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Introduction

Introduction

Because it can generate high-purity RF signals widry low phase noise,
optoelectronic oscillator (OEO) is an important idevin many applications such as:
Radars, communications, and metrology of time aaduency. OEO is a fundamentally
distinct approach for generating signal, both vigh and optical outputs. A conventional
OEO system which brings together component suclelastrooptic modulator, laser
source, photodetector and an optical fiber loop ltave an equivalent RF quality factor
greater than 10to reduce the phase noise of the generated migewignal. With this
OEO system, a 10 GHz signal with a performancel68dBc/Hz at 10 kHz offset from
the carrier was achieved. The variant of configarabf the OEO is called the coupled
OEO (COEO), also generates pico-second opticalepulst its optical output. The
generated pulses exhibit the same low phase neifleeaactual OEO at its RF output. In
particular, a long fiber loop in OEO results in nksecond storage times, corresponding
to a quality factor (note@) about a million at a 10 GHz oscillation frequeng@yis is a
high value compared to conventional type dielectricrowave cavities used in oscillators.
In a general OEO system [2], the long fiber loogpge many microwave modes on an
optical wave, so a narrowband electrical filter ade inserted into the OEO feedback
loop to reach single mode operation, and the cérgquency of this filter is considered as
operation frequency of the OEO. This configuratamhieves the spectrally pure high-
frequency signals, but it cannot be considerechaSBO system which has small size due
to the length kilometers of optical fiber line. Mower, the long fiber line is sensitive to
the surrounding environment as for example vamaticof operating temperature.
Therefore, in recent decades, a new OEO configurasi developed to reduce the size of
oscillator and produce an output with high longrtdrequency stability: it is based on

optical micro-resonators instead of the long filoep.

According to the light confinement method, micrgoeators are classed into four

main categories: Fabry-Perot, waveguides, photorystal and whispering gallery mode
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cavities. Among these optical resonatavhjsperinggallery mode (WGM) micro-cavities
lead to the highed factor. In this thesis, the works has been focusedwo kinds of
micro-resonators: silica microsphere (a WGM resonaand add/drop micro-racetrack

resonator (a wave-guided resonator).

These optical resonators are significantly smaltenpared to the fiber loop. In new
OEO configuration, high finesse, highwhispering gallery mode (WGM) optical micro-
resonators are employed in place of long optidaérfi WGM resonators have axially
symmetric dielectric structures with diameter ramggfrom tens of microns to a few mm
which can trap light for long periods of time. Té@mbination of highQ WGM resonators
with laser gives result in narrow line width, higtstable signal in a small form factor.

A various geometry of WGM resonators are fabricagadh as: elliptical, spherical,
ring and toroidal. They have been produced by a&w#éhge of material as: silica, silicon,
glass, semiconductors, and crystalline materiandgst a century ago, Lord Rayleigh was
the first to explain “whispering gallery” phenomenoAnalogically with sound,
electromagnetic waves can also travel along a g@ther general cylindrically symmetric
interface by total internal reflection. When thghli comes back with the same phase after
one round trip, a resonance is formed. This waggi stationary light distribution that is
called as a whispering gallery mode (WGM). The tiiemn WGMs was carried out on
spherical particles by several physicists (Ludvaydnz, Gustav Mie, and Debye). In their
mathematical solutions the angular momentuaof the field in sphere considered as an
interference order, which relate to the number af@length in the sphere perimeter. The
first WGM silica microspheres were presented byVBraginskyet al.[20] and opened a
large study on WGM resonator since this time. Iis fraper, the pure silica microspheres
with smooth surface, good spherical geometry abeidated and measured. The studied
results on microsphere presented a silica micrasplvgh ultra-high Q factor of 8 and
long light storage time. The ability to confinelign a small volume is an advantage point
for many applications such as: line delay in OEGtay, high sensitivity detection of
chemical or biological species, and submicrowattshold lasers [52]. The other kinds of
microcavities which have microring form are develdpn recent time because of their
application field wide. The first optical ring restor was presented in 1971 [82,83] which
has 5 mm diameter glass rod with 0.8 um thin filnpalyurethane doped with Rh 6G is
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coated on outside of the glass rod. In 2002, thg mesonators with smaller circumference
247.2 um and free spectral range a little over 2anenpresented [84]. In 2003, the micro-
ring resonator with smaller radius of just 20.1unthwa FSR greater than 30 nm are

demonstrated for application in filter, electroiopt tuned.

In order to use of ultra-high Q micro-resonator d&irapplications, the light coupling
into and out from the WGM resonator need to beexhlhe most technique to use in light
coupling is known as the “prism coupling”, thataigechnique also use to launch light in
the guide modes of a planar waveguide [53, 94]. Wtiee gap between prism and
microsphere is good optimized, this technique adlogach high coupling efficiently up to
80%. However this technique requires difficult besinaping or difficult in optimize gap
coupling to achieve complete power transfer inecavity and out optical energy coupled
in a manner convenient. The others coupling tealenigyere investigated such as: side-
polished fibers and fiber half-block and planar egwides [55-58]. These methods give an
improvement in some areas but they all have siamti drawback as: difficult to set
coupling system, to fulfill both phase matching aewhnescent field condition or the
leakage of light from sphere into fiber claddingdanto surrounding block. In recently
research of micro resonators, the optical fibeetag is most used to light couple into and
out from resonator. In ref.[66], Birks et al. preta results on coupling between a tapered
fiber and a silica microsphere, the results sholmat this coupling technique allows the
mode matching and phase matching of two coupledesaent fields. This technique also
allows near perfect coupling efficiency both intadaout of a silica microsphere resonator,
which can reach a value up to 90% [71]. When compéth other couplers, fiber taper
coupler has several advantage such as: high cgueffitiency, low losses and flexibility
for light excitation. However, beside the advantgmmnts, this technique gives the

difficulty in phase matching but this problem does affect prism coupling.

For micro-ring resonator geometry (SOIl-waveguideicks), prism couplers, grating
coupler and end-butt coupled are actual coupliogrtgue which used in SOI waveguide
coupler. Beside some advantages, these technigues glisadvantage point that is their
ability in connect to the other optical componeint&actual systems. Using micro lens to
light couple into and out of micro ring is otheredsmethod in recently decades; micro lens

is developed to apply in semiconductor laser liggupler [99, 100, 101 and 102]. In this
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work, the fiber micro lenses which were fabricabedend of single mode fiber is produced

and used to light coupling into and out of add/dragetrack resonator.

This thesis is divided into four chapters; the eontof theses chapters is outlined as

following.

In the chapter I, we briefly present an overvievaaypical Opto-Electronic-Oscillator
system which uses a long optical fiber loop actagy a delay line. We give some
experimental results concerning the RF spectrum ptilase noise according to the length
of the fiber loop, and the quality factor of theidator.

In the chapter I, we present an overview on thésparing gallery modes in spherical
structure. The important parameters such as thigygtector Q, the mode volume, the free
spectral range (FSR), the finesse and resonand@oposf micro cavities are briefly
discussed. At the end of chapter, a summary onicapipin field of micro-resonators is

presented.

We begin the chapter Il with a presentation alibatlosses mechanisms which relate
to Q factor of optical microsphere resonator. After tthdirectly we present the
experimental results about our fabricated opticatronsphere. We first describe the
technique used to fabricate optical microsphersetbaon single mode optic fiber and
tapered fiber which used to light coupling into amat from microspheres. For a better
understanding of the coupling mechanism of tapéest-micro microsphere system, we
present a modeling of evanescent coupling. In tle&t reection, the experimental
excitations of whispering gallery mode are presgnBased on these results, Qdactor,
FSR of optical microspheres which have diametengirg from 60 um to 300 um are
determined. We present in following section a magpnethod which use tip fiber to
excite the light on the surface of microsphere.sTihvestigation is described on section
[11.5. Finally in this chapter, the simulation rétsuon silica microsphere are presented.
This results help to better understand about thgeegiect on the tapered fiber- resonator

coupler system.

The chapter IV presents the results on anothemegsp structure, called add/drop

micro racetrack resonator. The operateing principigortant parameters and model
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coupling of this device are presented at the beginaf the chapter. In the next part, the
investigation attends to the light coupling. Wedifiber micro-lenses to couple light into
and out from the rib waveguide of this device, éfi@re, the technique to fabricate the fiber
micro-lenses at the end of pigtail single moderflie presented. Some parameters of used
fiber micro-lenses are also investigated and dssuisThe section IV.5.2 presents the
experimental transmission spectra of add/drop racktat both through-port and drop-
port. TheQ factor and FSR of the racetrack are determine@sd@tparameters show that
this device could be used for an OEO system. Thplot technique allows suitability in
packaging a device “fiber-racetrack-fiber” that dam easily to connect to other optical
components in actual systems. Finally, we presemiti@mpt to use this add/drop racetrack
in the OEO system of the laboratory.

In the conclusion some future works are underlined.
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Chapter I. Opto-electronic oscillator

Chapter I.

The Opto-Electronic Oscillator

.1 Introduction

A microwave oscillator is a device generating slgtisom some gigahertz up to some
tens of gigahertz frequencies. For many applicatisnch as radio communications, radars
or measurement it is especially important to geghhspectral purity signals. However
microwave oscillators are limited by the qualitgta Q of its resonant element and by the
sensitivity to temperature changes. H@loscillator can be based on quartz resonator, but
the frequency is limited to some hundreds of MHd aimgnals in the microwave domain
have to be obtained by frequency multiplicatiordlag to a decrease of the quality in term
of phase noise. Following the first works on eledaiptic oscillators in 1982 by A. Neyer
and E. Voger [1], an opto-electronic-oscillator (@Bbased on a delay line has been firstly
proposed by S.Yao and Maleki in 1994 [2]. It was finst system using an optical fiber
loop to store microwave energy. This loop is usedeplace a microwave resonator to
obtain the high purity spectral and stability [2, Bsual lengths of several kilometers are
used in this kind of oscillators. For example agghaoise level of -143 dBc/Hz at 10kHz
from a 10 GHz carrier has been obtained [4] fdrarhally stabilized packaged OEO. The
dependence of the optical refractive index on teatpee is one of the parameters having

the greatest influence on the oscillation frequestability. As the variation of the
refractive index is given byAn/AT = 12x107°/° @t 10 GHz oscillation frequency the
frequency drift is about-8 ppmFPC [4]. The second element highly sensitive to the

temperature is the RF filter. Taking all that irgocount it is necessary to stabilize the
temperature of the fiber loop and of the filter.Wwé&ver, because of the several kilometers

length of the fiber it is not very easy to implerhére temperature control of optical fiber
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loop. A big improvement would be to replace theefibloop and the filter by a unique

component, an optical resonator.
1.2 Principle of operation

An OEO system can be configured in a variety of svayth different optical and
electrical components for optimizing its charadkes. The classical configuration of
OEO as introduced in [1, 2] is shown in Figure The system associates a laser source, a
light modulator (for example an electro-optic matat EOM), a long fiber loop acting as
an optical delay line, a photodiode detector, apldier, a filter and a RF coupler.

Modulator photodiode

g 000 —— (@, ﬁj§
Laser™" pojarization \-|_|—/ Fiber loop

a2

— Optical V. (1)

Electrical

RF
output

Coup|er RF filter

Figure I.1: Basic scheme of an Opto-Electronic (Rxor

Light coming from the laser is modulated by thecgleoptic modulator and then is
sent into the fiber loop; the modulated output aigs detected by a photodetector. The
microwave signal at frequeney obtained at the output detector is amplified aodpted
back to the modulator for closing the loop. To abtae desired frequency at the output of
the oscillator, a filter is added in the feedbamtig. By this way any frequency supported
by the bandwidth of the component can be generatddr the oscillation conditions. The
very long optical fiber acts as a delay line prawgda big delay with a rather small
attenuation. During the propagation the light med in the fiber, as energy is stored in a
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Chapter I. Opto-electronic oscillator

resonator; like this the fiber loop is a high gualiactor component for the oscillator

producing a signal that is characterized by it lsgectral purity.

In case of a Mach-Zehnder intensity modulator, digmal vq € ) at the output of the
photodetector dependents on the time varying ismutal vi, € ) at the EOM driving port

[2], and is given by the transfer function:

Vg (t) :Vph{l—n sin{n{w\r}—(t)ﬂ\j—BH}. (1.1)
T Vs

Here Vp, is the maximum voltage at the output of the detedt depends on the
optical input powerR, and on the sensitivityo of the photodiode. It is determined as:
Vph =1 phR_ where the photocurrent is given by, =afy0/2, R_ is the load impedance
of the photo-detectory is the fractional insertion loss of the moduld&]jr

V,; is the half- wave voltage (bias voltage needeaidwe a point on transfer function

from a maximum to a minimum of the optical powangmission),

Vg is the dc component used as biasing voltage ot i,

n is the extinction ratio of the modulator.

The opto-electronic-oscillator is formed by feedthg signal of Eq. (1.1) back to the
RF input port of the EOM. IG, is the total voltage amplification, including bdtie RF

filter and coupler losses, then the signg|,;t &f output of the microwave loop is

Vout(t) =Gavq (t) . Therefore the small signal gain of the loop carobtained from (1.1):

N
gg=Lou| g, 7Vph co{VB”j (1.2)

dvin Vip =0 \Z Vi

The modulator is positively biased @5 > , @therwise it is negatively biased. When
Vg =0 the modulator is biased at negative quadrature iand biased at positive
quadrature whervg =V,;. From the Eq. (1.2), the oscillation threshold diton of the

OEO can be determined @&;| =1 leading to:
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VB7T
mGa co{vj

m

(1.3)

Eq. (1.1) is nonlinear, but the output can be liizea if the feedback signal goes
through a RF filter with a bandwidth which is nawr@nough for blocking all harmonic

components. The linearized output can be expressed
Vout(t) = G(Vo)Vin (1) (1.4)

whereV is the amplitude of the input signal aGgV,)) is the voltage gain coefficient and

can be expressed approximately by:

2 4
G(Vp) = Gsll—%(%j +%(%J ] (1.5)

where Gy being defined in Eq. 1.2 [5]. Four important paesens of OEO can be
introduced such as: the oscillation frequenfgy., the amplitudeVyg, the linewidth and
the power spectral densit§ (f) of the signal [5]. The oscillation frequency ivgn by

fOSC:M if G(Vysc)<0 and fOSC:L if G(Vosc)>0. Herery is the total group
r

’g g
delay of the complete loop; it includes optical tyical delayr,, and the delay caused
by electronic components,, (such as the amplifier and the electronic filt&9. the total

group delay can be written asy = 7oy +7ep. It can be seen that the oscillation frequency

depends not only on the loop delay but also dependde mode numbée The group

delay 74 can be considered as an optical equivalent delegsponding to a global length
Ly of the loop and givenzy = Nj,Lg /co Where N g, is the effective refractive index of

optical fiber andcy is the velocity of light in vacuum or in the aifherefore, the

oscillation frequency is given, in case®{V,gc) > 0, by:

k
fosc=— =K % (1.6)
Z'g N fib Lg
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Chapter I. Opto-electronic oscillator

Eq. (1.6) shows that the OEO generates differeaillason frequencies or different
modes. These modes are determined by the mode numble= 1,2 3...). The distance
between two modes is the mode spacing, and caallegl the Free Spectral Range of the

oscillator and is notedSRy.; it depends on the effective refractive indexha fiber, the
global lengthL of the fiber loop, and the light velocity,. The Figure 1.2 presents the

spectrum and phase noise of the OEO, developeldeinaboratory of ENS Cachan, for

different lengths of the optical fiber.

