is used to define how long a photon can be confined
inside an optical microcavity. Q-factor can be expressed by the average lifetime of photon in the resonant

light mode asz = Q/ a, , where 7 is the average photon lifetime, and wo the resonant angular frequency.

On the other hand, Q-factor of a WGM resonance is the ratio of the stored energy to the energy lost
during one period as shown in Eq. (2.6) similar to a Fabry-Pérot resonator, which can be also given
as [41]:

o 27 _ oW (2.33),

(_d\/vj 27)  dW /dt
dt )\ o,
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where W is the stored energy, -dW/dt the power dissipation, o the resonant angular frequency, and 2z/wo

the period of the resonance. It is possible to formalize the stored energy W, as a function of Q-factor by:

W (t) =W, exp(_g"t] (2.34).

Electric field inside a microcavity can be expressed in terms of Q-factor by:

: A
E(t)=E, exp(la)ot)exp( o j (2.35),
Q
which yields the energy in the cavity near a resonant frequency using the EM theory by:

E( w)‘-’z " 1 (2.36).

o-ar(3)

Resonances exhibit themselves in Lorentzian lineshapes as sharp peaks at the resonant wavelengths.
At the full-width-half-maximum (FWHM) energy of the resonant field in Eq. (2.36), a condition of

|a)— a)0| = w, 1 2Q occurs, thus it is possible to measure the Q-factor from the lineshape with Eq. (2.7).

Optical microsphere resonators are dissipative cavities due to various loss mechanisms. Dependence

of the Q-factor to such intrinsic dissipations are formalized as [42]:

-1 _ -1 -1 -1 1
int — Qrad + st + Qmat + Qcont (2.37),
where Qrag IS due to intrinsic radiative losses, Qcont caUSed by surface contaminants, Qss scattering losses

due to residual surface inhomogeneities, and Qmat due to material loss.

The main source of radiative losses is the imperfect nature of TIR from a spherical (curved) surface.

The concave surface of a microsphere causes the evanescent field of the light to propagate, thus the
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photons tunnel out of their bound state. A portion of the energy escapes the potential barrier and Qrad Can

be expressed by a semiclassical approximation to the Riccati-Bessel functions as [43]:

Quas = XEXP 2(| —l—%jg Ll (2.38),

l+=
2

where g(y):—«fl— y® +argcosh (1/ y), X the size parameter and | the radial mode order. Qrad

diminishes as a high number of propagating modes are confined with TIR inside the microsphere.
Numerically, this boundary can be defined by D /4, where D is the diameter of the spherical microcavity,

and 4 the incident wavelength. If D /> 15, a Qg greater than 10 can be achieved, therefore Q% will

rad

diminish and another intrinsic energy dissipation will limit the Q-factor.

Loss due to surface inhomogeneities are estimated based on the model of Rayleigh scattering by

molecular-sized surface clusters under laser excitation on the edge confined with TIR by [42,44]:

A’a
- (2.39),
Qs 7°c’B
where ¢ is the rms size, B the correlation length of the surface inhomogeneities, and a the radius of the
microsphere. Qs is dependent to the radius of the sphere, thus high Q-factors can be only achieved by
large enough microspheres, i.e., larger than 100 um [42]. o and B are generally on nm scale depending on

the purity of the microsphere surface.

The other loss is caused by the material absorption and bulk elastic (Rayleigh) scattering losses. Qmat iS

expressed as [42]:

nat ¥ (2.40),
Qna oA

here m is the relative refractive index, A the incident wavelength and « the attenuation coefficient, that is

dependent on the absorption coefficient of the material at the corresponding wavelength [45]. Scattering
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loss coefficient in glasses is due to the microscopic variations in the local dielectric constants associated

with the random molecular structure of the material, thus can be formalized by [46]:

_87

Ascar = 5 14 <m8p2 )( kBT )ﬂT (241),

where p is the photoelastic coefficient, ks the Boltzmann constant, T absolute temperature, and fr the
isothermal compressibility of the material. asat Will then yield the bulk Rayleigh scattering loss to

calculate Qmat.

Qeont represents the losses due to surface contaminants occurring during the manufacturing process of
the microsphere. The influence of the water contaminants introduced to the silica (SiO2) microspheres

during their fabrication process, and their limitation to the Q-factor were previously observed [42].
2.2.4 Coupling Analysis

Previously, the intrinsic contributions to the Q-factor were discussed, but the total Q-factor is also

dependent on the external loses as well, thus is given as:

-1 -1 -1
ot = Qit + (2.42).

int ext

Qext IS induced by the coupling of light from a waveguide or a silicon prism. Compared to the other
intrinsic contributions to the Q-factor, Qex is due to a external loading, and can be expressed by [47]:

27X (27[)2 ma
e A

Qext

(2.43),

where x is the size parameter as defined in Eq. (2.14), and t is the incident light mode field coupling

coefficient from the fiber to the diamond microsphere. t is a purely imaginary value, and is generally

estimated to be ‘tz‘ << 1 for optical half couplers and tapered fibers by considering the coupling of a

single mode propagating in the fiber to one of the resonant modes in the diamond microsphere [47].
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A Q-factor, that has an order of magnitude greater than 10® can be achieved, depending on the value of t,

thus the term Q_~ in Eq. (2.42) can diminish, relative to Qin.

ext

Fig. 2.4 illustrates the coupling of an incident beam propagating in a waveguide to a microsphere. a

and b are the radius and the impact parameter, respectively. The transmittance can be expressed by [48]:
2
1-K
T'= (2.44),
1+K

where K is an arbitrary coupling parameter.

Qinl

Input Transmission

Fig. 24 Coupling scheme of the propagating light inside a waveguide to a microsphere.

The coupling parameter is depending on the intrinsic and extrinsic Q-factors as [49]:

K = 4Qinthxtr22 (245),
(Qint + Qext)

where 7"is defined as the mode matching coefficient as "< 1. It is advised to operate with a single mode

coupler to achieve perfect mode matching, /=1, at around the desired wavelengths.
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If Qext = Qint, it is possible to observe a critical coupling from the waveguide to the microsphere to
exhibit MDRs, hence the coupling coefficient will be K = 1. A non-ideal case of matching will occur, if

Qintexceeds Qext.

It is possible to control the loss exert due to coupling by controlling the impact parameter b, which is
defined by:

b= (n d ljﬁ (2.46),

which can be defined by the mode number n, and size parameter x. The impact parameter of the incident
beam is restricted by a < b < ma to satisfy the localization principle. Only the light rays possessing an
impact parameter within the corresponding range are allowed to couple to a microsphere to exhibit
WGMs. The impact parameter is illustrated in Fig. 2.5 for a microsphere with radius a, which is in

contact with an optical fiber half coupler (OFHC).

| &

Fig. 2.5 Impact parameter illustration of a microsphere in contact with an OFHC.
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Chapter 3

DIAMOND

3.1 Physical Properties of Diamond

Diamond is known as being one of the hardest materials in nature, which has important mechanical
and optical properties such as hardness, large energy gap, large thermal conductivity, high carrier
saturation velocity, and chemical, and radiation hardness. The robustness of this extraordinary gemstone

has given rise to various products.
3.1.1 Material Properties

Previously, it was very expensive to work with, and shape diamond samples. With the development of
the appropriate technology, it is now possible to grow diamond structures in laboratory environment by
high pressure high temperature technique (HPHT) or chemical vapor deposition (CVD) method [23]. As
is well known, a diamond lattice consists of tetrahedral carbon — carbon bonds, when compared to
graphite, which is a different lattice form of carbon atoms bonded to each other by exhibiting a layered

hexagonal honeycomb structure, as shown in Fig. 3.1 [50].