In Figure 1.2 it appears clearly that we get maegiks, corresponding to the different
modes and making a frequency comb. Neverthelesp@aie gets the maximum of power;
in this case the center frequency is at 8.004 GHhe free spectral range of the OEO,

FSRysc = fosck+1 ~ fosck s IS given by the following formula.

1
FSRge=—— =0 (1.7)
Tg N fib Lg
From equation (1.7), we can see that the mode rspdor FSR) is the inverse of the
global delay time of the fiber loop. For examplee distance between two modes can be

determined from equation (1.7), considering tinag, [0145. Some values are listed in

Table I.1.
Fiber length (km) 0.5 1 1.5
TheoreticalFSRys (kHz) 414 207 137
ExperimentalFSRs. (kHz) 390 199 131

Table I.1. Free spectral range of the OEO for dzifee values of the fiber loop.
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Chapter I. Opto-electronic oscillator

The theoretical value is systematically bigger thiae experimental one because the
calculation has been done taking into account oméyfiber loop length but neither the
short fibers associated to the modulator and thectle (a 5 m section has been added for
conveniences) nor the electronic delay. The diffeeecan be explained by an additional

global equivalent length of about 30 m.

Otherwise it is clearly determined in [2] that whire length of optical delay line
increases, the phase noise of oscillator is redutieel experimental phase noise at 10 kHz
from the carrier at 8.004 GHz is listed in tablefbr the three lengths of the fiber spool.

Fiber length (km) 0.5 1 1.5

Phase noise at 10 kHz from

the carrier(dBc/Hz) - 937 - 997 -1037

Table I.2. Phase noise of the OEO for differentigalof the fiber loop.

For selecting one mode in the complete frequenaytca RF filter has to be placed in
the loop. Unfortunately it is difficult to selechly one mode as it can be seen in the Fig.
I.2. The free spectral range of the oscillator ésyvsmall, especially if a very long fiber
spool is used for improving the spectral purityeféis a tradeoff for the choice of the
fiber length between the long length for low phasése characteristics and a short length

for a wider spacing of the oscillation modes.

This tradeoff can be solved by using multiloop égufations [6]. Spurious peaks can
be greatly attenuated by with two loops. The f@ution [ref] is to split the optical beam
at the output of the modulator by an optical coupled then to use two optical fibers, a
short one and a long one, each being followed bh@odetector (see Fig. 1.3). The two
RF signals are then combined and finally the systenclassically terminated by an

amplifier, a RF filter and the RF coupler [6].
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Figure 1.3: Double loop opto-electronic oscillator.

The mode spacing is fixed by the short loop (ations of 60 dB on the spurious
peaks have been registered [6]). The phase noisaiisly determined by the long loop,
even if finally it is not as good as for an OEOIlbwith only the long loopT].

Another solution is to use a double OEO with a erésfave system8]. The master
OEO has a long fiber loop and the slave OEO hasoa $oop. The RF signal from the
master OEO is injected into the slave one whiclodked on the oscillation frequency of
the master; such a system is called injection-ldakeal OEO (see Fig. 1.4). Because of the
short loop the mode spacing is obtained from thartslength. And in this case the phase

noise is fixed by the long fiber loop of the masp&zO.

With multiloop or dual OEO structures it is possilib solve the problem of the
multimode oscillator by keeping a very low phaséseoBut clearly this solution leads to
more complicated system, more bulky and thereforeremdifficult to implement

temperature control. Systems like that cannot Imsidered as easily transportable.
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Figure 1.4: Injection locked dual opto-electroniscdlator.

Another solution is to change completely the ppieiof the oscillator, and to replace
the fiber loop by an optical resonator. In orderké®p a very low phase noise (as it is
possible to obtain with the delay line technique tharacteristics of the resonator have to
be determined from the properties of the delay disallator.

1.3 Optical resonator for OEOQ.

In the classical version of OEO system, the optitar act as a delay line, and the

microwave oscillation frequency is defined by aroar RF band-pass filter (fig.l1.1). This

original configuration has RF quality factor up]I()9 at 10 GHz and excellent phase noise
performance [1, 4]. The main disadvantages of slabksical systems are the size, the
difficulty to implement temperature control and thgurious peaks. In order to eliminate
all these disadvantages, by keeping the main adgaraf the OEO which is the very low

phase noise an ultra-high quality factor resonator be used instead of the optical fiber
[10, 11]. A typical configuration of an OEO based optical resonator is presented in

Fig. I.5.
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How to determine the quality factor of the opticakonator for the two structures
being equivalent? In the classical structure (sgelR) of an OEO the optical fiber loop
acts as the delay element, depending mainly otetigth of the fiber. The effective index

of the fiber, notedN ¢, , can be considered as constant in the opticalatipgrfrequency
range(vo +AV 2V 2V —Av), so the effective delay time due to the fiber li®pqual
to the propagation time and given by:

N fin L5
- fib ~fib (1.8)
Co

where L, is the length of the optical fiber arg is the velocity of the light. For example
a 4 km optical fiber with refractive indeX ¢, = 145 generates a delay dB3pus. In case

of long fibers spool used for getting a high spaaguality the delay time is approximately
equal to the global propagation time defined presip, Ly = L, and7y = Ig-

Modulator
CW le S ZS ZS Z
Laser
y'y o resonator
B o
o
S ow
. 8
Electrical B:
(O -
photodiode
RF ' ‘H$ b’
output
RF filter

Figure 1.5: Opto-electronic oscillator based onicgtresonator.

As mentioned above, the function of optical fioeran OEO is to store the energy of
the signal; by this way the optical fiber can besidered as equivalent to resonator in the

usual high frequency oscillator. By analogy withed@ctronic resonator like an LC circuit,
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we can determine a relation between the storage dina the quality factor. Studying the

transient response of a filter, characterized $g@mping coefficientn, the variation with
_“¢

time of the energy stored in the filter is given @")}““bt —e Q| whereQ is the quality

factor of the filter. Defining the storage timetas time constant we can see th@t:g
or Q=2rfprg.

Considering the case of the optical fiber from fwint of a storage effect the

propagation time can be considered as equivaletheaadecay-time £ =74 ). In fact a

pulsed send trough the optical fiber remains inghe fiber until it goes out, and the

attenuation is very low. Taking into accour®5dB losses per connector and
0.2dB/kmlosses in the fiber, the length leading to an atiéion of the energy inside the
fiber of 1/e which means434dB should be equal td6.7km. The quality factor of the
optical delay-line (noted,qi-mw) IS @ function of the oscillation frequency andtbé

propagation time in the fiber:

Qodl-mw = 27fosd d (1.9)

For example, considering the OEO developed in aberatory of ENS Cachan, with

an oscillation frequencyf, =8 GHz length of the optical fiber loobs, = 1.5km and

an effective refractive indexNg, =145, then the corresponding delay time is
Iy = 729us leading to a quality factoQqq—mw = 364x10°.

It is interesting to note that the quality factsrimproved by increasing the oscillation
frequency, which means by changing the RF filtercliselects the desired value among
the frequency comb. Otherwise we can see alsotlieatonger the fiber, the higher the

quality factor

The spectral purity of the oscillator is determirmdthe frequency linewidth which is
related to the power RF spectral density of the OEBIs spectral power density is

expressed in [3] as:
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Sre(f)=

(1.10)

where 1/7 is the mode spacing of the OE®Q, is the input noise-to-signal ratio of the
oscillator, f' is frequency offset from the oscillation frequengys. (the carrier). This
equation shows theﬁSRF(f ) is a lorentzian function of frequency offset, #fere the full
width at haft maximum (FWHM), which is also the  3dBndwidth, of the spectral line

is given by:

10
AfFwHM o2 (1.11)

The quality factorQ of the oscillator is defined by:

(1.12)

According to equations 1.9 and 1.12 for a classfaD structure the longer the fiber,
the higher the quality factor.

The cavity is characterized by the free spectnajea(FSR) of the resonant mode, its
frequency widthAf and quality factof that defined in [18].

As shown in the scheme of the OEO system in figuBethe light from a laser is
modulated by an electro-optical modulator (EOM) &meh is sent into a fiber delay line
followed by a filter and a photodiode. Here opticalay line acts as storage of the

microwave energy.

Qopt is determined as the quality factor of the optidzér delay line, it is expressed

N fip L fib

as given in Eq. (1.9) bWyt = 27fosdg Where 74 = (Eqg. 1.8) is the energy

decay time or the energy storage time of the déabay
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Assuming the resonator is used for filtering a wieave signal, the spectral width of
filter is the same but the carrier frequency isuasdl by the ratio of the optical and the
microwave carriers. The optical resonator createsogtical frequency comb with
microwave spacing. Each mode of this optical corobresponds an opticaD factor

(Qopt) @and an equivalent RR) factor. Therefore, an equivalent microwaefactor

determined in [14] as:

f
QrF = Qopt = (1.15)
fopt

where fqp is the optical resonant frequency.

For example in case of the quartz disk which hatiameter of 7.7 mm [14], the

optical quality factor of10° and a free spectral range of 8 GHz at 1.55 pumtHis
resonator are determined. This measurement allondetermine the equivalent quality

factor of resonator based OEO system. HFgg.=10 Gl RF quality factors

Q=4x10°.

In case of the OEO of ENS Cachan, with,.=8  Gldzfiber delay line of 1.5 km,
corresponding tay = 7.2usfrom equation (1.12) the quality factor Qf= 364x10° is

calculated. If a resonator which has optical quétctor Qqpy Of 10° is used, th&Qrp

factor of 10° is calculated from Eq. (1.13) at operate wagtlerd.55um (193.5 THz) for
this structure. From calculated results, it cantbay a disk resonator which has a diameter

in range of a few millimeters could be used to aepla few kilometers optical fiber line.
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Chapter II.

Optical Micro-Resonator

In this chapter we present the whispering galleoglenresonators and their general.

II.1 An approach of optical resonators

1I.1.1 Fabry-Perot resonator

A set of two or more mirrors arranged to causetlighpropagate in a closed path is
commonly called an optical resonator, an opticalitga The simplest resonator is the
Fabry-Perot resonator which consists of two pdralEne mirrors as shown in figure II.1
[16]. Because of the easy calculation that candpelected it is a good introduction to the

world of optical micro-resonators.

t,, t,,
Incident T\Mrl ZMZrZ
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< \1 ‘\\ > a,
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Figure II.1: Transmission of a plane wave travediplanar- mirror resonator

Between these mirrors, the light is repeatedlyestéid with little loss. Here we want

to briefly present some properties of Fabry-Peesbnator to give the first approach for
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resonator mode, losses or resonance spectralioabpavity. Let us consider a plane wave

travelling inside the resonator.

We noter; andr, the amplitude reflectances of the inner surfacmiofors M1 and
M2; t andty, are their amplitude transmittances. The inputaaptirequency is noted
and the corresponding free-space wave numbkr=27/A. Assuming the wave with an

amplitude ag enters the FP resonator at mirror 1 (M1), it pggas to the output mirror

(M2), the amplitudesy coming out of M2 has the values:
a1 = agiqto exp(jkL —al) (2.1)

A portion of this wave reflects and travels backthe input mirror where another

portion of it reflects again. When it comes outM#, it is given as:
ap =ayr (2.2a)

where L is the length (distance between two plane mirr@f) FP cavity

r =rirp exp@jkL —2al), and a is distribution losses coefficient between the rors.
Basically the same thing happens to the wave wattheound trip so that after round

trips, the amplitudea, is given as:

a, =a;r" L. (2.2b)

Thus the total amplitude at the output of the Faeyot can be written as:

n— oo

a

Bot = D& T - 1 (2.3)

— -r

=1
And the total transmission coefficient is determlimmen|r| <1 as:

2
2 a

Tiot =[Ttot” = -1 —1r (2.4)
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The phase shift imparted by the two mirrors reftecis 0 or 2t (Tt at each mirror). So

the phase shift imparted by a single round triprafpagation must be a multiple aft2
@ =k2L =m2n, with m=12... (2.5)

It can said that the amplitude total (equation 2s3)epresented by the sum of an

infinite number of phasor as shown in figure 11.2

Y
Y
Y

Figure 11.2: Phase diagram representing the totgdldude a,, for ¢ = m27 and
@ £m2n

Thus if @ = m27n an initial wave can result in buildup of finiteyaer in the resonator.

11.1.2 Fabry-Perot main characteristics

The waves which fit into a resonator of a givengtenL are also called oscillating
modes or just modes. Then all wave which fulfilldeling equation will fit into the

resonator:
Am . .
L= EY wheremis an |nteger(m= 1 23) (2.6)

So the next neighbouring mode must fulfil the ctindt

L=(m+ 1)(%) (2.7)
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Condering the resonance frequency/is%, from eq.(2.6) the resonance frequency

determined as:

- %
Vm_n{ZL) (2.8)

And the distance between two adjacent resonanceesnod the free spectral range
(FSR) of a Fabry-Perot is given as:

AVESR=Vmu1 _VWF% (2.9)

The parameter which detemines the resolution cgpa€iFabry-Perot is finnesse of
resonator. It is defined by ratio between FSR valog the full width at half maximudw

(linewidth) of resoannce. It given as:

_ FSR

F =
Av

(2.10)

. . . 1-r I
For a two-mirror resonator, linewidtAv =%T So the cavity finesse can be
r

rewitten as:

. 2rtcNr
2Ll (1-r) (1-r)

(2.11)

Becausea is the loss per unit length angya is loss per unit time, the resonator
lifetime or photon lifetime can be defined agy =1/ coa (seconds). So the quality factor of

F-P resonator is related to the resonator lifetayte

Q= an-p (2.12)

The Fabry-Perot is the basic optical resonator. Niawys, many kinds of optical
resonators are developed with various geometrltagbes such as sphere, disk, stadium or

structures based on waveguides.
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1I.2 General properties of whispering gallery mode rescaior

11.2.1 An approach of WGMs

Whispering gallery mode resonances concern eleeigogtic waves traveling in a
dielectric medium characterized by a circular (ogtical or spherical) symmetry, the light
being trapped in circular orbits just within thafage of the structure [17]. Considering a
sphere with the radiua and refractive indel, when the light is incident at the interface
with incident anglei larger than the critical angle. =arcsinl/N , )total internal
reflection occurs and a WGM resonance is formednathe optical path is equal to an

integer number of wavelengths (fig.11.3).