The closed structure of the diamond gives rise to many robust physical properties. For instance, Knoop
hardness test is a microhardness test method, which indicates the hardness of small samples, and thin

layers. Knoop hardness of the diamond is measured to be on the order of 10°kg*mm?[51].
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Fig. 3.1 Lattice structures formed by carbon atoms of (a) graphite and (b) diamond.

On the other hand, thermal conductivity of diamond is much higher compared to other materials.
Previously, the thermal conductivity of is measured as 3320 W+m™K™?, and 1200 W+m K for carbon
enriched diamond, and for CVD synthetic diamond, respectively [52]. The thermal diffusivity of
diamond was also measured to be around 12.2 cm? [52)].

The rest of the physical parameters of a typical diamond sample are tabulated in Table 3.1 [53]. It is
possible to comprehend the robustness of a diamond sample by checking the parameters in this table,
such as Young’s Modulus, bend strength, and fracture toughness. Also the electrical resistivity of
diamond has an important role. It is possible to control the spin state of the floating electrons in the
nitrogen vacancy (NV) sites (discussed in the next section) using electrical current, hence the resistivity

aids the stability of such a measurement system.

All of these mechanical properties of diamonds were exploited for various physical applications in
forms of thick and thin films [54].
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Table3.1.  Summary of the Physical Properties of Diamond.

Physical Property Value Unit
Density 3.50 glcm®
Young's Modulus 1050 GPa
Bend Strength 850 MPa
Fracture Toughness (K1c) 3.50 MPa.m?%®
Hardness 45 GPa
Thermal Expansion Coefficient 1.10 x10%/°C
Coefficient of Friction 0.02 N/A
Electrical Resistivity > 10 Q.cm
Decomposition Temperature in Nitrogen 1500 °C

3.1.2 Types of Diamonds

Nitrogen vacancy (NV) centers inside the diamond lattice give rise to many applications by replacing
two carbon atoms by one nitrogen atom and a vacancy, that yields a floating electron at the NV center.
There are two types of NV centers depending on the charge of the vacancy site, namely NV° and
NV [55]. Not only the nitrogen (N) atoms, but also different types of atoms such as silicon (Si),

boron (B), and hydrogen (H) can blend inside the diamond lattice during the formation of the sample.
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Diamonds are classified into different types depending on the kind and amount of the impurities. First,
diamonds are separated into two groups, Type | and Type I, based on the concentration of nitrogen
impurity inside the diamond structure. A sample is classified as Type I, if the main impurity is N, and the

density of N atoms are < 0.1% of all atoms inside the diamond.

Type | is divided into two groups as Type la and Type Ib, depending on the form of the N atoms
inside the lattice. When the N atoms are present as pairs or small groups, also known as aggregates, that
diamond is then classified as Type la. Most of the natural diamonds (more than 98% of all diamonds) are
Type la. It is possible to imagine such aggregates inside the diamond, if one can consider a natural
diamond, which confronts high amounts of pressure and temperature, along with N atoms during its
formation process in the nature. A stochastic distribution of N atoms are expected in such a diamond

lattice, that has a high probability of finding N atoms in small groups [12].

On the other hand, Type Ib denotes the presence of N atoms inside the diamond structure as isolated
atoms. Type Ib consists 0.1% of all diamonds. N atoms are > 5 parts per million (ppm) in Type Ib
diamonds, and are not structured in clusters inside the lattice. Generally, Type Ib is observed as an
outcome of growing techniques of diamonds either with CVD or HPHT. Nowadays, it is possible to seed
the point defects of N atoms inside the diamond both intentionally and inadvertently during its growth,

thus yielding a Type Ib diamond, which depends on the concentration of N atoms [56].

Diamonds are classified as Type Il, if there are no significant amounts of nitrogen present. Similarly, a
nitrogen density of <5 ppm denotes a Type Il diamond. Again, Type Il is divided into two subgroups as
Type lla and Type llb. Type lla represents the samples with no significant impurity, and is the purest
among all diamonds, hence is the hardest to mine. Only 1% of all diamonds are of Type lla, and have
different colors such as brown, orange, purple, and pink caused by the small impurities induced by
different atoms rather than N [57].

Finally, Type llb represents the samples with no significant nitrogen impurity, and containing
boron (B) as impurities. Only 0.1% of all the diamonds are of Type IIb, therefore they are very unique.
B atoms cause the sample to have a faint blue color [12]. Diamond types and their lattice schematics are

given in Table 3.2.
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Table 3.2. Classification of Diamonds and Their Lattice Schematic.

Types Definition Lattice
has > 5 ppm N
Type atoms as %
la
clusters
Type |
has > 5 ppm N
TBI/S ¢ impurity as
isolated atoms
has <5 ppm N
Type  atomsand no
Ila significant
impurities
Type Il
has <5 ppm N
Type atoms and B
b atoms are
present
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3.2 Optical Properties of Diamond

Diamond is a unique gemstone, that poses various optical properties with the aid of the impurities
within the diamond lattice, i.e., its broad transmission range from ultraviolet (UV) to far-infrared (far-IR)
[12], wide electronic bandgap, and large Raman gain [13]. Different forms of diamond were vastly
investigated for various applications. Diamond has a large energy gap between its valance and conduction
bands, which is 5.5 eV, that corresponds to 225 nm in terms of wavelength in the UV regime [58]. It is
possible to observe different transitions in this bandgap via NV centers. This property of diamond will be

further discussed in this chapter.
3.2.1 Refractive Index

Refractive index of a medium is wavelength dependent, so it is wiser to investigate the refractive index
of Type | diamonds in the visible and the near-infrared (near-IR) region, separately. Diamond has a
refractive index of 2.4250, if a 532 nm excitation source is considered to observe the index in the visible

spectrum [59]. The group index ng at the corresponding wavelength is 2.4955, while the chromatic
dispersion relation is given by 3—2 =—0.13242 um™at the visible regime [60]. Around the wavelength of

150 nm, diamond has a refractive index peak value of 3.47, and an exponential decay in the index of

refraction is observed starting from 150 nm to IR [61].

Furthermore, the refractive index in the near-IR region at around 1427 nm was previously found as
2.3879 [61,62]. The group index is ng = 2.3895, and the dielectric constant is &1 = 5.7022 at the
corresponding wavelengths. From the diamond refractive index of data from extreme UV to near-IR, the

refractive index of diamond at near-IR is 2.38 around the photon energy of 1 eV [61].
3.2.2 Absorption Coefficient

Infrared absorption of diamond varies from sample to sample depending on the impurity center

induced by the element, which infiltrated the diamond lattice, as well as the phonons. Absorption
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coefficient spectrum of a hydrogen induced natural diamond in the mid-IR shows the effect of the lattice
impurities on the absorption [63]. The extra C-H bonds exhibit IR absorption, that alters the absorption

coefficient of regular C-C bonds [64].

Absorption spectrum of an H rich natural diamond sample [63] also illustrates the influence of the
concentration of the impurities. The increment of additional bonds, rather than C-C, will alter the
absorption coefficient. Two absorption coefficient spectra of synthetically grown Type Ib diamond
samples with different amount of N concentrations at near-IR regime were studied [65-66]. The Near-IR
absorption coefficient spectrum of Type Ib diamond samples at 1427 nm is measured to be < 5 cm™ at
room temperature with NV center concentration of 270 ppm [65]. However, for the absorption spectrum
of two Type Ib samples one with O, impurities and other with N impurities [66], the absorption
coefficient is measured as < 1cm™? for the diamond sample with N impurities, that is > 10 ppm. The
comparison of the two Type Ib diamond samples with different N impurity yields the importance of

concentration of the impurities on the absorption coefficient.
3.3 Electron Transitions and Corresponding Emissions

Diamond has unique energy transitions due to NV centers. Electronic energy transitions can be altered
depending on the charge state of the vacancy site. These energy transitions yields photoluminescence
(PL) caused by NV centers at different wavelengths, along with the Raman scattering caused by the

molecular vibrations.
3.3.1 Raman Scattering

Raman scattering is a form of inelastic scattering, which is an outcome of the interaction of incident
photons with the vibrational modes of phonons inside a molecule [67]. The resultant scattered photon has
energy equal to the lost energy of the incident photon by the vibrational energy, thus has less energy or
larger wavelength. Raman spectrometry will yield satellite lines below the Rayleigh scattering peak at the
wavelength of the incident photon. Fig. 3.2 illustrates the energy transitions from vibrational states to

virtual states. Incident photons with hv, energy excite the electrons at the ground state to a virtual state. If
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the electron returns the ground state, then the emitted photon will have hv, energy, namely Rayleigh

scattering.

However, Stokes Raman scattering can be achieved, if the electrons return to a vibrational state, by

wherey

vib

emitting photons withhv, —hv,

b represents the vibrational frequency. An extraordinary
emission, the anti-Stokes Raman scattering is also shown in Fig. 3.2. Such a phenomenon occurs, if the
excitation photons excite electrons at the non-ground vibrational levels to an excited virtual state. The
radiated light will have more energy, and shorter wavelength than the excitation light in such an inelastic

scattering. Finally, IR absorption in between the vibrational states is shown in the figure.

Wavelength of the inelastically scattered photon of a Stokes Raman scattering as shown in Fig. 3.2 can
be calculated by [68]:

v 1 3.1)
A A o

incident scattered

wherey is the Raman shift in wavenumbers (cm™), Zincent the incident photon wavelength, and Ascatered the

wavelength of the scattered Stokes Raman photon.

vis a unique value, i.e., chemical fingerprint, for every material at a given temperature and
independent of the wavelength of the excitation beam. The most typical bonding inside a diamond sample
is C-C bonds, which determine the Raman shift value. The first order Raman peak of a diamond sample
was previously measured to be at 1332.5 cm?, while the second order Raman was observed at

2050 - 2770 cm* with a central peak at 2450 cm™ in room temperature [69].
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| |(hv, hv,| |hv,—hv, hv,| |, +hv
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Raman Scattering
Fig. 3.2 A scheme of energy transitions for IR absorption, Rayleigh scattering, Stokes and

anti-Stokes Raman scattering from real vibrational states to virtual states.

In this thesis, two excitation wavelength regions, visible and near-IR were investigated. 532 nm was
the visible source, whereas the near-IR source was centered at 1427 nm. Since Stokes Raman scattering is

wavelength dependent, two Raman peaks were calculated for diamond samples and tabulated in Table

3.3.



Chapter 3: Diamond 49

Table3.3.  Calculated 1%t and 2" Order Stokes Raman Peak Wavelengths.

Aincident (NM) Raman Shift (cm™) Ascattered (NM) Raman order

532 13325 572.6 15t

532 2450 611.7 2nd

532 14435 576.2 1% (sp2)
lst

1427 1332.5 1762.1

1427 2450 2194.1 2nd

1427 14435 1797.2 1% (sp2)

In the visible regime under 532 nm green excitation, 572.6 nm and 611.7 nm peaks are expected to be
due to Raman scattering. 611.7 nm emission is dependent on the intensity of the 1% order Raman
scattering, hence can be observed via Raman spectroscopy depending on the excitation intensity.
Similarly, near-IR yields Raman scattering at 1762.1 nm and 2194.1 nm, however these peaks exceeds

the range of the InGaAs photodetectors.
3.3.2 Photoluminescence due to NV° center

The two ZPL emissions from NV° and NV- are at 575 nm and 637 nm, respectively. The detection of
these peaks will provide the information, which is required to characterize the type of the defect in the
diamond lattice. To do so, Photoluminescence (PL) spectroscopy is performed. Photoluminescence is a
type of fluorescence, which is started by photoexcitation. The light with certain energy (shorter

wavelength than the emission) excites an electron in the ground state to excited states. After a certain loss
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to the vibrational levels, or a non-radiative relaxation, electron in these high energy states drops back to
the ground state. The difference between these two energy levels results in the emission of photon (longer
wavelength than the input excitation) with the same energy as the energy gap between the two transition
states [70].

NV centers occur by substituting two adjacent carbon atoms by an N atom and a vacancy. The
electronic structure of a vacancy site is built from three carbon dangling bond electrons, along with two
electrons from the N lone pair orbital for the neutral charge state, namely NV° [71]. These impurities can

occur naturally, or by N-ion implantation. The atomic structure of an NV center is illustrated in Fig. 3.3.

It is very challenging to achieve stable N\V° centers, while photoionization induces a transition in
between NV° <NV~ [72]. Both of these impurities exhibit zero phonon line (ZPL) emissions in different
wavelengths along with corresponding possible phonon side bands (PSB) under photoexcitation at proper
wavelengths. A ZPL occurs, if the emission is solely due to the electronic energy transitions and a PSB
follows ZPL emission [73]. The detection of the ZPL emissions in photoluminescence (PL) spectroscopy
can relate the emission to a certain point defect, and we used this approach to identify the impurities in the

diamond lattice.

As is previously mentioned, diamond has unique optical properties. The electronic bandgap of
diamond (energy difference between the valance band and conduction band) is 5.5 eV, that corresponds
to 225 nm UV radiation, which is relatively high compared to the other elements such as Si, that is
1.12 eV [74]. The NV centers induce changes in the energy levels, and the resultant electron transitions
change accordingly. The energy transition of an electron from ground state to an excited state by a
532 nm photon at an NV center is shown in Fig. 3.4 [75].

NV? center can be excited by a 532 nm green laser source to observe the ZPL emission. The energy
difference between the ground state and the excited state is 2.156 eV, which corresponds to 575 nm
photon irradiation. Following the 532 nm excitation, first, a non-radiative relaxation to 2A state from an
arbitrary virtual state, then a radiative relaxation to 2E ground level occurs at the NV° center. Furthermore,
a non-radiative two-level transition from excited state to singlet state, namely %Az, also occurs at the point

defect. By performing a PL spectroscopy, the 575 nm emission can be detected at room temperature.
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Again, the photoexcitation will alter the charge of an NV center by the photoionization process, and

the resultant NV center will exhibit a different electronic energy transition.

Fig. 3.3 Atomic structure of a NV center implanted in diamond carbon lattice.
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3.3.3 Photoluminescence due to NV- center

The negative charge state of a NV site is called the NV" center. The atomic structure of the charged
vacancy is given in Fig. 3.5 [76]. NV has 1 extra electron located at the vacancy site forming an S=1 spin
pair, represented with e- in the figure. This extra electron vacancy center is optically addressable and has

long-lived electronic spin state compared to the neutral site [72].

Fig. 3.5 Atomic structure of a NV" center implanted in diamond carbon lattice.

Spin state of the excess charge at this vacancy site can be controlled with the interaction of the electron
with a photon, thus gives rise to applications in quantum information processing [15]. The energy levels
and the energy transitions of excited electrons of the NV- center are illustrated at Fig. 3.6 [77]. ZPL
emission of NV center was previously discussed to be at 575 nm, while NV emission is observed at

637 nm at room temperature for diamond samples.