Figure I1.3: Light propagation by total internafleetion (TIR) in a sphere
resonator, N, a, 0 angresent refractive index, the radius, centre oftgand
incident angle of the light ray respectively.

Due to the spherical symmetry, the same incideglears kept for the following
reflections, therefore the light ray is confinedside the cavity by the total internal
reflection effect. For large microspheres that have> A and incident anglé= 77/2, the
trapped ray propagates close to the surface witaval distance oR7a in one round trip.

Thus an approximate condition for a WGM resonaracehe written as:
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(2.13)

N

where ¢ is an integer fraction of the circumference coroegfing to the number of sides
of the polygon formed by the path of light ray letresonator surface andg, is the
resonance wavelength. From Eq. (2.6) the resonzomadition for the frequency is:

(2.14)

Y= fCO
27aN

Here ¢y is the speed of light in vacuum. Defining a dimenkess size parameter

ox_1 from Eg. (2.14) the free

X:2_na’ the resonance condition ix:ﬁ. With

res
spectral rangeHSR can be written in frequency and wavelength as:

Av _dv _ ¢ (2.15)

AV -
FSR™Ar “dr ~ 27Na

2
M_d_ & (2.16)

Meep= o
FSR™Ar " dr ~ 27Na

For a fused silica sphere with a radias50um, N =145 at operation wavelength

Ap =1550nm, its FSRis approximately 659 GHz in term of frequency d@ Bm in term

of wavelength.

The angular momentunk as shown in Fig. 1.4 is defined as follow:
L=rk (2.17)
In case of WGM resonance Fig.3, its angular monmansugiven by:

L = nk = RNk (2.18)

wherekg is the wave number in vacuum and-= asin() .
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equator

Figure 11.4: Angular momentunlL associated with WGM and it, projection
on the polar axis.

Under the condition = 77/2 the angular momentunt. is then:
L =aNky =1 (2.19)

Thus, the number of wavelength in the circumference is also called the angular

order. For a silica sphere with 50 pm radius Agt=1550 and a refractive index

N =145, we obtain/ = 293So whispering gallery modes can be viewed as aigjular
momentum electromagnetic modes in which light pgapes by total internal reflection at

grazing incidence with proper phase condition afi@rel along the resonator surface.

11.2.2 Electromagnetic field

A WGM can be characterized by it polarization TEdwdransversal electric (the
electric field of the wave makes a 90° angle wéhpect of the propagation direction), or
TM-mode transversal magnetic (the magnetic fieldhaf wave makes a 90° angle with
respect of the propagation direction) and threeget orders, /, m wheren denotes the
radial order,/ the angular mode number and the azimulthal mode. The mode number
n is the number of maxima in the radial distributafrthe internal electric field, the mode

number ¢ corresponds to the number of wavelengths arouadciftumference and the

39



mode numbermm gives maxima in the polar distribution of interredéctric field. For a
better understanding about whispering gallery miwda@ micro cavity, the solution of
electromagnetic field in a dielectric microsphesepresented. The work of Stratton [18]
presents Hansen’s method where the solution ovélotor Helmholtz's equation has an
angular dependence described by three vectorsisghleairmonics [19] expressed as:

- 1 -

Xm - Dmer 2.20a
/ TV ( )

ym=__1 _gym (2.20b)
SN (=) R

zM=yMr ZM=Y¥ (2.20c)

with fis the unit vector along the radial direction anid the position vector.

In this equation, the mode numberindicates the order of the spherical harmonic

that describes the angular field distribution, #melindexm is called the azimuthal mode
number. The electric and magnetic fields for botlapzations, TE and TM, can be
expressed as:

Kor
TE mode: ° (2.21a)
aT5(0)=-2 e ymie) i 1) 21(e)
rm\l)= ==~ @ i w22t
ETM (F):% —féz(r) YM(Q) +/7(r +15—fg(r2 ZM(Q)
TM mode: N=L kor kot (2.21b)
~TM /- iEq f/lr) <
5T (r)=- Eo 1) g
C of

whereN is the refractive index.

In equation (2.21)f (r) is the radial distribution of the electric fielcdhéh can be

expressed as:
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_dsz(r){NZ(r)kg —M} f,(r)=0 (2.22)

dr? r2

The solution of this equation is given by:

fg(r)={w’g(Nk°r) forr<a (2.23)

aw,kor)+ Bxilker)  forr>a
Herea is the radius of sphere,andf are two constants, ard,, x, are respectively

the Riccati-Bessel functions of the first and setckimd. They are defined as:

{d/é (0)=rai/(0) (2.24)

xi(0)= oy (0)

with j, andn, being respectively the Bessel and Neumann fungtion

11.2.3 Resonance position

Equation (2.23) indicates that inside the sphere ), f,(r) defined by the Riccati
function W(Nkor). In case ofr >a, f,(r) function is defined by a linear combination of
evanescent functionsy,(kor) and ¢,(kor). Therefore the f, r( )function and its

derivative f, '¢ ) must be continuous across the microsphere aht@rface @=0). The

condition of continuity of the tangential comporerdf the fields allows to find the

equations for the positions of resonances:

w,(Nkoa) = aw, (koa) + B, (koa)

N, (Nkga) = ay) (koa) + Bx) (koa) (2.25a)

TE mode:{

M mode: {N‘lwz(Nkoa) = ay (koa) + B (koa) (2.25b)
w,(Nkoa) = aw, (koa) + By, (ko)

The Wronskian function of, and x, in equation (2.25) can be written as:

{a =, (NX)x; (X) = Py (NX)x, (%) (2.26)

B ==, (N (x) = Py (Nxw (%)
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where the size parametgris defined asx = kpa, and P represent the polarization modes
Because the functiog, increases exponentially with, given r - c, the constant:

should be equal to 0. Thus by considerimg=0 in the continuity equation (2.26), the

resonance condition expressed in size paramete2/a/ A can be written as:

sl

(2.27)
wi(NY)  x,(x
N for TE mode
where P =
1/N for TM mode

The resonance position can be obtained by solhgogteon (2.27).

Considering a large sphere, where the angular madeer is/ >> ] the resonance

position X, , in the sphere is, as confirmed in [20], given by

1 1 - 1
Nx, n =V +2 3¢, v3—L+ i2 3 |g2y 3
X/ n n 1 n
2

(N2 L0
1 2.28
2 3P(N2—2P%J B 229
- - an 3+O(|/ 1)
N2—1 2

wherev =(+1,, ay, is ny, zero of the Airy functionA (- z) [21].

The first term of expression in Eq. (2.28) is thestrused and can be rewritten

1\%
Nxﬁ,n:(f+%)+{£;2J (—a’n)—L+... (2.29)

V(NZ-1)

From this equation, it's clear that the resonancsitmn depends on the mode

numbersn, / and on the polarization condition. Another way#&t the resonance position,

by using eikonal approximation, has been introdund@2] as:
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r+1 %2 %
NXf,n=(€+%)+[ ;2} {%”(n-%ﬂ 3—ﬁ+... (2.30)

The difference between equation (2.29) and equdfad30) is zero of Airy function

1%
and {%T(n—lj Is presented in table Il.1.

-a, 2.338 | 4.088] 5.521 6.787 7.944 9.023 10.040 11|009

3 1 %
{7@]_2)} 2.320 | 4.082| 5,517 6.784 7.942 9.021 10.039 111|007

Table II.1: Zero of Airy function and with an apprmation based on eikonal
approach. It can see very good agreement betweendefficients.

The radial equation (2.22), defining the radial rlsition, is very similar to the
Schrodinger equation for a single particle [23]:

2
[_Zh_MA +Veff(r)}lﬂ(r) =Ey(r).

21,2

Thus, defining the energl¢ = hZI\le

, the effective potential is given by:

_ 1% [ 2 2 f(€+1)}
Vet (r) = —| k31— N 2.31
it(r) ZM{o@ )+ > (2:31)
where N(r)=N .if r<a
N(r)=1 if r>a

The solutionsry andr, of equation Eq (2.3Bre given by:
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n= ko (2323)

ro = Np (2.32b)

In the range ofr; <r <r,, the WGMs are well confined inside the cavity watlsmall
fraction outside the cavity in the evanescent fdmthis well region discrete bound states
exists which corresponds to the whispering-gali®ydes. The regiom <r; as well as
r >r, corresponds to a potential barrier, in which tipéical modes are exponentially

decaying. The most confined modesrof 1 is so called fundamental modes.

11.2.4 Free spectral range

The free spectral range is defined, as for a t@dit Fabry-Perot cavity, as the
frequency or wavelength separation between longitddmodes. From Eq. (2.28),
considering the differen? modes associated to a fixed value of radial orderthe

difference between an order modeand the next modé+ dan be evaluated as:

bE bE
_ 14
AvR = C(X”'“l X”'f) =_C |1+ an( +2%] 1—[1+ 1 } (2.33)

21T 27N (+}é

DAk -
For large/, | 1+ ap 5 =0, we obtain equation 2.34

c
Av,% = >/Na (2.34)

which corresponds to the FSR of a FP cavity anérogigometric structure in Eq. (2.15)
and Eq. (2.16). Therefore, the FSR of a micro-sphlesonator can be written in term of

frequency and of wavelength as:

C
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For a micro sphere with a diameter of 50 um, aantive index of 1.45 at an operating
wavelength of 1550 nm, the calculated FSR is 5.3 Tine large mode spacing is one of
the reasons that make micro resonators to be igagést for a wide range of applications,

from channel-dropping in telecommunication [29ktogle mode laser sources [30].

It is possible to determine the spacing betweenptiiarization TE and TM modes,

considering they have the samg/ andm; it is expressed as:

2 _
AVTETM —p(ny) & =_C  [N" 71 (2.36)
2MNa  27Na N

And the spacing for different radial order modecan be obtained:

(2.37)

Vn+y,e =Vnoe =

¢ Wns_ ( 1]%{712J%

l+= —
27Na on 27Na 2 3n

[1.2.5 Finesse

The finesseF of a resonator is defined as the ratio of the FSRthadvidth at half
maximum of a resonant peak in the transfer functidns factor denotes a dimensionless
single parameter which characterizes the abilityeplve the cavity resonance structure

and gives as:
F=DMEsr__AQ (2.38)
AA 27Na

Cavity finesse in ultra-high-Q whispering gallerypde micro-resonators can exceed
10° [35]. This high finesse gives the micro-resonatagood condition for applications in

spectroscopy, sensors, filtering and in opto-mi@wesvoscillators.

[1.2.6 Mode volume

The volume occupied by each cavity mode, dependshencavity resonant field
distribution, which in turn depends on the part@cutavity geometry. The most common
definition of mode volume is related to the defomtof energy density of the optical mode

[27, 28] and is given as:
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(2.39)

where ‘E‘ denotes the cavity electric fielr;t(r)zN2 r ( s the dielectric constant.

Considering the fundamental WGMs in a microsphefe|@] and n=1), the mode

volume of a TE mode is defined in [22] as:

3
v= 2n2(ij 0809x /6 (2.40)
27N

For a silica microsphere with a diameter of 50 j@amefractive index of 1.45 and an
operating wavelength of 1550 nm, the first appration | = 147 and the fundamental
mode volume is expressed ¥s= 605(/1/N)3corresponding fundamental mode volume is

about 740

11.2.7 Quality factor

The performance of a resonator element is usuakgribed in term of its capacity to
store energy. The storage capacities and loss teffefc various resonator types are
quantified in term of quality factd® [28]. For optical cavity, th€ factor of a mode with
resonant located at wavelengithor frequency is characterized by the line width at half-

maximumAA of the resonance and a cavity photon lifetime
Q:_:—:Zﬂur (241)

Where v is the optical frequency.v(=cy/A) Therefore, the highest quality factor

corresponds to the longest photon storage timet@rlde narrowest resonance linewidth.
To compare with the other micro-cavities such abri~Perot, micropilar, microcavities,

the most advantage of whispering gallery mode roaviies is that they have extremely

high quality factorQ up to 10° in [29] or 101 in [30-33]. In practice, th® factor of
WGM cavities based on many mechanisms, which cadefieed in [31, 34] by several

factors:
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-1 _ A1 -1 _[(~1 -1 -1 -1
Qotal = Qintrinsic * Qcoup - (Qrad *+Qmat + Qsurf )"' Qcoup (2.42)

where Q,,,, denotes the total cavity quality factor. The iméic quality factorQininsic
includes the resonator material l0s€g@g4;, the radiation losses or diffraction 1085,
and Qg represents the losses due to scattering fromutface imperfectionsQcqyp

represents the energy losses due to input/outmiit Icoupling. The approximate
comparative performances characteristics of fatmttacavities are presented in the

following table.

Parameter Rings, Disc Standard sphere Sphere limit
Q factor 010>-10° 010-1¢ 010t
Resonance linewidth GHz MHz kHz
Decay time ps ns us
Decay length mm m km

Table I1.2: Comparison of) factor value at 1550 nm between ring and sphere
resonator. The higk in the sphere translates to narrow linewidth, Idagay
time and high optical intensity.

11.2.8 Losses mechanisms in a microsphere

Equation (2.42) shows that, the to@Q] ., factor of resonator results from several

losses contributions: material loss, radiation losdiffraction loss, scattering from the

surface imperfection and external coupling lossthia following sections, th€) factor

limits imposed by the difference mechanisms areflyrianalyzed for the case of silica
microspheres.

[1.2.8.1 Material losses
The cavity material loss is one of effect restnigtthe value of intrinsi€ factor. Due

to its low intrinsic absorption losses in a widega of wavelength, the silica glasSiQ»)

has been the most widely studied. In this work¢aikingle mode fibers are chosen for
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fabrication of microsphere resonators. Commonlgrahare two types of material losses in
a silica microsphere: absorption losses and Raylgigttering losses. The scattering losses
are due to the presence of small density fluctnatar defects and the presence of missing
defects in the atomic structure, which is the nt@nse of absorption losses [35, 36]. The
material losses in a fiber are determined by méagtine attenuatiom which depends on
the ratio of the optical output power to the inpatver and on the length of fiber. It is

expressed in dB/km ag =10log(P,:/ Rt )/ L . Therefore theQ factor corresponding to

the material losses is given [37] by:

27N
Q == 2.43
mat al ( )

At the operating wavelength of 1550 nm, the atténnaof a single mode fiber is 0.2

dB/km, theQ factor for material losses of the microspher&js,t = 29x10'0.

11.2.8.2 Diffraction losses

The diffraction losses are due to the curvaturthefboundary, they are also known as
radiation losses. By using the Wentzel-Kramersi&@sih (WKB) approximation [30], the
quality factor limited by diffraction loss is wréh by:

Qrag = X€X 2[€+%jg[ X J (2.44)

1
+ =
€2

where g(u) is a decreasing positive functiorg(u):—\/l—uz+argcos%), and

x=2rmal A depending on the size parametari¢ the sphere radius).