Here, the excitation is again performed by a 532 nm light source. Due to the excess electron, there are
two additional spin states, ms =1, in both excited energy level, °E, and ground state, 3Az. The allowed

transitions, that yields photon emission is from |0> at excited state to [0> at ground state, and |-1> excited
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state to |[+1> ground state. Both of these emissions are at 637 nm, and this is the ZPL emission caused by
the NV center [78]. Besides, there is a strong and weak non-radiative relaxation to the *A; singlet state,
and the electron transition to 1E singlet state from the weak relaxation yields photons with a wavelength

of 1042 nm, but strong non-radiative relaxation does not emit photons.
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Fig. 3.6 Electronic energy transition diagram of a NV center.
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Chapter 4

SPECTROSCOPY OF DIAMOND

4.1 Diamond Samples

Raman and photoluminescence spectroscopies are performed for various diamond samples in order to
characterize the optical properties of diamond in detail. The samples are categorized in two groups as
bulk diamond samples and spherical diamond, and spectroscopy of these samples are studied in this

chapter.
4.1.1 Bulk Diamond Samples

Total of 18 bulk diamond samples were investigated for spectroscopic purposes. These samples are
separated into three groups, namely D1-6, Dn1-6, and Dn7-12. The bulk diamond samples are numbered
with respect to their sizes. The diameters, D, of these samples (diameter of the bulk diamond at its largest
possible great circle) were measured by a Mitutoyo Digital micrometer [79]. Most of the samples have
special jewel cuts, i.e., round brilliant, princess, and radiant, so that, they possess a measureable diameter.
The measureable diameter is located at the top flat portion of the sample as shown in Fig. 4.1, which

represents a schematic of a bulk diamond sample.

The 18 samples are tabulated as shown in Table 4.1 with their corresponding D, and a given color
code. The color codes of the samples are identical for each group, and are in a descending order starting
from the largest sample as black, red, green, yellow, blue, and violet. These color codes will be further
used in the Raman and PL spectra to identify the corresponding diamond sample at the given group to
prevent any confusion in the data.



Chapter 4: Spectroscopy of Diamond

Fig. 4.1 Schematic of a bulk diamond sample with an arbitrary jewel cut.
Table4.1.  Groups, Color Codes and Diameters of Bulk Diamond Samples
Group 1 Group 2 Group 3
Color & Code D (mm) Color & Code D (mm) Color & Code D (mm)

— D1 1.910 —Dnl 2.047 = Dn7 1.915
— D2 1.799 — Dn2 1.849 — Dn8 1.762
— D3 1414 - Dn3 1.395 —— Dn9 1.419
D4 1.296 Dn4 1.363 Dn10 1.354
— D5 1.293 = DN5 1.339 — Dn11 1.318
— D6 0.693 = DN6 1.315 — D12 1.283
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The samples are purchased from a jewel wholesaler, except D6, which was synthetically grown in a
laboratory environment via CVD technique by Dutch Diamond Technologies [80]. The rest of the
samples are confirmed to be Type la natural diamond samples with nitrogen as their main impurity and
D6 is classified as Type Ib. The difference between these two types are due to the structure of present N

atoms, i.e., N clusters vs. single N atoms as defined in the previous chapter.

Images of the first group bulk diamond samples acquired by a microscopy imaging system are shown
in Fig. 4.2. As is seen in the figure, D1 to D5 samples are natural types with different forms of jewel cuts,
while D6 is a synthetically grown diamond. Colors of the samples differ with respect to the amount of N

impurities inside the diamond like carbon lattice.

Fig. 4.2 Microscopic images of group 1 bulk diamond samples.
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4.1.2 Diamond Microsphere

The diamond microsphere is grown and shaped by Dutch Diamond Technologies [80]. Fig. 4.3 shows
the image of the 500 pm radius monocrystalline diamond microsphere acquired by a visible camera. The
diamond sample is synthetically grown by chemical vapor deposition (CVD). Spherical geometry of the
diamond is achieved by a specialized lapping machinery with a roundness defined by its form
accuracy < 250 nm. The surface of the sample is polished to minimize the surface roughness, and to
realize the required smooth surface finish for the WGMs. The nitrogen impurity of the microsphere
is>5 ppm, thus classified as Type Ib, which indicates the existence of NV centers as discrete point

defects in the lattice.

Fig. 4.3 The image of diamond microsphere held by a needle tip acquired by a visible camera.
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4.2 Raman Spectroscopy of Diamond

Raman spectroscopy is performed with the diamond samples, which are tabulated in Table 4.1 to
measure the corresponding Raman shifts due to the vibrational modes of diamond. Previous
measurements indicate the shift as 1332.5 cm, while the second order Raman was observed at

2050 - 2770 cm™ with a central peak at 2450 cm™ in room temperature [69].
4.2.1 Experimental Raman Spectroscopy Setup

In order to detect the Raman emissions, the experiment is performed by using the Renishaw inVia
Raman Microscope and the apparatus is shown in Fig. 4.4 [81]. The excitation source is a 532 nm
continuous wave (CW) diode pumped solid state green laser with a maximum power of 60 mW. The
spectrometer is built-in, and the gratings allow to scan the range between 500 nm — 780 nm, which falls

into the desired range of the electromagnetic spectrum for Raman shift measurements.

After calibration, %1 of the maximum laser power is used to excite the electrons with 2 um spot size
using 50x objective to focus the laser beam on the center of the diamond samples. Excitation of the
sample and collection of the scattered and/or luminescing light are achieved from the aperture of the same
microscope objective. Then, the data acquisition (DAQ) is performed in the range between 550 nm to
680 nm, to prevent the detection of 532 nm source, which will saturate the photodetector. A solid state
detector is also used, converting the light signal into an electrical signal, thus yielding the microRaman

spectra for the diamond samples.

This instrument can also be used to measure PL spectra, which will be discussed in the next sections.
Similarly, the Raman scattering emission will be indicated on the corresponding PL spectra.
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Fig. 4.4 Renishaw inVia Micro Raman Microscope System.

4.2.2 Raman Spectra of Diamond

Raman spectroscopy is performed for Group 2 and Group 3 diamond samples with 532 nm excitation
source. The spectral range is from 150 cm™ to 1750 cm™ with a step size of 1 cm™. 1% of the maximum
laser power is used with a 50x focusing lens, and the samples are targeted at their central location with
respect to their top view.
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Raman Shift of Group 2 Bulk Diamond Samples

10000 —A—mPm™mmm—m—-———r————r—r—r—
Max laser power = 60 mW 1332.25 cm-'
Used power %1
Wavelength = 532 nm
Spot size =2 um
- Objective = 50x
£ 100000
c
=
g
©
~ 3
2 ¥
®
$ 50000 |
—
£
150 550 950 1350 1750
Wavenumber (cm™)
=——Dn1 ==Dn2 =—Dn3 Dn4d =——Dn5 =—Dn6
Fig. 4.5 Raman scattering spectra of Group 2 bulk diamond samples.

Fig. 4.5 shows the Raman spectra of group 2 diamond samples with the given color codes as formerly
presented in Table 4.1. The shifts are measured to be 1332.25 cm for each diamond sample, which are in
a great correlation with the previously measured values [69]. 1332.25 cm™ denotes the sp® configuration
of the C-C bonding inside the diamond carbon lattice [82]. However, C atoms can also form sp?
configuration by replacing two of the four tetrahedral bonds with a double bond, which will alter the
angles between the bonds. Therefore a different emission can be achieved with the change in the
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vibrational directions due to a change in the angles. Such a phenomenon is observed in the group 3

diamond samples.

Raman Shift of Group 3 Bulk Diamond Samples
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Fig. 4.6 Raman scattering spectra of Group 3 bulk diamond samples.

Raman spectra of group 3 bulk diamond samples are given in Fig. 4.6. In contrast to Fig. 4.5, there is
an extra signal observed at ~ 1444 cm™. This emission is measured only for Dn11 and Dn12. Previously,
a similar peak is identified as a result of sp? configured C-C bonding [83]. Therefore, it is clear that, Dn11

and Dn12 has sp? bonding within the diamond lattice.
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It is possible to calculate the wavelengths of the following emissions, that are shown in both Fig. 4.5
and Fig. 4.6 by using Eq. (3.1). 1332.25 cm™* Raman shift, yielding an inelastically scattered photon with
a wavelength of 572.6 nm, is again due to the incident photon at 532 nm. Similarly, 1444 cm shifts the
wavelength of the incident beam to 576.3 nm. These peaks can be seen on the PL spectra of these

samples, as well.

Additionally, the Raman scattering of the diamond microsphere will be shown on the PL spectrum in the

next section.
4.3 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is performed with the diamond samples in order to observe and
identify the cause of the fluorescent peaks. PL measurements for the samples shown in Table 4.1 are
performed with the inVia Renishaw Raman Microscopy System, which is given in Fig. 4.4. However, a
different measurement setup is used to measure the PL of the diamond microsphere, due its unique

morphology, which will be described further in the following sections.
4.3.1 PL of Diamond Samples by the MicroRaman Microscope

PL results acquired from the group 1 diamond by the microRaman Microscope is illustrated in Fig.
4.7. 1% of a 60 mwW 532 nm CW laser is used to excite the diamond samples targeting the center of each
sample for a spectral range of 540 — 690 nm. As mentioned before, D6 is a synthetic Type Ib diamond,
while the rest of the samples are natural Type la. D1, D3 and D6 are shown on the primary axis (left), and
D2, D5 and D6 on the secondary axis (right), since the photon count of the first three samples are greater
that of the last three, which are also indicated with the arrows on the graph with their corresponding

colors.
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Fig. 4.7 Group 1 bulk diamond samples PL spectra by inVia Renishaw RamanMicroscope System.

Five significant peaks are observed at Fig. 4.7. The 572 nm peaks are acquired for all group 1 samples,
which also represent the Raman scattered photons from the diamond samples. C-C bonds of sp®
configuration has a Raman shift of 1332.25 cm™, and yields 572 nm scattered light for 532 nm incident
photons, as shown in Fig. 4.5 and Fig. 4.6. The next peak is at 575 nm, which exhibits itself only at D6,
and is the PL due to NV center as given in Fig. 3.4. The 612 nm peak is the 2" order Raman scattering,
as calculated before by using Eq. (3.1), and is observed at all group 1 bulk diamonds. The peak at 637 nm
is seen in D6, and is due to the fluorescence of NV centers inside the diamond carbon lattice, which is
represented by Fig. 3.6. Also there is a phonon side band (PSB) following the NV zero phonon line
(ZPL) emission after 637 nm for D6. Finally, a peak at 656 nm is measured from D3, which is defined as
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the center created in natural Type la, and common synthetic diamonds treated by neutron irradiation. The

center has a relatively narrow ZPL and low-vibrational side-band [63,84].

Fig. 4.8 represents the PL spectra of group 2 bulk diamond samples, which are acquired under the
same conditions with the group 1 diamond samples. Similar to the previous figure, peaks at 572 nm,
612 nm, and 656 nm are observed for most of the diamond samples, which are all Type la. The group 2

sample results are in a good correlation with the group 1 diamond samples.

Max laser power = 60 m\W
Used power %1 H H

Wavelength = 532 nm Photoluminescence of Group 2 Bulk Diamond Samples
Spot size =2 ym
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Sample = Diamond 15000
Location = Center
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Wavelength (nm)
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Fig. 4.8 Group 2 bulk diamond samples’ PL spectra by inVia Renishaw Raman Microscope.
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Fig. 4.9 Group 3 bulk diamond samples’ PL spectra by inVia Renishaw Raman Microscope.

Group 3 bulk diamond samples PL spectra are given in Fig. 4.9. Results are similar to that of group 1
and 2. Only the 576 nm peak was not present in the previous data. This peak is the result of the 1444 cm™®
Raman shift obtained in Fig. 4.6 for Dn11 and Dn12, and is due to sp? configuration of a portion of the
C-C bonds [83]. Besides, the photon count from Dnl11 and Dn12 are greater compared to Dn7, Dn8, Dn9,
and Dn10. Also, a strong PSB is observed between 630-690 nm for Dn11 and Dn12.

Peaks related to nitrogen impurities are only measured for D6, which is a Type Ib diamond sample.
However, Raman scattered photons are measured for each of these samples. This may be related to the
excitation laser power, which is around 5 mW. Therefore, different PL measurements are performed

using the same samples with a more powerful laser, along with the diamond microsphere.
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4.3.2 PL Spectroscopy Setup for the Diamond
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Fig. 4.10 PL spectroscopy setup of bulk diamond samples and the diamond microsphere.

The schematic of the experimental setup for PL spectroscopy is shown in Fig. 4.10 and, , its image is
given in Fig. 4.11. In this setup, the excitation is performed by a 1W continuous wave (CW) mode
532 nm green single longitudinal mode (SLM) laser manufactured by Changchun New Industries
Optoelectronics Tech. Co. Ltd. (CNI Lasers) [85]. The spectral linewidth of this laser is < 10 fm, and the
spot size is @ = 1.826 mm. Output of the laser is vertically polarized in TEMo mode. A 632.8 nm He-Ne
laser is used along with the 532 nm laser to align the optic axis together with the alignment mirrors M1

and M2, and for the calibration of the spectrometer.

A custom build diamond sphere holder is manufactured in order to stably contain the sphere during
data acquisition (DAQ), and prevent any contaminations. The holder consists of two engraved needles,
which are placed face to face on two movable metal tubes to squeeze the sphere between their tips. Then

the needle tips and the sphere are covered with a glass capillary tube with a diameter of 2.046 mm as
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shown in the image presented in Fig. 4.12. Then, the holder is anchored to a XYZ 3-dimensional

translational stage with 20 mm range and 20 um step size, to position the sphere on the optic axis with

respect to the green excitation laser beam.

Fig. 4.11 Image of the diamond PL spectroscopy setup.
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Fig. 4.12 Image of the sample holder along with the diamond microsphere, the two holding needles,

and the capillary glass tube.

The 532 nm CW laser is focused on the diamond samples using a microscope objective with 20x
magnification, denoted as L1 on Fig. 4.10. This objective has a numerical aperture NA = 0.40, a working
distance WD =1.7 mm, and the focal length f = 9.0 mm. The spot size of the focused beam is then

calculated by:

%) :1.22><i 3.2),
NA

where 4 = 532 nm denotes the wavelength of the incident beam. The calculated focused spot size & is
1.622 pm.
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The scattered light is collected by a collection lens L2, and focused into the entrance slit of the
spectrometer. The position of L2 with respect to the entrance slit is calculated by using the lens equation.
The collected light first goes through a 540 nm high pass color filter in order to prevent the 532 nm
scattered light enter the spectrometer. The transmission spectrum of the used color filter between
300 - 1900 nm is shown in Fig. 4.13, which is acquired by a UV Spectrophotometer.

A Czerny-Turner spectrometer, produced by CVI, is used as a monochromator with a grating, that
operates in the range of 300 - 1100 nm, with blaze wavelength of 500 nm and with a grove density of
1200 groves/mm. The spectral resolution of the spectrometer is 0.1 nm. The range of the slit size for both
the entrance and the exit slits are from 50 pm up to 250 um. The exposure time per step is selected as
500 ms to increase the signal. The average of 3 readings per step are acquired to further reduce the noise.

A photomultiplier tube (PMT) is used for optical detection and amplification, which amplifies the
signal by exposing the dynodes to a potential difference of 850V. After the optical signal is converted to
an electrical signal by the PMT, the signal is send to a lock-in amplifier manufactured by Stanford
Research Systems [86]. The input reference of the lock-in amplifier is achieved by an optical chopper
operating at 250 Hz, which is placed on the optical axis of the 532 nm excitation source in between the
sample and the laser. The amplifier is automatically locked to the reference signal to clear the noise of the
acquired spectra. Lock-in amplifier’s parameters are 5x 100 mV sensitivity, and 1 x 1s (12 dB) time

constant.