Because of the quantit%Jr 1) in equation (2.37), ranging fro/ N for the radial
2

fundamental mode to approximately 1 for a less dedmmode, th&) factor depends also

on the radial order of the modes.
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11.2.8.3 Surface losses

Surface losses result from scattering effects due¢hé surface roughness of the

microsphere. Th& factor limited by surface scattering loss is espeal in [37] as:

A’D
QSS =

" 20’8 (249

Here o is the surface roughnessB is the correlation length of surface
inhomogeneities an® is the microsphere diameter. In practice, theeeotiner important
surface losses, which are the optical losses calgetlist and water deposition. The
factor of microsphere drops down in several howrs @ water absorption if it is put in a

normal working condition [31].
11.3 Applications of micro-resonators

11.3.1 Optical resonator filter

Because of their small line-width and their highlsiity to environment conditions,
the WGMs devices are very attractive for many aapions. For applications such as
filtering, frequency stabilization and sensing, 99&s resonators are used. A prism coupler
is used for optical coupling at both input and omtgsee Figure 1.3 or IV.2). The

transmission of a monochromatic electromagneticenavirequencyf through a WGM

resonator is defined in [38] as:

_ye—y-i(f = fo)
T= 2.46
ye —y+i(f - fo) (2:49)

Here T denotes the amplitude transmissioy;, yand f are respectively the
coupling line-width, the absorption and resonanmeguency of a mode of resonator. The
power transmissior1T|2 through the resonator is a Lorentzian function aoddition

y =y, corresponds to the critical coupling of the resona

It is important note that the filter is charactedzby absorption resonance in a single

coupling prism (single coupler) configuration (dbapd filter), while in the two-prisms
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configuration it is characterized by transmissiesanance (passband filter). In this case,

assumingy, >> y for simplification, the transmission and reflectiooefficients through

the resonator are:

Vc""(f_fo) yc'“(f_fO)
where T describes the amplitude transmission (light goés one prism and exits at the

second prism), an® describes the reflection (light goes into andseattthe same prism).

A filter response of single-ring resonators withegrated semiconductor optical
amplifier is presented in [39]. The device has fibwen of a racetrack with free spectral
ranges of 25 GHz and 50 GHz. By using Pt-resistiies tuning to a specific wavelength
can be achieved. As the factor for loss compensatgdesonator is only dependent on the

ring architecture, it is possible to design deviegh specificQ factor.

[1.3.2 WGM for sensors

Biosensors designed from WGM resonators have nundfequalities. WGM
resonators are used to detect the present of nleteon their surface. Because of their
high Q factor, these resonators allow the detection femweral nano-moles up to pico-
moles. Biosensors based on the shift of WGM in asiphere accompanying protein
adsorption were described in [44]. The light comirgn a tunable laser is coupled into
the microsphere via tapered optical fiber and tseaaeound the sphere equator. When a
protein molecule diffuses from the surrounding amsemedium to the sphere’s surface

and is absorbed at position it interacts with the evanescent field of the W@&onator.

There is a change of the surface properties, spithe frequency of the mode. In addition,
WGMs could also be used for measurement of straioptical fiber and applied in high
frequency electron magnetic resonance measurem&nt 46]. Resonance features
depending on its morphology are observed in thstielacattering spectrum of 125 pm
diameter cylinders. The positions of the resonareestrain sensitive and can be tuned.
The measured wavelength shifts show a linear behawith a slope of

014nm/ 0.14 nm/rstrain. Thanks to this behavior a new miniature opti¢edis-sensor

technique with a micro-strain sensitivity at a sengoint can be developed. Photonic
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WGM sensors using the fano-resonant line shapeyfe tof resonant scattering
phenomenon that gives rise to an asymmetric lieg@sh47] is presented in [48]. In this
paper, a polymer micro-ring resonator which exkikiiarp asymmetric fano-resonances is
used as a biochemical sensor. The resonant wavklehthis resonator is very sensitive to
the concentration of glucose, and the resonande &g a linear relationship with the
glucose concentration. For biosensor applicatipagjmers resonator can be allow modify
surface chemical for binding of specific bio-molkx=uon the resonator surface.

11.3.3 Passive WGMs for fundamental physics

Cavity quantum electrodynamics (CQED) There is great activity in both theoretical
and experimental investigations of cavity quantulacteodynamics effects in WGM
resonator [49, 50]. Spontaneous emission processede enhanced in a cavity due to a
modification of the density of electromagnetic easgatompared with the density in a free
space. A measurement of cavity QED effects for#tukative coupling of atoms in a dilute
vapor to the external evanescent field of a WGM fased silica microsphere is presented

in [51]. The highQ factor and small mode volume and unusual symnadtrgicro cavity
evanescent field allow velocity-selective interantbetween field with photons in WGM
and NT =1 atoms in the surrounding vapor. The results gnedvidence that interaction
between atoms and photons in highWGMs can reach the level of a single atom and

only a few photons in the mode. The coupling oingle nano-emitter and WGM has been
studied in [52, 53]. The measurements show thaigpsfiber tip could be considered as a

‘nano-tool’ for manipulating the very-higp modes present in microsphere resonators.
The measured)-degradation and the frequency shift show that fiassible to adjust the
coupling between the fiber tip and high-whispering-gallery modes with great precision.

By using a tip of a diameter about 100 nm, it sHdag possible to couple a nano patrticle
to the most confined modes of a microsphere witllegteasing the quality factor. The tip
can be acting as a tool to establish a well-coletiotoupling of a single emitter to a high
Q mode in CQED.

Photonic atoms:another fundamental application of WGMs is basedhe ability of
resonator to mimic atomic properties [44-46]. Theahars show that WGMs can be

thought of as classical analogy of atomic orbitak mode numbers of WGM resonator
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corresponding to angular, radial and azimuthal renqlare also the same as the quantum

numbers in atomic physics.

11.3.4 WGM Filters for OEO

A presented in the previous chapter, in classidaDd2] the long fiber delay line
supports many microwave modes imposed on an optiaske and the spacing between
two modes is a few hundred kilohertz for some kitens of delay line. A narrowband
electrical filter is placed into the electronic semt of the OEO feedback loop to achieved
single mode operation. The center frequency of fliier determines the oscillation
frequency of the OEO. But it is difficult to findhalectrical filter with a bandwidth narrow
enough (a few hundred kilohertz) for selecting desired frequency. However, the long
fiber delay is very sensitive to the surroundingiemmment, so the OEO does not produce
an output signal with high long term frequency B8iigb In addition, the OEO system is

rather bulky because of the kilometers of fibeagel

Because of these reasons, in the recent time,abpésonators have been investigated
to be used in OEO system as optical storage eleorefiter. Among different kind of
resonators whispering gallery mode (WGM) opticabreator can be chosen to replace the
optical fiber [41, 42]. The main advantage of tkirsd of component is their small size. By
using such an optical resonator, the optoelectros@dlator could be really compact. They
are compatible with compact temperature controtesgssince it is limited to a much

smaller volume. The properties of OEO with a highfactor WGM resonator in place of

the electronic filter, as well as the fiber delagye been presented by Strekalov et al. [43].
With a source of optical group delay inserted iato OEO loop, the performance of a
stabilized OEO is improved. This method allows tgnthe desired oscillation frequency
by tuning the resonator. However, in OEO systenticapresonators are also employed as

photonic filters [40] for stabilizing the oscillata frequency.

In the OEO system designed with micro-resonat@stasage element, the microwave
oscillator frequency is defined by the free spéataage (FSR) of the resonator, while
energy storage is performed by trapping laser ligtd the ultra-low loss WGMs. This
configuration can define at the same time the laditiy frequency and ensure the energy

storage, therefore the high quality factor or the phase noise and so the high spectral
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purity of the oscillator. Nevertheless the FSR amiero-resonator also depends on external
parameters such as temperature. In order to g@bilie oscillator and its oscillation
frequency the laser wavelength must be controlEmbraing to the characteristic of the
micro-resonator. The wavelength of the laser dicde be tuned by controlling the

temperature of the laser [14].

Because of their numerous advantages, in the réice@tWGM resonators have been
investigated not only for replacing the long ogptitber delay in OEO but also for other
applications such as micro cavity laser, opticterfs, and sensors [10]. Therefore a
number of optical resonator types have been faledcfl3, 14, 15] with optical quality

factor up to10® for mode around 1550 nm. Different materials lsarused such as MgF

silica or quartz; different shapes have also béedied as micro-disk or micro-sphere.

The current state of the art of resonators useOR® system is presented in Table
11.3.

Ref. Type Diameter (mm)  Materia Q factor  fosc (GHZ)
13 Minidisk 5.2 MgP me? 7.7

14 Minidisk 7.7 Quartz 1o’ 8

15 Disk 3.3 Caf o’ 9.4

Table 11.3: Current state of the art of WGM resoengatused in OEO.

In the next chapter we will study a special kind&M resonator which can be quite

easily fabricated in a laboratory, the microsphresmnator.
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Chapter Ill. Silica microsphere resonator

Chapter lII.

Silica Microsphere Resonator

I11.1 High Q optical microsphere resonator fabrication

M.1.1 Introduction

To fabricate ultra-highQ dielectric microsphere, several techniques hawn hesed.

Suitable method must produce micro resonator dispjaan extremely smooth surface
and a controlled axial symmetric shape. For thipppse, melting is one of the favorite
techniques Some heating methods reaching the mekimperature for glass materials

(above 1000°C) have been used as gas flamg|a3ér and electric arc

Gas flame a micro-torch fueled with hydrogen is still a amon technique to melt glass.

The earliest work on optical microsphere was basei [28].

CO; laser. CO; laser has a working wavelength in mid-infraredaad10.6 pum), which is
efficiently absorbed by glass, resulting in stromgating phenomena. To fabricate a
microsphere by this technique, a single mode fa#nout coating is tapered and cut-off,
then a silica micro-droplet at the end of tapenadted again. At the end of this process, an

optical microsphere hold on its mother fiber isiaehd [57].

Electric arc: it is another way to achieve the melting proce$sglass. An electric
discharge is coupled with fiber splicing equipmaeritich allows exact positioning and
energy transfer, resulting in reproducible sphéapss and sizes. In our work, the optical
microspheres, tapered fibers and also fiber miensé¢s which were used in micro-ring

resonator coupling are fabricated via electricragiting.
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11.1.2 Experimental Set-up

In the present work, commercial single mode figMF 28) are chosen for the
fabrication of optical microspheres. The choicdghwse fibers is motivated by their ultra-
low losses and low price. This set-up, sketchedfigure 11l.1 can produce silica
microspheres of diameter down to 20 um. To bettertrol the fabrication process, the
single mode fiber and two electrodes connected igh voltage source, are placed and
fixed upon a 3D translation stage in order to ddjne best position of the fiber between
the two electrodes.

The microsphere fabrication process includes tvepsstin the first step, the fiber
coating is cleaved by a stripper tool and dissolggure alcohol (fig. Ill.2a). Then the
fiber is mounted and fixed on a three dimensioraaidlator. After aligning it to the focal
zone of the two electrodes, it is heated by a @isgdh between these electrodes. During the
heating process, a weight connected to the filpeinluces a force that stretches the fiber
out, leading to the formation of a tapered fibethwa reduced diameter (less than 20

micrometers). This taper is cut by melting its bottpart (fig.111.1b).

Fiber

High

High
voltage _'- -4_ voltage
E1 E2

Weight

Figure Ill.1: Schematic of the tapering process.
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Chapter Ill. Silica microsphere resonator

Figure 1l1.2. Single mode fiber without coating,518n in diameter (a), the
tapered fiber formed by cutting the taper bottoi &@nd microsphere with its
stem (c).
In the next step, when the temperature betweenef@ctrodes reaches the melting
point of silica, surface tension immediately shafhestapered fiber into a spherical form
(fig.lll.1c). At the end of the heating processadid optical microsphere which is attached

to the fiber stem is achieved.

Figure II.2 : Photomicrograph of two silica micpdeeres with diameter
approximately of 200 microns (a) and 100 microrjgéBpectively. The spheres
are attached to the end of a tapered optical &tsm.

The size difference of microsphere can be prodbgechanging the tapered fiber size

and length. This set-up is used to fabricate mpheses with diameters ranging from

57



20 um to 400 um. The optical microspheres fabricatethe lab with various diameters

are presented in figure 111.3.
I11.2 Optical coupling of microsphere

11.2.1 Introduction

To characterize the properties of higGhmicrocavities, it is necessary to optically
excite and probe the resonator. In the geometricopoint of view, the WGMs are
confined by successive total internal reflectionsl @ao incoming ray can directly excite
them except by using the original fiber from whitte sphere has been elaborated and
which remain attached to the sphere. Therefordy QigVGMs excitation is performed by
evanescent wave coupling, which utilizes the WGMar@scent field outside the
boundaries of micro-cavity. In the last decadeges&techniques have been used to couple
optical microcavities such as: prism coupler, gpdéshed fiber block or angle polished

fiber coupler.

Prism coupler. The prism coupler is one of the early couplinghteques which were used
to investigate the characteristics of optical mspizere [57- 59]. An equilateral prism
(refractive index N=1.72) was used. The input b&eas focused onto the inner surface of
the prism, at the proximity point with microsphetiee prism is placed at a small distance
(0.1-1A) from the resonator surface (figure 111.3). Thess-section of the input beam was

then optimized to obtain maximum response of a@hd¥G mode.

Laser

Figure I11.3 : lllustration of prism coupling beter a laser beam and an optical
resonator.
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Chapter Ill. Silica microsphere resonator

The laser beam is focused on the “touching poimtier an angle providing total
internal reflection in the prism. Light tunnelsdhgh the small gap between the prism and
resonator. When carefully optimized, this technigaa achieve good coupling efficiency
up to 80 percent [60]. However, prisms have sedeasvback as a low degree of ideal
coupler and spatial mode matching. Moreover, theing alignment of system

components is challenging.

Side-polished fiber blocks is another evanescent coupling technique for dptica
resonators. It consists of an optical fiber buliedjlass or wedged in a metal block [61,
62]. The fiber is polished to the proximity of tbere with a 0.1 pum diamond suspension, a

high quality surface is therefore achieved.

—

Figure II1.4: lllustration of Half-block fiber cougrs

The drawback of this technique is the high leakaigkght from the sphere into the

fiber cladding and into the surrounding block.

Angle-polished fiber coupler:in this method, the end of a single mode fiberaksped to
form a plane face at an angle far from the normahe fiber axis. This geometry favors
total internal reflection of guided light from tHider core. When the sphere is placed on
this surface, it is exposed to the evanescent fietsn the fiber core area. The
configuration provides an efficient energy exchamgeesonance between the waveguide
mode of the SMF and the WGMs in the sphere.
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Microsphere

fiber

Reflection
surface normal

Figure 111.5: Scheme of the angle-polished fibenierosphere coupler

The polished angle is chosen to fulfill the phasgahing requirement

(N : : L
(ozarcsw{ Sph%rbj, where Ngphere is the effective refractive index of sphere and
1

Ny is the effective refractive index of the fiber eoiThis technique gives a coupling
ratio of approximately 60% [63]. However, like thesm coupler, thisngle-polished fiber

coupler is the difficulty of coupling system setiin

Planar waveguide coupling one of the main advantages of this waveguide louyip
method is its easy integration with light wave gity on planar substrates. Typically,

these waveguides are used in a simple rectangulardge waveguide configuration
(fig.111.6).