The resultant data is then monitored by a digital storage oscilloscope (DSO) which is controlled by a
controller PC. This PC also controls the position of the Czerny-Turner spectrometer. The measured
intensity with the corresponding wavelength is further matched by a LabView (National Instruments)
Software.

The optical table is floated by using nitrogen gas in order to prevent physical vibrations to effect the
measurements. Similarly, the laboratory is darkened, and the setup is covered with black curtains to

prevent any interference caused by external light sources.
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Fig. 4.13 The transmission spectrum of the color filter used in the PL measurement setup.

4.3.3 PL Spectra Acquired by the PL Spectroscopy Setup

First, the group 3 bulk diamond samples were measured using the new PL spectroscopy setup. The
results are presented in Fig. 4.14. Similar results to Fig. 4.9 are achieved. However, it is possible to see the
effect of N impurities in this figure. It is possible to see the 637 nm ZPL, and the corresponding PSB for
the diamond samples except for Dn8. Also Dn11 and Dn12 exhibit 576 nm emission due to the sp? C-C

configuration that, are present in the diamond lattice.



Chapter 4: Spectroscopy of Diamond 71

Photoluminescence of Group 3 Bulk Diamond Samples
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Fig. 4.14 Group 3 bulk diamond samples PL spectra acquired by the PL spectroscopy setup.

Finally, a PL measurement is performed on the diamond microsphere to observe its fluorescence
properties. The measurement setup, shown in Fig. 4.10, is used to acquire the PL spectrum with the
defined parameters. The image, during the excitation of diamond microsphere with the 532 nm laser, is
shown in Fig. 4.15. This image is acquired by a microscope with a total magnification of 50x, and a color
filter is used in front of the visible camera to block the elastic scattering from the 532 nm laser, while

taking the image of the diamond microsphere.
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Fig. 4.15 Image of the diamond microsphere during excitation with the green 532 nm laser.
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Photoluminescence of Diamond Microsphere
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Fig. 4.16 Diamond microsphere PL spectrum acquired by the PL measurement setup.

The PL of the diamond microsphere is shown in Fig. 4.16, which is in a great correlation with the
previously measured PL of Type Ib diamond samples [87]. As expected, Raman scattering is observed at
572 nm, and the emission caused by NV° center is observed at 575 nm. An intense ZPL of NV is

measured along with its PSB.

These peaks prove that, the diamond microsphere is a synthetically grown Type Ib diamond with NV

centers located within the diamond carbon lattice, that are not in cluster form.
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Chapter 5

ELASTIC LIGHT SCATTERING OF THE DIAMOND MICROSPHERE

5.1 Elastic Scattering Spectroscopy Setup
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Fig.5.1 Elastic scattering experimental setup from a diamond microsphere. The inset shows the

coupling scheme to the diamond sphere in contact with optical fiber half-coupler (OFHC).
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Fig. 5.1 illustrates the experimental setup used to measure the elastic scattering of the near-IR laser
from the diamond microsphere. The visible images of the setup are presented in Fig. 5.2 and Fig. 5.3. An
optical fiber half-coupler (OFHC), operating in the standard telecom wavelengths, is used to achieve the
coupling of light from fiber to the microsphere, and is anchored on top of an XYZ translational stage with
a range of 20 mm and resolution of 20 um. The incident single mode fiber (SMF) to OFHC is connected
to the pigtailed distributed feedback (DFB) diode laser, whereas the output of OFHC is connected to an
InGaAs photodetector (PD1) to acquire the transmission spectrum.
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Fig. 5.2 Image of the elastic light scattering measurement setup wide view.
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Fig. 5.3 Image of the elastic light scattering measurement setup (focusing on the OFHC).

A microscope is fixed on top of the OFHC for collection of elastically scattered light perpendicular to
the transmission direction. A microscope objective with 20x magnification is used to collect the
elastically scattered photons with another InGaAs photodetector (PD2) fixed on a 10x microscope
eyepiece. A Glan polarizer (GP) is placed before the eyepiece to select between the transverse magnetic

(TM) and transverse electric (TE) polarizations of the elastically scattered light. A beamsplitter (BS) is
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placed inside the microscope to monitor the position of the diamond microsphere on top of the OFHC via

a visible camera, which is attached to another 10x eyepiece.

The excitation source is a DFB semiconductor diode laser operating in continuous wave (CW) mode.
DFB diode laser output wavelength control between 1426.10 nm and 1427.42 nm with a spectral
resolution of 1 pm is achieved by fine tuning the laser temperature. The output optical power of the laser

is monitored by an optical multimeter head (OMMH) connected to an optical multimeter (OMM).

The CW laser diode controller, the optical multimeter, and the visible camera are connected to the
control computer, as well as the digital storage oscilloscope (DSO), that acquires the transmission and
elastic scattering data from the photodetectors PD1 and PD2, respectively. Data acquisition is performed

by LabView (National Instruments) software to construct the corresponding spectra.

A suction mechanism consists of a vacuum pump, and a thin needle tip is used to hold the sphere on
the OFHC during data acquisition. The needle tip grips the microsphere from an equatorial position. The
resonator is brought to the close proximity of the OFHC. The coupled light propagates around the sphere
from one pole to the other. The side view of the coupling scheme of the diamond sphere in contact with

the OFHC is shown in the inset of Fig. 5.1, where k denotes the propagation wavevector.

5.2 Experimental Results

521 Mode Spacing

Fig. 5.4 shows the TM polarized elastically scattered WGM resonances acquired by the diamond
microsphere at 90° (blue lower curve), and transmission at 0° (red upper curve). TM polarized 90° elastic
scattering is recorded by placing the GP in parallel direction to the excitation OFHC. Four resonant peaks
located at 1426.29 nm, 1426.63 nm, 1426.96 nm, and 1427.28 nm for consecutive mode families with
decreasing n are indicated with the dashed lines in the Fig. 5.4. However, the corresponding resonance
dips are not observable in the transmission spectrum at the resonance wavelengths. The mode spacing 4,
is calculated as 0.340 nm for the diamond microsphere at 1426.29 nm using Eq. (2.29) by a MATLAB

Script given in APPENDIX A. Experimentally, the mode spacing value is measured as 0.332 nm, which
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is comparable to the calculated value. Similarly, the corresponding frequency mode spacing Awn IS

50.3 GHz.

TE polarized 90° elastic scattering is recorded by placing the GP in perpendicular direction to the

excitation OFHC. Fig. 5.5 shows the TE polarized 90° elastic scattering and 0° transmission spectrum,

along with the corresponding mode spacing AAn= 0.332 nm. Ak, for TE is comparable with the calculated

and identical to the TM mode spacing.

TM Polarized Elastic Light Scattering and Transmission of Diamond Microsphere
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Fig. 5.4 TM polarized elastically scattering spectrum at 90° is shown in blue lower curve, and the

transmission at 0° is shown in the red upper curve. The mode spacing of A\, = 0.332 nm.
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Fig.55 TE polarized elastically scattering spectrum at 90° is shown in blue lower curve, and the

transmission at 0° is shown in the red upper curve. The mode spacing of Ak, = 0.332 nm.

Spacing between TE and TM polarizations for the resonant peaks with the same mode number, n is
defined by [88]

TE,TM C m2 —1
b=
" 2zma m

Av 4.2),

where Av:,’m is the spacing between the two transverse polarizations (TM and TE) in terms of

frequency. The calculated value for Av,," is 45.6 GHz, that corresponds to AZ,," = 0.309 nm in terms
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of wavelength. The spacing between the positions for the resonance peaks of two adjacent modes of TE
and TM polarization is shown in Fig. 5.6. Measured Aﬂ:,w is 0.311 nm for the modes with identical
mode numbers. The WGM resonance peaks with altered polarizations, that have the same mode number
n, are at AA:I =1426.48 nm and A/ﬂ =1426.79 nm for TM and TE, respectively. The experimental

spacing between the two polarizations are in a respectable correlation with the results acquired by
Eq. (4.2).

5.2.2 Size Parameter and Impact Parameter

Many of the conspicuous features of this elastic scattering geometry is defined by the interactions of a
microsphere and an external Gaussian beam propagating at an impact parameter b, that is marginally
greater than a. According to the conventional Lorenz-Mie theory, the size parameter x of the diamond
microsphere is estimated by Eq. (2.14), where Nousice IS the external refractive index, which is in our case

the refractive index of air.

At the resonance wavelength of 1426.29 nm, the size parameter is calculated as x =~ 2200. The number of
modes around the microsphere are restricted by x <n < mx, where m = 2.38. The partial waves with n less
than x should not be considered, since the excitation beam is placed beyond the edge of the microsphere,
as justified by the localization principle [34] , thus the maximum mode excited in the microsphere is
calculated as mx ~ 5200.

The localization principle associates a light beam having an impact parameter b with mode number n by
[89]:

b=(n+1]2 42)
2 )X

which is restricted by a < b < ma to satisfy the localization principle. Only the light rays possessing an

impact parameter within the corresponding range are allowed to couple to the diamond microsphere to

excite the WGMs. The maximum acceptable bis calculated as bmax ~ 1.2 mm away from the center of the

microsphere. The diamond microsphere and the silica SMF OFHC are in contact to achieve light
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coupling, with the core of the OFHC SMF 5 pum below the microsphere surface. Our value of b ~ 505 um

results in a mode number n = 2224.

TE and TM Polarized Elastical Light Scattering of Diamond Microsphere
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Fig. 5.6 TE (red) and TM (blue) polarizations along with the spacing of A4, =0.311 nm

between the two transverse polarizations.

523 Q-Factor

Stored light energy will eventually radiate out of the microresonator with a certain Q-factor depending
on the physical condition of the microsphere. The measured Q-factor is determined by Eq. (2.7), where
oArwrm IS the full-width-at-half-maxima (FWHM) of one resonant peak at the central wavelength. The
FWHM of the resonances are calculated by Lorentz shape fitting the resonant peak as shown in the Fig.
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5.7. The TM polarized peak with the highest Q value is centered at 1426.63 nm with a FWHM of 32 pm,
and calculated as 4.5x10* The rough calculation is performed with a homemade MATLAB code that is
presented in APPENDIX A, along with the Q-factors of the resonances labeled on each peak for both TE
and TM polarizations.

TE polarized 90° elastic scattering is recorded by placing the GP in perpendicular direction to the
excitation OFHC. The Q-factor is calculated as 5.1 x 10* using Eq.(2.7), with dArwnm =28 pm at the
central resonant wavelength A, = 1426.80 nm as shown in Fig. 5.8. There is only a slight difference
between the measured TE and TM polarized Q-factors, and both of our measured Q-factors are
comparable with previous works on circular diamond resonators [24, 25, 26, 27].

Our measurement setup, with a spectral resolution of 1 pm, puts an upper limit on the measurable
Q-factor. However, independent from the measurement setup, we analyzed the potential limitations to the
Q-factor. The Q-factor of a coupled spherical microcavity can theoretically be calculated by Eqg. (2.37)
and Eq. (2.42), where Qex is caused by the external coupling losses from the microsphere to the OFHC,
Qrad IS due to intrinsic radiative losses, Qss is caused by scattering losses due to residual surface

inhomogeneities, Qeont IS caused by surface contaminants, and Qmet is due to material loss.

For our diamond microsphere with 2a/l,>>15, the intrinsic radiative losses (Q;,,) can be
neglected [6]. Similarly, for our experimental parameters, the loss caused by the surface
contaminants (Q;} ) is negligible [42]. Qs and Qma are defined as in Eq.(2.39) and Eq.(2.40),

respectively, where m = 2.38 is the relative refractive index of diamond, and o <1 cm? the intensity
attenuation coefficient, depending on the nitrogen concentration inside the diamond lattice for type Ib
diamond samples [65, 66], D = 1 mm the diameter of the microsphere, and ¢ and B the rms size and
correlation length of the surface inhomogeneities, respectively. o and B are both estimated as 20 nm on
the surface of the diamond, thus the corresponding Qs is calculated to be on the order of 10® [27]. The
estimated Qss significantly exceeds the measured Q-factor, and points the bulk optical losses as the source
of optical energy dissipation at the microcavity. Qma is estimated to be on the order of 10° by using our

experimental parameters. Higher nitrogen impurity levels inside the diamond lattice increase the infrared
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absorption by Type Ib CVD diamonds, resulting in a smaller Qma Value, thus limiting the achievable
Q-factor.

Lorentz Fitting Applied to a TM Polarized WGM
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Fig. 5.7 Lorentz curve fitted TM polarized WGM centered at 1426.63 nm with a FWHM of 32 pm.

Compared to the other intrinsic contributions to the Q-factor, Qex is due to the external loading, and
can be expressed by Eq.(2.43), where X is the size parameter as defined in Eq.(2.14), and t the incident
light mode field coupling coefficient from the silica OFHC to the diamond microsphere. By using our
experimental parameters, the Q-factor due to the coupling loss of the OFHC is calculated

asQ,, ~1.38x10* /|t*|. |t| is the fractional energy loss per circumnavigation round value and

estimated to be << 1 for the OFHC mode — microsphere WGM coupling [47]. For our case of
undercoupling to the microsphere, a Q-factor on the order of 10° can easily be achieved depending on the

-1
ext

value of t, thus making the term Q_ in Eq. 5 negligible [49]. Therefore the primary limitation is caused
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by Qmat for the diamond microsphere resonator, which is further limited by the resolution of our

measurement setup.

Lorentz Fitting Applied to a TE Polarized WGM
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Fig. 5.8 Lorentz curve fitted TM polarized WGM centered at 1426.80 nm with a FWHM of 28 pm.
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Chapter 6

CONCLUSION AND FUTURE WORK

In this thesis, Raman and photoluminescence (PL) spectroscopy of various diamond samples and
elastic scattering from a diamond microsphere are studied. Influence of the nitrogen vacancy (NV)
centers was discussed in terms of energy transitions and PL spectra. Similarly, a synthetic type Ib
diamond microsphere is analyzed in terms of spectroscopy and morphology. The PL spectrum of the
diamond microcavity yields the optical properties of the diamond, while the elastic scattering
measurements give information about the morphology of the diamond. WGM resonances circumnavigate
the diamond sphere, and the mode spacing, polarization, and Q-factor of these resonances are

investigated.

In chapter 2 theory of optical resonators such as Fabry-Pérot resonators and spherical microcavities
were discussed. The round trip, size parameter, mode spacing, Q-factor and coupling of spherical
microresonators were analyzed, in the light of the Lorenz-Mie Theory. MDRs and WGMs are illustrated

along with their possible energies, which can be stored in the optical microresonators with high Q-factors.

Chapter 3 summarizes the properties of the diamond carbon material in terms of physical and optical
properties together with the energy transitions under photoexcitation. Physical qualities such as hardness,
density and thermal expansion coefficient were discussed. Then, diamonds are categorized in to groups
based on the nitrogen (N) impurities with their lattice. The refractive index and absorption coefficient of
the diamond with respect to incident wavelength are analyzed as optical properties. The electronic energy

transitions were presented for Raman scattering, NV° center PL and NV- fluorescence.
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In chapter 4, Raman and PL spectroscopy is performed with various diamond samples including the
diamond microsphere. The measurement setup is presented for both spectroscopies. NV centers exhibit
575 nm or 637 nm ZPLs along with their corresponding phonon side bands (PSBs) depending on the
charge state of the point defect, NV° and NV, respectively. A 572 nm inelastic Raman scattering is
observed with 532 nm excitation laser due to the vibrational state of C-C bonds with sp® configuration,
however sp? configuration yields inelastically scattered photons with 576 nm wavelength. It is possible to
identify, the main impurities within the diamond lattice, and confirm the C-C bonds with spectroscopic

techniques.