Figure 111.6: lllustration of Planar waveguides pbers

The planer waveguide coupling technique has beplweapto lowQ microcavities and
is also used for fully integrated high-microresonator structures [64]. However, because
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Chapter Ill. Silica microsphere resonator

of its difficulty to fulfill both phase matching dnevanescent field condition, the planar
waveguide coupler with high refractive index cavéiyows problem to realize efficient

coupling to silica microsphere.

In such case, the tapered optical fiber couplehottan exhibit better properties for
efficient coupling. So in this work, tapered fibeouplers are chosen to characterize

WGMs in silica microspheres.

11.2.2 Tapered optical fiber coupler

Tapered single mode optical fibers have attractéehtion increasingly in the last
decade, due to their large evanescent field awmagtight confinement. They are used as
optical couplers not only to silica microspherest adlso to microdisks, microtoroids and
photonic crystal cavities [65, 66]. Moreover, thésgered fibers find valuable applications
for biosensors, fiber dye lasers and for nonlinemearch and communication [63-70].
Tapering is an easy and efficient way to producewpler with low losses. In the case of
an optical coupler, the fiber is typically tapebavn to the micrometer scale by €laser
or gas flame [71, 72]. It is known that a silicadi is melted at 1100°C -1200°C, so an

electric arc can also be used to taper the odtload, and it is employed in our work.

.2.2.1 Tapered fiber fabrication

Tapering process is described as follows: the fadymer coat of a single mode
optical fiber to be tapered is stripped off ovesn length and dissolved in pure alcohol or
acetone. Then this fiber is fixed on a three adadlation stage and placed inside the gap
between the two electrodes of the electric arcesystA 2-3 mm discharge between two
electrodes is used to heat the taper region whiefiber is stretched apart until the
diameter is reduced down to approximately 2 to &romis (fig. I11.7). By a proper control
of the heating and stretching, we may assume tiatatiabatic tapering condition is
satisfied. The typical final structure of a tapdref consists in a region of approximately
0.5to 1 cm in length. In this region the corelad tnitial optical fiber disappeared, and the

taper become a dielectric cylinder acting as arcaptvaveguide guide inside the cladding.
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Figure 1.7 : Fabrication of a tapered fiber. Rimaicrograph of the waist region
of a tapered optical fiber (a), which exhibits ardeter less than 2 micron shown
in (b).

11.2.2.2 Result and discussion

Considering a constant taper waist zone length @amdexponential shape taper,
according to [73, 74], the taper shape in cylimglrimoordinates withte =0 at end of taper

(fig 111.8) is given as:

hexp ~ for 0< z<—L

( L) 0 Lw 2
rlz,L)=

_ -L Lw

W = rg ex /ZLW for 0<z< 5

In this equationrg, is the initial fiber radius (it is equal to 9 pfor used fiber),L is

(3.1)

the pulling length and.,, called the “hot zone”, corresponds to the lendtthe softened

part of the fiber.

As a tapered optical fiber consists of a circulashape composed primarily of the
fiber cladding of the untapered fiber, it can basidered as a simple step-index fiber with
a refractive index difference af0.45. Therefore, even if the diameter of taperag-n
uniform along the tapered fiber zone length, theraction with a resonator occurs only in

a region of 10 microns, where its diameter is camstSo at the “contact region” or the
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interaction region between the taper and an optigatosphere, the tapered fiber may be

considered as a dielectric rod of constant diameittra step index profile.

v

T L
r — 7

A
A\ 4

A
A 4
A
\4

L/2 L L/2

Figure 111.8: lllustration of the shape of a tapefier: L,, is the taper waist zone
length,w is the waits diameteryis the initial radiusL =2L/2+ L, is the pulling
length.
Fields of a tapered fiber:it is known that in a fused tapered fiber, the came cladding
have been heated and drawn to achieve a narrow. Wais core vanishes and the modes

are those of an air-cladding glass rod. Here therfhas a core index df 5, , a cladding

index of N (Ng = Ngjr =1, refractive index of air), and,, is the core radius of taper

waist. The fields of an optical fiber have well ko [75], here we assume that the fields

are linearly polarized. The radial dependence efitindamental mod€ is expressed as:

eXF{_ Vi (:0 - rW)] if P>y
atJdolksrw)
h B: = 3.3
where B v lkrm) (3.3a)

ki =(k?N? - 87 ; 3.3b)
Kila ¢t

Ve =ai i}ﬂ; (3.3c)
Ko\a tw

Vi =k N =N3 ; (3.3d)
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as =+ B% kN3 (3.3€)

p is the distance from the center of the fiber.

Jo and J; are Bessel functions of zero and first order.
Ko and K; are the modified Hankel functions of zero and fsler.

B¢ is a normalization constant ank is the fiber mode propagation constant. The

field dependence outside of the core is typicaliytten in term of the modified

Hankel function.

Figure 111.9 presents transmission data of a tapefiber obtained simulation
performed with CST software and Figure 111.10 preasesome experimental results. CST
Microwave Studio is a well known software in therldoof microwave studies, but maybe
not in the world of optical studies. Neverthelessigidering the principle of calculation
(finite elements) and the method which is impleradrthere is no reason for this software
not to give good results. Of course the results mesented as usually in microwave

studies that means in term of S parameters, alswkias Kurokawa parameters.

Let us remind that these parameters respectivelsepit a reflection coefficiers; at

a connection (or port)i*and a transmission coefficier§; from port " to port “i".

CST
u

Figure I11.9: Propagation modes of Gaussian beamtapered fiber by CST
Microwave Studio simulation.
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Figure 111.10: Tapered fiber (a) Simulated transsioa results and (b):
Experimental transmission results of tapered filoign waist taper of 2um,
L ~5mm, the laser power is 4 mW.

Assuming an input power of -40dB coupled into thper fiber with L=80 um and
waist taper of 1um, when the laser is tuned frordOltm to 1580 nm, the output
transmission of taper fiber depends on the opeyatiavelength. For a wavelength range
between 1540 nm and 1580 nm, the minimum transomdsiss is approximately -43dB.
However, at the operating wavelength range useahdr@550 nm, the variations of losses

in the taper is rather small, approximately 2 dB.

For an experimental fiber taper with a length L5ahm, a waist of 2 um, when the
laser beam with a power of 4 mW (6.02 dBm) is cedpin to fiber, at operating
wavelength ranging from 1540 nm to 1580 nm, theuwiutransmission of tapered fiber

present significant losses of power when it pasddper region. For example at 1540 nm,
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the output power is-105dBm at this wavelength, the power laser loss is apprately
165dB at the waist of the taper. This loss is el@eed to 145dB at wavelength 1580 nm.

From the experimental output transmission curve ¢éper fiber, shown in fig. (Ill.7c),
and considering the whole operating wavelength earige average power losses are

155+1dB. Consider that the total attenuation in a tapditeel includes material losses
(amat) and losses at the taper region Qi) we have:
_ _ Pn
Ototal = Omat + Atap =| 10l0g) —— |/L [+ Qtap-
Pout

However, ama = 02 dB/km for single mode optical fiber at wavelength around

1550 nm. So here, the material losses in tapebed s small and can be neglected. Then
the loss in the fiber is defined by losses in tlastvregion (losses by the small waist of the

taper, or by non-uniformity of taper length).
111.3 Excitation of WGMs with a tapered fiber

111.3.1 Light coupling to and from a microsphere

The optical energy transmission between a singleemcal’eguide and a single cavity
can be described through the model proposed in[Tél. In this simple method, the

internal cavity field is given for resonant exdibat by the following equation:

da 1[{2 .
—=-—\ky +o“a+ikyS 3.4
ot 2(ko )a 0 (3.4)

where a denotes the energy amplitude in the caviais the intrinsic resonator loss

(round-trip power loss coefficientkg is the external coupling coefficient ar@l denotes

the input wave amplitude. The first term of equati®.4) represents the total energy
amplitude loss rate of the cavity due to the irsicrresonator loss and external coupling.
The last term gives the excitation of the resonatpithe waveguide with the coupling
coefficient ky. The transmission through the waveguide consista superimposition

between the amount of optical power not coupled ihe resonatoty = plus the amount

coupled out of the cavity [77], which given by tepression:
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T =ty +ikoa/ ¢ (3.5)

and in the steady state, the transmission canfieedeas:

_ 2
T= (L E] (3.6)

The coupling parameteK is defined as the ratio of the coupling coeffitibatween

waveguide and resonator to the intrinsic resorags.

In general, when coupling occurs between two wansgu(or between a waveguide
and a resonator), there will be cross-coupling kbetwall optical guides and radiation
modes available (figure IIl.11). Therefore the dmgp between a fiber taper and a
microsphere resonator is more complicated tharstimgle single mode coupling model
used above. In this case the effects of a resoaatba taper fiber (waveguide) are twofold
from the input fiber mode into a resonator mode emapling from each resonator mode
into all fiber modes. By using an adiabatic tajiteis possible to establish the fundamental
taper mode. However, an excitation resonance madéransfer power back to many taper
modes as fundamental and higher order modes. By@gddditional loss terms (the effect

of higher-order waveguide modek; & ) @nd of radiation modek,;q > ,Q@he equation

(3.4) can be rewritten as:

da_ 1 :
E:_E(zi kZ +k2g +02)a+|k08 3.7)

Assuming that the power coupled into higher-ord@et modes is lost, equation (3.7)
can be considered as a proper description of fthper transmission, the coupling
parameterK being now defined as:

e S \
> ok kg +0?)

(3.8)

67



Resonator los®

Input Output
— —
TSN

output higher
order mode

output radiation
mode

Figure Il.11: lllustration of coupling and lossrpaneters in a taper-micro-
resonator system. The input field is a fundameafaér mode which couples into
the resonator with a coupling coefficieky .The output field includes the

fundamental taper mode and higher-order taper medkescoupling constantkg
andk; , respectively. The round-trip resonator intrinsowver loss iso”. The
higher-order taper modes are radiated or couplethtiding modes.

K is defined as the ratio of the desired taper finede power coupling to the total
system power losses. The coupling fackorcan be decomposed into two factors such as

an intrinsic contribution expressed by:
2
KM:E% (3.9)
o
and a parasitic contribution expressed as:

2
_ ko
K. = (3.10)
p 2 2
§ ,i¢0k0 +Krad

Equation (3.8) can be rewritten as:

K=Kt +Kp! (3.11)
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The ratio of the power coupled into the desired en@d this case the fundamental

HE;1 mode) to the amount of power coupled into all nsodadeality given by:

% 1
2.2 B -1
zizoki +krad,T 1+ Kp

(3.12)

K can be obtained by measuring the dependence wfliog with respect to the

tapered fiber-resonator gap and inverting Eq. (fa@e expressed as:

1+ ﬁ kg exr(— yog)
=K = 3.13
1T KPexpl-yg)+0? 54

Yo, Vi are spatial decay rates (versus gap therefore, withg =0, k3; exp- o)

corresponds to zero separation (zero gap). Therupges are denoted for transmission

values in the overcoupled regime and the lowerssign the undercoupled regime. In the

case ofki2 > g2, the relationK ™t = Kiﬁ%+ K,;l results in a roll-off ofK for small gap

distance due to parasitic coupling. In caseki6f< o?, the higher order mode coupling is

masked and a lower bound can be established.
111.3.2 Experimental observation of WGMs

1.3.2.1 Experimental setup

This section presents a brief description of oupegdnental setup, which has been
used to characterize output optical generation iafaaphere (figure 111.12). An important
part of this setup is a tunable laser source, @ieloto scan the spectral of the resonator and
to evidence its resonance wavelengths. In this wibek laser source is an external cavity
laser system (Agilent 81940A compact tunable |laserrce), which can be tuned without
mode-hoping, its specifications are listed in tablld. Another part of the coupling setup
IS a polarization controller used to match the po#dion of the laser light with the
polarization of the resonator mode. An optical algipower 4 mW) from the laser (tuning
range from 1520 nm to 1630 nm) is coupled to thermsphere via a tapered optical fiber.

The transmission signal in the microsphere was leaupack to optical fiber and measured
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by a power sensor module (photodiode), which prewithe wavelengths and intensities in
mW or dBm. Then the output signal transmissionlagte@d and displayed by a computer,
then we can extract both the image and data of unedsignal transmission. The distance
between the resonator and the taper fiber can bieatied by three translation stages. By
scanning continuous this distance, it is possibladentify various coupling regimes:

undercoupling (intrinsic resonator losses biggamntltoupling losses), critical coupling

(resonator losses equal to coupling losses) anccowpling (resonator losses smaller than

coupling losses).

Parameter value unit
Wavelength range 1520-1630 nm
Wavelength resolution 125 (at 1550 nm) MHz
Wavelength stability +25 pm
Linewidth 100 kHz
Maximum output power >+10 dBm
Power linearity +0.1 dB
Power stability +0.0075 dB/hour

Table IIl.1: Specifications of the Agilent 819404nable laser source

I
| Xyz |
I control || 1
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Figure I11.12: Experimental setup for charactenigthe spectral response of
WGM resonator.
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Chapter lll. Silica microsphere resonator

Here, we want to describe the coupling processeitaid First a tapered fiber is
mounted and fixed on a three-axis translation statpech allows a fine positioning of the
fiber. Then a silica sphere is mounted on anotieet axis-translation stage with the finely
tunable step. When the microsphere is placed hoevanescent zone of the fiber taper,
by scanning the tunable laser diode, the taperubignal is monitored with a photodiode
at the far end. A photograph of the coupling ofetagl fiber and silica sphere is shown in
figure 111.13.

Figure I11.13: A top view microphotograph of theugding between a tapered
fiber and a silica microsphere. Tapered fiber wigist 2 microns, the diameter of
the sphere is=100pum and the gap between taper and sphere is <rifhms case.

1.3.2.2 Excitation of whispering gallery mode

In the waist region of the tapered fiber as desctim section 111.2.2, the fiber core
disappeared; therefore light travels in fundamentatie along the waveguide formed by
the silica waist surrounded by air. The typicaksif the tapered fiber waist ranges from 1
to a few micrometers. Because the waist is smhad, fundamental mode displays an
evanescent tail extending significantly to the gpsierrounding the taper, so that the mode
propagation constant is a function of waist radiesr the tapered fibers used in our
experimental set-up (waist diameter ranging frord iicrons to 4 microns), the

dependence of the propagation constgat of the fundamental taper mode on the taper

waist radius can be expressed in [74] as:
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2
BF =k?N? —(Z%OSJ (3.14)

where N is the refractive index of fiber ankl is the free-space propagation constant of
the light.

A microsphere is placed in the evanescent fielcezufithe taper fiber at its equatorial
region. The gapy between sphere and tapered fiber is approximaedyl um. The light
beam from the tunable laser is coupled into thertapd excites only TE mode. When the
tunable laser wavelength is scanned, for exampha ft562 nm to 1572 nm (10 nm span),

resonance dips appear in the transmitted sigrralr@illl.14a).

To estimate the Q factor of this microsphere, wangxed a single resonance dip in
the WGM spectrum (figure 111.14b). At 3 dB from tlagp minimum of the resonance at

Ares =156747nm, the resonance line widthAds is estimated to 0.0047 nm,

corresponding to a calculated quality factor of mereQ:E:Q%lOe’. In
res

general, the free spectral range of resonator earalzulated by equation (2.34 or 2.35). In
practice, the FSR value of this microsphere camldiermined from experimental WGM

spectrum of a 90 um diameter sphere. Using an ewpetal transmission spectrum of a
90 um diameter sphere, the laser source being titopd 1562 nm to 1572 nm, the FSR

(i.e. the spacing between two consecutive peaks) is

A/‘FSR: /11567.472_/11564.719: 267nm. Within a Wavelength range of 10 nm, thd,:SR

is approximately 2.& 0.3 nm. From fig. 1ll.14a, we can see that theeexpental WGM
spectrum is rich. This indicates that the lightgled out of sphere is not fully injected into
the fundamental fiber mode € |n). Other azimuthal modes with# |nj are also coupled
out of the sphere. These modes are generated hobgrbackscattering (extracting the

light out of the cavity and launching it back irttee fiber) but also by the effect of the
coupling gap distance between the microspherelanthpered fiber.
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Figure Il1.14: The transmission spectrum for migiosre-taper fiber system. In
this case, the diameter of the sphere 8um and the taper waist sizgis2um.
(a): the black curve is the transmission signdhefsole tapered fiber (laser is not

coupled into sphere), the red curve shows resorgipsdor microsphere-fiber

coupling at operating wavelength region from 1562to 1570 nm ; (b) a
resonance dip at 1567.47 nm witg\yypm = 0.0047  noorresponding to a

quality factor3x10°.

11.3.2.3 Gap effects on output spectrum

As shown in figure 11l.15a, at the gap distarigem > g >%n we can see the rich

spectrum of WGM resonances. It is possible to bay &t this distance, the 2 um tapered
fiber permits the backward propagating light withive fiber as the initial propagation

direction was forward. When the gap increasgs {um), the resulting spectrum (figure
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[11.14b) is much cleaner than the above one and nbmber of higher-order modes
excitation is reduced. However, increasing the depance between sphere and taper

induces radiation losses to low order modes.
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Figure II1.15: Transmission spectrum of a microsgheith a 120um diameter.

Taper size ip~ 2um. Output signal at (@< 1pm and (b)g= 1um @ is the air
gap distance between the fiber taper and sphere).
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Chapter Ill. Silica microsphere resonator

In order to gain a better understanding of the gfigct on WGM using a tapered-
microsphere coupler, the gap distance betweenillee &nd the sphere is finely changed
and the resonator is modelized using CST Microw&tadio® software. In this
calculation, the diameter of microsphere and waiisaper are kept constant at 25 pum and
1 um, respectively. The gap takes the values 1X08,nm, 200 nm, 400 nm, 600 nm,
800 nm and 1000 nm. The frequency dependence dditmglated transmission spectrum
of the microsphere is presented, for different galpes, in figure 111.16. This curve shows
that the output intensity from the micro resondtecomes stronger and that more radiation
energy is stored in the resonator when the gapriistincreases. For examplegat 1nm
the output intensity dip is -48.01 dBm at 194.287Tid frequency (or 1544.163 nm in
wavelength). Wheg increases to 100 nm, the output intensity dip%30 dBm and it is -
59.23 dBm whermy increases up to 400 nm. However, the output iftiebecomes weaker

when the gap value continue to increase (figur@8)l For example ag =600 npthe

output intensity dip is -58.58dB and it is -49.52aBy =1000 nm.
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Figure I11.16: Simulation results of the microspé¢apered fiber coupler system.
Transmission spectra are calculated for differeqt distances (1 nm to 400 nm).
In this case, the sphere diameter is D=25um anw#ns of the taper fiber is

p=1lum.
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11.3.2.4 Q factor and FSR

In order to study the excitation of the WGM resanamicrospheres with different
diameters are characterized. The resonance spédtieee spheres with diameters 60 pum,
90 um and 150 um respectively are shown in figUr&7. For sphere with a diameter of
60 um, the free spectral range of the strongesinegsr peaks (n=1) is determined to be
6.2+ 0.6 nm with a wavelength range from 1560 nm to61®h. A quality factord/AA
of 1.1 10 is calculated from the resonance peak at 156InB89Assigning the major
peaks to correspond to the fundamental WGM modg)(rtke azimuthal WGM number of

this sphere can be calculated by NXx, Wherex=2% is the size parameter arais

diameter of sphere. For resonance peak at 1560/%39the WGM numbers are

| =m=2350 and they aré = m= 347or resonance at 1574 nm in figure Ill.17a.

Experimental results Calculation
Diameter of sphere oh q b
FSR(nm) | Ares (NM) P lefinr;’()ne:rium € Q factor

60um 6.2+0.06 | 1561.589 350 ~ 10

1567.794 348

1574.054 347
90pm 2.7+0.6 1562.72 525

1564.719 524

1567.472 523 ~ 10

1570.739 522
150 pm 1.03+£ 0.3 | 1570.841 870

1571.723 869

1573.937 868 ~10°

Table IIl.2: Experimental resonant wavelengths assigned mode numbelrs n
for three silica microspheres.
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Chapter Ill. Silica microsphere resonator

1561.589 nm

(@)

60 pm diameter 1567.794 nm
FSR =6.2 £ 0.06 nm
1574.054 nm
IIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII
1560 1562 1564 1566 1568 1570 1572 1574 1576
Wavelength, nm
£ 1562.72nm
£ 1570.739 nm
£ 1564.719 nm
b E 90 pm diameter
E FSR =2.7+0.6 nm
f 1567.472 nm
1562 1563 1564 565 1566 1567 1568 569 1570 1571 1572
Wavelength, nm
E 1572.925 nm
’ 1571.723 nm
i 1570.841 nm .
(C) 1 150 pum diameter
E FSR =1.03+0.3 nm
] 1573.937 nm
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Figure I11.17: Transmission spectra of three dégf@rmicrospheres. (a):
wavelength range: 1560nm-1576 nm, FSR: 6.2tr06; (b): 1562 nm-1572 nm,
FSR: 2.7nnt0.6; and (c): 1570-1575 nm, FSR: 1.03xn3.

77



The experimentally observed resonant wavelengtbsttaa calculated mode numbers
of the fundamental radial mode € 1) for three difference microsphere sizes are prtesen
in table Ill.2. Sphere mode number is calculatethatrefractive indexN = 14%f silica

for all these spheres.

The taper coupling mechanism is in general modecteg; the input fundamental
mode is coupled into microsphere and is outcoupladapered fiber. But as shown on the

transmission spectra of the spheres, the taperdiogumechanism allows to excite higher

azimuthal modes|ifj <1).

505107 —
AApsy

T AR ‘* e
TTh e A

10 |l

Trarsmission

-0 - n=>=2

-20 H

40 n=1

T T T T T T T T T T T
1536 1837 1538 1539 1540 1541 1242 1543 1544 1545 1848
Wavelength. nm

Figure I11.18: Transmission spectrum of a microgghaith diameter of 60um.
The strongly coupled modes are considered as fuediradial modes (n=1),
and the weakly coupled modes are indentified alsdnigrder coupled modes
(n>1).
It can be seen in the transmission spectrum of @asphere with 60 um diameter (fig.
[11.17) that besides fundamental modes, the tapedal fiber can efficiently excites

higher order azimuthal modes.
l11.4 Excitation of WGMs with fiber tip

In the above section, we presented results on oy the evanescent field of WGM

resonator by a tapered fiber. In this experimes&tup, we want to present another
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Chapter lll. Silica microsphere resonator

technique to characterize the optical propertiesnafrosphere. Upon laser wavelength
tuning the resonances of sphere are observed asarese dips. Additionally, when the

resonance condition is fulfilled, a small fractiohthe light in resonant mode is scattered
out of the sphere. To collect this scattered lightip fiber fabricated on the top of a single
mode optical fiber was employed. This tip is plagedhe evanescent field of sphere at a

point close to the sphere equator. The brief dgson about tip fabrication is presented in
the following section.

11.4.1 Fiber tip fabrication

A single mode optical fiber is cleaved and clearea] then mounted on a three
dimensions translation stage and placed into thal foone of two electrodes. The fiber is
heated by an electric arc and drawn until the ddsiip is achieved. Finally we obtain a
500 pm long fiber tip with a diameter of 1 um-1r& |as shown in figure 111.18. After
heating and drawing the fiber to reduce its diam&iel micron, the cladding of fiber
disappears, therefore the fiber tip operates as\aeguide with a core refractive index of

N#p = 145 and cladding refractive indeMq ;g = dorresponding to the air

Figure 111.19: Photograph of a fabricated optiaghEf tip with length of tip
~500um and tip diameter1lum.

111.4.2 Excitation of whispering gallery mode by fiber tip

1.4.2.1 Experimental setup

The schematic experimental setup of a tapered-fiberosphere-tip fiber coupling

system is shown in figure I11.19. In this setup tlght from the tunable laser is coupled
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into the sphere via a tapered fiber with a waistapproximately 2 um. The output
transmission signal is measured at the end ofiphélter and displays resonance dips.
Close to sphere equator, the fiber tip is positibtoecollect the scattered light that goes out
of sphere surface. The polarization controllersedito matching the polarization of the
laser light with the polarization of the resonatowde. The distance between the resonator

and the tapper fiber can be finely controlled lilirae dimensions translation stage.

For optimizing the gap distance between the tierfiand the equatorial zone of the
sphere, this tip fiber is mounted and fixed on haothree-axis translation stage, which
allows for fine positioning. The scattering ligtdollected by the tip and monitored with a
photodiode at the other end of the fiber. A phatpgr of the tapered fiber-optical
microsphere-tip fiber coupler is shown in figure20a.

Power
sensor

USB/GPIB
Interface

O
_ s
Tip-sphere

/

Figure [11.20: Schematic of experimental setup.htig coupled into the sphere
via a taper fiber; resonance dips are detectetdsoration at the other extremity
of the taper fiber. Scattered light is detectedth@tip fiber.

With this setup, we are able to characterize thensity distribution of WGM and to scan
the influence of a small scatter located in thenegaent field on the degradation of the

optical response of the resonator in real time.
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Chapter lll. Silica microsphere resonator

Figure 111.21: A photograph of taper fiber-microgpe-fiber tip fiber coupler. In
this case, the sphere used here has a diameténoh9the waist of the taper fiber
IS p =~ 2um; the tip diameter s 1um.

.4.2.2 Scattering spectra

In order to measure intensity of the scattered na@soce peaks of microsphere
resonator, the single mode fiber tip is placed eltwisthe sphere surface at its equatorial
zone to collect the light from the evanescent fiflde distance between tip and sphere
surface is kept constant at 1 um approximately.ypical scattering spectrum of a
microsphere with a diameter of 90 um is shown gurie 111.21. The inset zooms into a
mode at 1562.21 nm wavelength with a full widtihalf maximum (FWHM) of 0.009 nm.

This FWHM value corresponds to a Q factor1of x10°. The free spectral range of this
microsphere is determined from this scattering spet When the laser is tuned from
1562 nm to 1572 nm, the FSR value of this resondt&iermined from the scattering
spectrum is 2.5& 0.57 nm. On another hand, the FSR value is foondet2.8: 0.3 nm

when investigating the absorption spectrum of mhisrosphere collected by the previously
used tapered fiber (upper curve). The small diffeee between the two FSR values
(approximately 0.2 nm) can be explained by a difiee in the coupling position of
tapered fiber and fiber tip with respect to the nosphere equator. It is known that the

mode in a dielectric sphere is characterized byenmagmberd, m andn [17, 79], where

| is approximately the number of wavelengths pacikuhg the circumference of the

resonator,m is the azimuthal order number amd is the mode number of intensity
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distribution. In a perfect spherical resonator, s®tiaving the same and| values are

degenerate, but in a real sphere, due to a ficiterdgricity which is typically smaller than

10_2, this degeneracy is lifted, and leads to a mo@eisg of several hundreds of MHz.
Moreover there a splitting of modes because ofr téierent polarization (TE and TM

polarized modes).

When a tip is close to the surface of the sphéme,etvanescent field of the mode is
converted into propagating waves within the fibEffective scattering is desirable for
near-fields microscopy in order to enhance thediabde signal. With this experimental
setup, it is possible to achieve coupling via ar4fiedd probe of the microsphere. The
fundamental modes are identified via the scatteesdnant modes. The result shows that
this technique could be used to characterize aosptrere resonator and its optical mode

structure.

Transmission
TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | TTT | T
Buueneoss

LIV J‘;.J.,.LJLLLL Ay Vi M ALl_LLA .‘LA.LM.L__L l,...km AN o) AL A.L;A.ul.“ L‘“‘ 1

1562 1563 1564 1565 1566 1567 1568 1569 1570 1571 1572
Wavelength, nm

Figure I11.22: Scattering spectra as collectedHhzytip fiber for wavelengths tuned
from 1562 nm to 1572 nm. The inset shows a narromate at 1562.21 nm with

AAgpwm = 0009nm corresponding t@Q = 1.7x10°.

In order to investigate the excitation of WGM viathh coupling methods: tapered
fiber and tip fiber. The experimental FSR valuesndtrospheres are determined and

plotted as function of the sphere diameter (figurg2).
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Chapter Ill. Silica microsphere resonator

From equation (2.35) FSR depends on the sphereetkanHowever, on the basis of
the experimental results from microspheres wittied#int diameters, the calculated FSR
can be inferred from a fit with experimental FSRues (fig.111.23, red curve). From the
red curve, it can be clearly seen that FSR willréase when the microsphere diameter
increases. For example, a 60 um microsphere diamisfdays an experimental FSR value
of = 6.2 nm (or 774 GHz), but this value decreased.fonfth (25GHz) for a 300 um
diameter sphere.

As presented in section 111.4.2.1, a polarizatiantecoller is used to matching the
polarization of the laser light with the polarizatiof the resonator mode. The transmission

spectra of the microsphere for two different paation are shown in figure 111.24.