In chapter 5, WGM resonances of a 1 mm monocrystalline diamond microsphere coupled with an
OFHC were observed in the near-IR. The mode spacing of the resonances was measured as 0.332 nm,
and the Q-factor on the order of 10* was observed, for both TE and TM polarizations. The calculated
value of the mode spacing is 0.340 nm, and the expected shift of the mode in terms of wavelength
between TE and TM is 0.247 nm, where the measured difference is 0.268 nm. In addition to the
limitation due to the resolution of the measurement setup, the bulk optical scattering (Qmet) losses were
identified as the limiting mechanism on the Q-factor. With an improvement of the experimental spectral

resolution, it would be possible to measure higher Q-factor WGMs.

Diamond microresonators with their high Q-factor WGMs can be used as stable optical frequency
comb generators or lasing microcavities by exploiting the nitrogen vacancy centers within the lattice of
the diamond. Very recently, stimulated emission from the NV centers was observed of Type Ib diamond
samples [90]. If the stimulated emission of the NV centers can be realized at the diamond microsphere,
then it is possible to observe the lasing of NV° or NV- center PL, which has not been observed before.
The Q-factor of the diamond microresonator is on the order of 10 thus can give rise to lasing action of a
PL at 575 nm or 637 nm, and/or of Raman scattering at 572 nm with a 532 nm excitation laser.
Previously, lasing action of Raman scattering by a diamond ring resonator is achieved [19]. However, this
phenomenon was observed in the near-IR regime, thus no lasing action was observed in the visible
regime before from a diamond spherical cavity. Therefore, it is possible to exploit the high Q-factor of the

diamond microsphere resonator to establish a diamond laser in the visible spectrum.
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APPENDIX A

Al MATLAB Script for Mode Spacing, Size Parameter and TE vs. TM Mode

Spacing Difference Calculation

%% Mode Spacing, Size Parameter, TE and TM Spacing Calculator.
% This code calculates the mode spacing in terms of frequency and
% wavelength,

% calculates the size parameter and

% calculates the frequency shift between TE and TM modes in GHz.
% You will be asked to write the resonance wavelength in nm,

% radius of the microsphere in um, and

% relative refractive index.

% Results will be printed on Matlab via fprintf.

%%

clear all

clc

Imd=input('Central Wavelength in nm: );

a=input('Radius inum: );

al=a*10"-6;

Imd1=Imd*10”"-9;

m=input('Relative Refractive index at the desired wavelength: *);
b=input('Impact Parameter inum: "),

c= 3*10"8;

z=sqrt((m”"2)-1)/m;

z=sqrt((m”2)-1)/m;
FreqFSR=(c/(2*pi*al))*((atan(sqrt((m”2)-1)))/sqrt((m”2)-1));
TEdifTM=FreqgFSR*z*10"-9;

Freql=FregFSR*10"-9;
WavFSR= ((Imd172)*atan(sqrt((m”2)-1)))/((2*pi*al)*sqrt((m”2)-1));

Wav1l=WavFSR*10"9;
x=(2*pi*al)/(Imdl);
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n=(((b*x)/a)-(1/2));
PolDifWav=Wav1l*z;

fprintf('Size Parameter: %f \n',x)

fprintf(Mode Spacing in Frequency: %f GHz \n',Freql)

fprintf('Mode Spacing in Wavelength: %f nm \n',Wav1l)

fprintf('Frequency Spacing Between TE and TM Modes: %f GHz \n', TEdifTM)
fprintf(Mode Spacing Between TE and TM Modes: %f nm \n',PolDifWav)
fprintf(Mode Number: %f \n',n)

A2 MATLAB Script for Q-factor Calculation

%% Q —Factor Calculator

% This code reads data from a defined Excel File in a defined directory.

% Code selects x-axis data from B column y-axis data from E column. (can be changed)
% Code flips the data if its not in an ascending manner for x-axis.

% Code locates the local maxima and local minima of the spectra.

% YOU NEED TO DEFINE A CONDITION TO GET RID SMALL PEAKS (Check code:
pkmax-pkmin)

% Code yields the FWHM, Q-factor, Central Wavelength, FWHM x1 and x2 as text for
each peak.

% Code displays the graph with Q-factors written on each peak.

% Code gives the maximum possible Q-factor at the end.

%%

clc
clear all

fname="C:\Users\Mert Bayer\Desktop\Diamond Resonance_TM_final_v1.xls'; %Enter
File Name

x=xlsread(fname,'data’,'B:B’); %Define the Sheet name and Column for x-axis in the
Excel File

y=xlIsread(fname,'data’,'E:E"); %Define the Sheet name and Column for y-axis in the
Excel File

plot(x,y,".") %PIlotting Data points
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hold on

dumi=y;

wis=1; %Sensitivity of the filtering for best curve fitting
a=1,

b = (1/wis)*ones(1,wis);

yfilt=filter(b,a,y); %filtering the data

y=Yfilt;

if X(1)>%(2) % x-values should be in increasing order, this line flips if x-values are
descending

x=flip(x);

y=flip(y);

end

[pkmax,locmax]=findpeaks(y,x); % Locates the local maxima
yi=-1*y;

[pkmin,locmin]=findpeaks(yi,X); % Locates the local minima
pkmin=abs(pkmin);

Q1=[];

Q2=[];

findpeaks(y,x)

for i=1:length(pkmax)-2 %Iloop that calculates the Q factor.
HM=(((pkmin(i)+pkmin(i+1))/2)+pkmax(i))/2;
lim1=find(x==locmin(i+1));
lim2=find(x==locmin(i));
xnew=x(lim2:lim1);
ynew=y(lim2:lim1);
xposl=find(HM>=ynew);
al=xnew(xposl(end));
a2=xnew(xposi1(1));
bl=ynew(xposl(end));
b2=ynew(xpos1(1));
FWHM=al-a2; % FWHM calculation
Q=locmax(i)/FWHM;
Q2=[Q2 QJ;

if Q~=Inf && pkmax(i)-pkmin(i)>0.2 %defined conditions to limit the possible
Q-factors to be shown on the graph.
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Q1=[Q1 QjJ; % i.e. if the peak size is smaller than 0.2
don't show on the graph.
h=text(locmax(i),pkmax(i)+0.1,num2str(Q), 'Fontsize',14);
set(h,'rotation’, 90);
end

fprintf(FWHM of the given series is: %f nm. \n',FWHM)
fprintf('Q factor of the given series is: %f. \n',Q)
fprintf('Central Wavelength of the given series is: %f nm. \n',locmax(i))
fprintf('Between %f nm and %f nm. \n',Jlocmin(i),locmin(i+1))
fprintf(HALF: %f, y1: %f and y2: %f au. \n',HM,b1,b2)
fprintf(\n")
end
plc=find(max(Q1)==Q2);
locdum=locmax(plc);
gmax=max(Q1);
fprintf(MAX Q factor of the given series is: %f and centered at %f.\n',gmax,locdum)
hold on
plot(locmin,pkmin,‘red o)
ylim([min(y)-0.25 max(y)+0.25]);
xlabel('Wavelength (nm)','"Fontsize’,24)
ylabel('Intensity (arb. units)','"Fontsize’,24)
title('Q-factors of TE Polarized Resonances','Fontsize’,24)
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TM Polarized 90° Elastically Scattered WGM Q-factors
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TE Polarized 90° Elastically Scattered WGM Q-factors

A4

Q-factors of TE Polarized Resonances
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