- 800
7.0 -

6.5 — — 700
6.0 C
5.5 == Mg — 600
5.0
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A)\FSR (nm)
(zHD) ¥s4 v

3.0 - 300
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2.0 - 200
1.5 C
10 — 100
0.5

40 80 120 160 200 240 280 320
Diameter of sphere (um)

Figure 111.23: The free spectral range for the reswe peaks, corresponding to a
fundamental microsphere mode£1, m=1), depends on the sphere diameter at
operation wavelengths within 1550 nm region.
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Figure I11.24: Transmission spectral of microspheteen laser scans from 1569
nm to 1570nm. The sphere with diameterdf00 pum, waist of taper fibgr=
2um, the tip diameter s 1um.
Figure Il11.24 shows that the TE mode shifts to sowavelengths while the TM
mode weakly shifts to longer wavelengths. From &qna (2.35), the radius of sphere can

be expressed as:

a=— & (3.15)
27NAV|:SR
with the index refractivé\ of sphere being determined as:
N AMEsR (3.16)

- 2 2
\/MFSR‘ AN —TE

As we have previously explained that in an optatetsmic oscillator system (OEQ),
the long fiber loop acts as a delay line providangpectrally pure high-frequency signal.
Such an OEO configuration, for a small size systerohallenging because of a long fiber
delay is obtained for some kilometers of fiber. Btorer, the fiber delay is sensitive to the
surrounding environment. Here we will examine whkettve can replace the long fiber

loop by an optical micro-resonator in an OEO systéfith the assumption that the OEO
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Chapter Ill. Silica microsphere resonator

system operates at the frequency foE 8GHz, we can infer the radius of microsphere,
which is needed for obtaining this frequency, frequation (3.15). For example, for an
OEO system operating at 8 GHz and a wavelength56D hm, a silica sphere with a
radius of= 4 mm is required. However, with electric-arc systave can only fabricate

small microspheres (from 20 um to 400 um) as coetpao the radius of the desired

sphere£4 mm).

Therefore, in order to investigate a resonator tteat be employed in an Opto-
Electronic-Oscillator system working at the aboventioned GHz range, another type of
resonator must be designed and fabricated. Itsacterstics are presented and discussed

in the next chapter.

111.5 Optical taper-microsphere coupling simulation

CST Microwave Studio® is a fully featured softwgvackage for electromagnetic
analysis and design in the high frequency rangedeUrthis software, we present a
theoretical study of the taper fiber- silica migbsere resonator coupler. The light
propagating within the microsphere is coupled tapsered fiber with a fixed diameter, and
we investigate the simulation results of the outpegonance mode when changing the
coupling distance. Resonators with different diarsetare studied. The first part present
simulation results on tapered fiber and the sequard is developed to couple the taper
fiber and sphere resonator. The study focuses@ddkign and realization of silica sphere

resonator with small diameters (smaller than orlémater).

1.5.1 Simulation of tapered fiber

The results of the phase-matching presented in#2f.reported that, within a small
range of fiber taper size, matching of the propagatonstants between a tapered fiber and
a sphere can be seen over a wide range of spharetirs. For a sphere resonator with a
diameter smaller than 30 um, a waist size of tdjpar p < 1.4pum is chosen for this

simulation. The total length of taper fiber is 10@, its waist size ip = 1 um and waist
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length is 70 um. The signal is coupled into poof $ample and collected out at port 2, and

the input wavelength ranges from 1530 nm to 1620 nm

Fig. lll. 25 shows the TM mode that is excited &peér and the optical field

distribution obtained by simulation with CST Micravwe Studio.

The frequency is expressed as:

and fgy = 2 (3.17)

fmin = 1
max min

where Amin, Amax are minimum and maximum input wavelengths, respalgtand cg is

the velocity of light.

Opm

Figure 111.25: TM mode in Taper fiber and its siratdd optical field distribution

by CST software.

The output plot showing the output transmissionaagunction of frequency is
presented in figure II1.9b. In this simulation, thansmission of signal by the taper
depends on the input wavelength. For an input veangth of 1540 nm (at 194.805 THz),
the return loss equals to 41694dB. When the input wavelength increases, the retss |
decreases, it reaches the minimum of -42.787 dBafdr580 nm (189.873 THz) input
wavelength. When compared to the experimental teesfiltapered fiber, it shows that the

frequency dependence of the transmission specwughty agrees with data of fig. 111.9.
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Chapter Ill. Silica microsphere resonator

11.5.2 Taper-microsphere coupler

In simulations, the microsphere and taper fibercaeated from silica material. Let us
assume that a sphere with a diameter of 25 pnuigled to the tapered optical fiber with a
waist radius of 1 um, its length being 70 um. Tloepting gap between fiber and the
microsphere is changed for each simulation. Theoaading medium is assumed to be air.
A continuous wave light is incident into the leftceof the taper and light is collected at the
right end. The wavelength of the incident lighttimed from 1530 nm to 1620 nm
(corresponding to the 185 - 197 THz frequency ran@lee computational resolution of

wavelength is 0.1 nm. The taper-microsphere couglsinown in figure 111.26.

air
Microsphere
Optical D=25pum
taper fiber
l air gap
— —
lightin light out

Figure 111.26: The simulation model

First, the electromagnetic field and radiation ggelireld of the WGM resonator are
calculated for excitation resonance frequenciegimgnfrom 185 to 197 THz. For total
multiple reflection, optical whispering gallery mexsl have small evanescent component
that are located very close to the surface of pineie. These modes correspond to the light
trapped in circular orbits just below the surfaéestoucture. Considering that the value of
| (angular mode number) is close to the number ofeleagths that fit into the optical
length of equator, the value-m+1 is equal to the number of fields along the polar
direction; the mode numben is equal to the number of field maxima in the dlii@n
along the radius of the sphere. The distributiothefelectric field and the mode numbers

are clearly visualized in figure 111.27

87



o

H"‘-'-L.- l-:"_'

outside view Cross section view

Figure I11.27: Distribution of the electric fielshimicrosphere with diameter of
10 um, taper waist is 1 um. TE-mode with mode nunmbel and m=1 = 24.

111.5.3 Transmission spectrum

After setting up a taper-resonator coupler, thasmaission coefficients$p, in term

of S parameters) are calculated and measured. Thesiimstlation result is presented in
figure 111.28. In this simulation, a microspheretivdiameter of 25 um has been used. It is
coupled with a tapered fiber with a waist of 1 unda length of 70 um, the air gap

between taper and sphere being 0.4 um.
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Figure 111.28: Simulated transmission coefficieftactaper-resonator coupler
calculated by CST software. The microsphere haaraater of 25 um, the waist
of the taper is 1 um and the coupling gap is 0.4 um
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Chapter Ill. Silica microsphere resonator

In general, total quality factor of taper-resonatoupler can be expressed by:
-1_~-1 -1
Qr™ = Qntrin * Q¢ (3.18)

where Qnin - IS the intrinsic quality factor of the resonatmdaQ. is indentified as the

external quality factor of cavity (losses caused ibyut and output coupling of the

resonator) [80]. This external quality factor candalculated from equation:

C

1= 20|0910(&j (3.19)
Q
And the quality factoiQy of the resonator can be determined as:

f
Qr=—-Tes— (3.20)
Afres, 3dB

where fg is the resonant frequency aidi.s 34 is the linewidth at- 3dB of resonance

peak. From the simulated parameters of taper-résocaupler in fig.111.28, the quality

factor depending on resonant frequency of the esomnder simulated CST is inferred.

f

fres (THZ) Afyes 398 (GH2) Qr = Afi

res,3dB
186.623 (§re=1607.52 nm) 4.6 4057
188.529 Kres =1591.26 nm) 4.7 4012
190.458 (§,e=1575.15) 4.3 4429
191.437 Kres=1567.09 nm) 4.6 4161
193.355 Kres= 1551.55 nm) 4.1 4751
194.324 Kes= 1543.81 nm) 4.1 4739

Table [11.3: Total quality factoQy of the resonator with 25 pm diameter,
g=0.4 um at difference resonant frequencies.
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11.5.4 Coupling gap and resonance parameter

Three major parameters can reflect the charadteristf an optical resonator: the
energy storage capacity, quality factor value (mered as number of times that a trapped
photon can be expected to cycle in the cavity), sadous losses due to the cavity
(scattering or other out-coupling). These phenontamabe determined by the broadening,
the wavelength shift and the amplitude of the rasor line. In practice, optical coupling
from a taper fiber into WGMs of a silica microspleshould be mentioned as a

phenomenon which may affect ti@ factor.

The couplingQ, factor is defined by WGM losses related especialjeakage into

the coupler. It can be approximately determined &mction of the coupling gap between

taper and microsphere as [81]:
% N3N 2
2 -
Qe =102(3j Mm';l_—l)exd&g) (3.21)

herea is the radius of microsphere,

g is the coupling gap between taper and sphere,

A is the wavelength of input light,

g is denoted as the radial mode number (it is tyiyicamaller than 10 for modes confined

close to the sphere surface),

y relates to the wave number and is expressedyassk(N2—1)y2 where N is the

refractive index.

Equation (3.20) shows that the whispering gallergden resonance line width is

related to the total quality factor of cavity, whiccan be written as:
}/ = }/ + }/ , here Q. is the external quality factor an@,i, accounts for
Qr Qe Qintrin

cavity loss properties such as scattering and w@tem. Therefore, from equation (3.20)
and (3.21), the coupling gap which affect the qudiictor can be determined by:
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_ f — f Q trinj
Af =_fes—__res 1, n 3.22
res(g) QT Qntrin ( Qc ( )

here Af,og and f,og are respectively the linewidth and the resonaresguency position.
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Figure 111.29: Simulated paramet&;; of a taper-resonator-coupler calculated by
CST. Microsphere diameter is 25 um, the waist pétas 1 um, the coupling gap

is tuned from 1 nm to 1000 nm, and operation wangtleis in 1543 nm region.

From the gap dependence of the microsphere reseraaeks occuring within the
1543 nm wavelength region as sketched in figur€9lithe total quality factor Q can be
experimentally determined from the resonance lidéwiAs the coupling gap varies from
1 nm to 500 nm, the quality factor first increasesches a maximum and then decreases

for g >400nm when the coupling gap increases (see Figure )LI-BOis behavior is quite

91



expected, as for gap coming close to this valueatin@litude of the evanescent wave

becomes negligible.
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Figure 111.30: Plot of the total quality fact@®; as a function of the coupling gap.
Qr is calculated directly from resonance linewidthasigements figure I11.29.

Another parameter that can be used to explore dlee of the taper-microsphere
separation is the fraction depkh of the resonance dip. The factor can be expressed as

a function of the coupling gap and intrinsic quafdactor as [81]:

K = XnuinQc> | 4Qr7* (3.23)
(antrin +Qc)2 Qintrin + Q¢

where I describes the mode matching between taper andspicere. The case df =1
corresponds to ideal mode matching condition. Ia tlase, input power is lost inside the

resonator (the output power becomes zero). Thisneds also called as critical coupling.

In the case of critical couplingk =1. Critical coupling can be obtained untit? >1
(partial matching), in this regime, it is consicttras non-ideal matching. In this case,
leakage into other modes can be considered asiadditinternal losses, and critical
coupling is obtained with a lower quality factqQy . A comparative plot of the linewidth as
a function of the coupling gap is shown in figule3lL. The linewidth presents a minimum
value at the optical gap value of 400 nm correspantb the highest quality factd® of

resonator.
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Figure I11.31: Plot of the microsphere resonanoewidth, with a polynomial fit,
as a function of taper-sphere coupler gap.

When the coupling gap changes, the transmissionvdoious WGM in a 25 um
diameter silica microsphere is modified. The tafdeer diameter was chosen to optimize
phase matching to the fundamental whispering gallesde (m=1, n=1). By adjusting
the taper position to the sphere equator, the funetdal WGM is obtained, and figure
[11.32 shows resonant transmission versus coughegoosition change.
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Figure 111.32: Plot of the output intensity dip geis the taper-microsphere coupler
distance (polynomial fit) for a low radial mode € ) dand fundamental WGM
(m=1).
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A clear minimum of intensity versus coupling pasitiis apparent in this figure; we
can consider that this distance corresponds taritieal point. The role of taper diameter
is considered to result from phase matching mobtkesen. This result gives the ability to

detect the critical point in a taper-sphere coupler

In order to investigate the dependence of resonanaricrosphere diameter changes,
we have obtained transmission resonant dips for dvffierent microsphere sizes with
excitation frequencies ranging from 192 to 194 TRasonance property data such as
resonance frequencies and their corresponding wagtils, and quality factor are

presented in table I11.4.

_ Resonance Excitation
Sphe(rsrgl)ameter frequency (fres) wavelengthAes Quiality factorQ

(THz) (nm)
192.564 1557.923 3156.78

25 193.501 1550.379 3171.78
194.437 1542.916 2700.51
193.353 1551.566 4394.38

30 194.305 1543.964 4416.02
195.261 1536.405 4339.13

Table IIl.4: Resonance data from figure 111.29 fao microspheres with
D =25um and D =30um. The coupling gap is fixed at 0.4 um, and thertape

waist is 1 um for both cases.

From figure 111.33, it can be seen that three entiesonance frequencies appeared
within the considered frequency range. The quddittors of these resonance modes vary
between 2700 and 4416. The resonance frequenayaigeor two spheres slightly vary
between 0.94 and 0.96 THz. The increase of micergpkize increases the resonance
frequency. The increase of microsphere size resuoltshe increase of the effective
traveling distance of light in the microsphere. éwtingly, light requires a longer
wavelength to match the resonance condition urfdesame resonance mode. Therefore,
the resonance frequency will decrease.
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Chapter Ill. Silica microsphere resonator
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Figure I11.33: Simulated transmission of taper-regor coupler calculated by

CST software. Microspheres diameters are 25 pne (@wve) and 30 um (red

curve). The waist of the taper is 1 pum and the bogmap is 0.4 um. It shows

WGM fundamentals witm =1, | =73, andn = 1, | =88 respectively for 25 um
and 30 um sphere diameters.

[11.6 Conclusion

In this chapter, the fabrication and modal charasttes of silica microspheres were
presented. For light coupling into microsphere, thygered fibers with waist ranging from
1 um to 4 um were fabricated. The optical charattes of microspheres were measured
in order to understand their optical behavior. hality factor of optical microsphere can

reach up told® for a sphere size ranging from 90 um to 150 @rh580 nm operating
wavelength. The experimental quality fac@and the free spectral range, for microsphere
resonators are characterized after their fabrinapoocess which takes several hours.
Causes of quality factor decrease are water and aosorption on the surface of
microsphere. Based on the experimental resonarge spectra of microsphere with
various diameters; the dependence of free spe@nge on the diameter of sphere has
been investigated. To characterize the resonancemégsuring light scattered from
microsphere surface, a technique using a tip fibeollect light is presented. The scattered
light going out of the sphere is collected by a nomc tip fiber (tip diameter of
approximately 1 um) which is placed close to splseigace at its equator. The scattering

spectra of microsphere are investigated. Accortbrigy the polarization dependence of the
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quality factor and FSR values are analyzed. Froen dapendence of FSR on sphere
diameter, we have shown that a high FSR value eaacthieved when the microsphere size
increases. For a sphere with a diameter of 300k®R is 25 GHz. However, this FSR
value of sphere is still far from the frequencydexfor use in the OEO system developed
in the laboratory (the oscillation frequency is B£. Another optical micro-resonator has
been designed and fabricated in order to obtainSR [Eorresponding to the desired
oscillation frequency; it is based on waveguidesl laas the shape of a micro racetrack. Its
optical properties will be presented in the nexdptbr. In the last section of this chapter,
we have presented some simulation results congethentaper-silica microsphere coupler
by using CST Microwave Studio software. The phasgching in coupling taper-sphere
gives WGM resonance dips for low radial mode nusbBased on the change of taper-
microsphere coupling distance (coupling gap), thécal coupling condition between

taper —sphere can be determined.
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Chapter IV. Add-Drop Ring resonator

Chapter IV.

Add-Drop Ring Resonator

V.1 Introduction

Optical microring resonators are used in many apttomponents such as sensors,
optical switches, optical fibers, and wavelengthision multiplexers [82, 85]. The shape
of a microring resonator consists in general imafnary waveguide that channels light in
a closed loop. The loop can take various shapeksks, racetracks and ellipses. The first
optical ring resonator waveguide was created by &vehd Ulrich in 1971 [86, 87]. This
device consisted in a 5 mm diameter glass chamMhet(1.47) coated with Rhodamine-
6G- doped polyurethane gh1.55). Although this device demonstrated low-loss
properties, the resonator circumference and thaetier of the guide were quite large. This
resulted in a large background of non resonant kgida in the convolution of resonances
from multiple modes. In 2002 S. L. Rome et al frhra University of Illinois developed a

ring resonator with smaller circumferende= 247.2um) and a free spectral range slightly

over 2 nm [88]. For filtering applications, bothsgavely and electro-optically tuned, Ho’s

group recently reported a micro-ring resonator aittmall radius of201um with a FSR

greater than 30 nm [89]. In our work, for relevaapplications in Opto-Electronic-
Oscillator, we investigated racetrack add-drop masars as potential small volume desire

that could be used to replace a fiber loop in oEOGystem in the same frequency regime.
IVV.2 General properties

IvV.2.1 Operation principle

Figure IV.1 shows a schematic diagram of a microetrack resonator. In this

structure the laser light goes into input port @aoupled into the ring in the coupling
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region. The optical wave in the ring is out coupletd the same straight waveguide and is

sent in the through port.

Figure IV.1: Schematic diagram of a single microetaack add-drop resonator
coupled waveguidelhe gap between the racetrack and the waveguidelis is

the coupling length and is the coupling coefficient.

We considerE; as the input continuous wave (CW) probe beggq,being the

between the racetrack and waveguidlejs the transmission coefficient ard is the
attenuation. The light extracted at the throughpaveguide is analyzed as the transfer
function of the device given as [90]:

2 2 2
|T2]J2—|E2| _t°=2trcosp+r 4.1)

Bl 1-2trcosp+ (tr)?
whereg=2 | is the phase shift per round trip around thenmatw,

Nesf is the effective refractive index of the wavegyide

L =2(7r + L) is the circumference of the ring resonator,
and/ is the input wavelength.
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Chapter IV. Add-Drop Ring resonator

On another hand, the round-trip phase shift calalbeled as:
¢=p (4.2)

where 8 =

For the add-drop micro-racetrack, an asymmetrioaptng of the single waveguide
to the micro-ring is used (figure 1V.2). This stiue leads to a crosstalk reduction between

the drop and add signals at the output of the guide

B
—_—
Input Throughput
port port

=)

>
>

Figure 1V.2: Schematic diagram of a single microetaack add-drop resonator
coupled waveguide.

In the case of an asymmetrically coupler resondberamplitude and phase of the

field inside and at the output port of resonatar lba expressed [91] as:
A=tB+|n,E (4.3)

B=t,Arexfj¢) (4.4)
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Er =taBy +j77,B (4.5)
Eq= jnpAVT exp{l—zwj (4.6)

A is the optical power injected by coupling in th&m-ring, B is the optical power
coming back after one round trip in the micro-ring, and 77, are the coupling

coefficients between the racetrack and the two asgtmc rib waveguidest; andt, are

the transmission coefficients given by, =w/1"7§,b . The equations from (4.3) to (4.6)

give the transfer function between input port amebaghput ports (through attenuation),

and the intensity at the output of the waveguidaagortional to:

2
2 _|BEo| _ t§+t§r2—2tatbrcosqo
Toq|” = =20 (4.7)
Ei|  1+tgkiT° - 2t t,r cosp
2 2,2
2 _|E r
R S R (4.8)
E1|  1+t22r% -2t t,r cosp
In a racetrack structure (fig.IV.1), a resonanceucs if
M, = Neg L 4.9)

where A, is the resonance wavelength amdis the mode number.

Consider multiple wavelengthas( Ao, ... Aj, Ay) going into the input port and coupled
into the ring. The optical wave in the ring will hmrtially coupled into the straight
waveguide, the output signal at the drop port shibw resonance wavelengths satisfying
the resonant condition (4.9). So we can say thatctupling of the wave at resonant
wavelengths\; will be enhanced and all others will be suppresseda result only; will
be removed from the drop port, while the other ievgths are transmitted to the output
port.
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Chapter IV. Add-Drop Ring resonator

The point corresponding tb‘zjjz =0 is called the critical coupling (or situation of

zero crosstalk). The light stays in the micro-ri11’g;1,]J2 should be maximum at this point,

but the signal transfer (output signal at drop isrhot complete anb”41|2 <1.

IV.2.2 Free spectral range

The spectral separation of successive resonancestésmined by the free spectral
range (FSR). At resonancet = m.277 wheret is round trip time andhis an integer. The

FSR of two successive resonanegs-v; is expressed in [92] as:

FSR=vy -1y =21 = 20 (4.10)
4 LNeff

Translating to wavelength, it is defined as:

Koo X

FSR= =
Nesr L Neg (277 +2L)

(4.11)

herer is the ring radius andl. is the coupling length.

Because the FSR is inversely proportional to tlze sif the ring resonator, the ring

must be small in order to achieve a high FSR.

IV.2.3 Finesse

The finesseF is a convenient measure of the sharpness of resonelatee to FSR. It
is defined as the ratio of the FSR and the resanandth. According to [93]F can be

determined by:

FSR Tl

ZMFWHM T _1(1— Rj
2sin
2VR

7 (4.12)

here R is the reflection coefficient given bR:e_a(l—K), a is the total amplitude

attenuation coefficient for each round trip akdis the normalized coupling coefficient.
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Equation (4.12) shows th&t depends on the internal and coupling losses (eadtern

losses) of the resonator. Therefore, the highat tosses the lower resonator’s finesse.

It is always an advantage to reduce both extemmdliternal losses in order to obtain
a higher finesse. However, for the resonator caraip as an optical filter, some external
losses due to the coupling are necessary and caentato small. If it is smaller than the
internal loss then no power can be coupled out.therosource of external losses is the
curvature of the resonator waveguide, which in@eake amplitude of the evanescent
wave and reduces the confinement. Therefore tlumatsr should not be small in order to
minimize curvature losses. Because of this comdgathe typically ring resonator uses a
strongly guiding waveguide to minimize the bendiogs for a curved waveguide with a

small radius.

IV.2.4 Q factor

For the proper design and optimization of a highligyiresonator, several parameters
have to be considered. Besides the FSR, finesagp sbsonance values, and low loss a
high Q factor must be maximized factor of micro-ring resonator coupled to a single

waveguide is given by [91]:

_ 2TNegf L 2
A 1+ tgtgrz =4t tpr Ay

Q (4.13)

2 arccoE

AAggp is the line width of resonance peak at 3dBis the resonance wavelengigs is

the effective refractive index of the mode propagain the microring,L is the length of

the ring,ty, t, are the field transmission coefficients at the egavde-resonator coupling,
_ alL) . , . , . :
and 7 =ex ey is defined as the attenuation of the field perncburip with an

attenuation constart [91]. From equation 4.13, it is clear that tQe factor of a cavity
device depends on the propagation losses in tgeand on the chosen geometry, which is

determined by parameters such las:L and Ng¢s . For tt,7 close to 1, equation 4.13 can

be expressed by:
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Chapter IV. Add-Drop Ring resonator

_ 27Nt L

(4.14)
A —2Intatbr

Eq.(4.13) depends on propagation and coupling $osger , so the maximumQ
factor can be achieved if the propagation loss —2('”%_) inside cavity is controlled. If
neglecting the coupling loss to external waveguittesQ factor can be determined from

equation (4.14) as:

27Ngft 1
Qiim = -

yh (4.15)

In case of a SOI based waveguide technology, l@pagation losses can be achieved with
ultra-smooth waveguide surfaces and this conditeguires specific optimized process

steps. The condition for critical coupling is acled whentt,7 =1 in eq.(4.13) [91], at

this point |T23J2=O. At the critical coupling condition, the throughpattenuation at

resonance is compensated by an increased couptmghie micro-ring.
IVV.3 Add-Drop micro racetrack resonator

The add/drop racetrack resonators which are useauinwork were fabricated at
“Institut d’Electronique Fondamentale” (IEF, CNRSaris 11 University) [94-97]. Based
on the SOI substrates provided by SOITEC [94]bavaveguide is 1000 nm wide and 260
nm high with a 30 nm thick slab layer was fabridat€he racetrack radium have been

realized with a bend radius of the racetrack sdmlecrequired to 1600 um, the straight

section of the racetracK,.  is 1400 pm and the spacing gap (gap distance batiee

coupling straight waveguides and the racetrack wyaide) is 2.25 um (figure 1V.3). The
fabrication process can be briefly described aviol The device was fabricated on the
silicon-on-insulator (SOI) wafer using a standaitit@n nanofabrication process line. Rib
waveguides were fabricated by using 193 nm deepilthography and reactive-ion
etching (RIE) process. A self-aligned 248 nm de&plithography step followed by a RIE
is then realized to define the etched structuree ifain advantages of the SOI substrate
technique are strong light confinement in rib wavudgs, a large difference between
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refractive indices of silicon and silicon oxidAN = Ng,,— Nyjp =2). That method allows

a significant miniaturization of an optical device.

W
+—>
air
H Si
h _
Negr = 2.92
Si0,

(a) T

Figure IV.3: (a) Cross section schematic view abavaveguide. The dimensions
used in fabrication are H=260 nm, W=1000 nm and3@=2m; (b) schematic
view of racetrack resonator structure and photdgdpts coupling region (inset

zoom).

The rib width is fixed to 1 um, this allows a stgolight confinement in spite of the
small etched depth (in this case it is 30nm). THisvidth is chosen to provide a condition
that the light to be injected into the waveguidanono mode and TE mode polarization

[95]. The overall lengthL of the racetrack stadium is given ty=2(7r +L;). With the

Avgggr value and the refractive index of waveguide ariéndd, the length of stadium

can be calculated by:

c
L=2(m +L°)_m (4.16)
The coupling between the waveguide and the ringnisimportant factor which
determines the quality factor of rings. In mostiaikrally coupled micro-ring resonators,
the gap distance between the bus waveguide anththenust not exceed a magnitude of
1 micron to ensure sufficient coupling. For the micacetrack which is investigated in this
work, the dependence of the quality factor Q of rdmonator with respect to the gap size

between bus waveguide and rings is presented jnif9etails. For optical losses around

104



Chapter IV. Add-Drop Ring resonator

0.1 cm* and a gap value of approximately 2.4 um, the gudkctor is Q=106_ In

practice, as the air-gap width decreases, theaictien between the access waveguide and
ring increases, leading to the reduction of thésmlipling coefficient.

IV.4 Optical characterization of an add-drop racetrack

resonator

IV.4.1 Introduction

To evaluate the propagation characteristics andtieal properties of micro rings
(SOl-waveguide devices), it is important to usegadée coupling techniques to excite the
waveguide mode. For light coupling into and outrmfg resonator structure, several
coupling techniques are employed such as prismlesuf98], grating couplers [88, 89]
and edge coupling or end-butt coupler [101, 102]thHe prism coupling technique, the
laser beam can be coupled into a waveguide usimghaindex prism. The prism is pressed
onto the surface of the waveguide at a very smialyap (the order of a half wavelength)

as shown in figure 1V.4.

Prism, N,

air gap

Waveguide, N, T
W

Substrate, Ny

Figure IV.4: Schematic of laser beam coupled intea@eguide by prism
technique.

A laser beam is then coupled into the prism so tibial reflection occurs inside the
prism, at the prism - air interface close to thes@gaide. In the vicinity of the waveguide

the overlapping incident and reflected beams gémexastanding wave. The evanescent
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field of the standing wave penetrates into the \gaide. Under a certain angle and if the
phase matching conditions are fulfilled, the evagsas field stimulates a mode that is
guided by the waveguide.

In the grating coupler system, the optical compoi®®I-waveguide) is coupled with
two adiabatic tapers to couple light into and cuE®I. At the end of the two tapers, the
grating is etched into the top silicon layer. Agéeamode fiber is coupled at both grating
ends for light in and out coupling. These fibers @lted (angle about 10 degrees) to avoid

unwanted back reflections.

Other coupling techniques such as edge couplimmpaallel end-butt coupler are also
used. In butt coupling method, the front face tdser diode is placed close to the polished
waveguide edge. The laser diode is mounted on &&i3lating stage and a 2D rotation
set-up. Using these positional tools the emittimgjon of the laser diode is adjusted to the
waveguide layer, the distance between laser anckeguagde being kept at a minimum
[102].

In order to investigate optical properties of tiedged add-drop racetrack resonator,
we used parallel end-butt coupling techniques. iBstead of coupling directly the laser
beam into the waveguide layer, we used micro-lemgesh are fabricated on the top of a
single mode optical fiber. The micro-lenses faliraamethod and coupling results will be

presented in detail in the following sections.
IV.4.2 Tapered micro-lens

vV.4.2.1 Fabrication

Micro-lenses located at the end of single modersibdgave been fabricated using
several methods such as attachment of pre-exidénges at the end of a fiber,
photolithography, etching techniques, by meltindrap silica rod to the fiber end or by
laser shaping the fiber end [103-107]. In this wdhe micro lenses have been fabricated
by melting the fiber while pulling it to form a nieh taper micro-lens at the end of the
single mode fiber via the electric-arc techniqube Tabrication process of a micro-lens
can be described as follows. In the first step,dba&ting at the end of single mode fiber is
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Chapter IV. Add-Drop Ring resonator

cleaved and cleaned. Then this cleaned fiber iseplebetween two electrodes of an
electric arc source. The fiber melts at high terapge (up to 1600°C) between these
electrodes, and is pulled to form a tapered miers! This technique provides a mean to

control the lens radius over a wide range.

IV.4.2.2 Result and discussion

A fiber micro-lens fabricated via electric arc tacjue together with a schematic
sketch of the fabrication of a fiber lens are shamvfigure 1V.5

Stripped fiber
2125 pm
_Spot size
\
A
> -
. . Working distance
Fiber with Strip 1
coating B p length .
(a)

(b)

Figure IV.5: (a) schematic representation of ttadetation method of a fiber
micro-lens and (b) a photograph of a fabricatedrfinicro-lens.

The characteristics of a fiber taper depend greapiyn its capability to couple out
Gaussian beams. For waveguide coupling applicatithres focused spot characteristics
must match the waveguide characteristics as cl@sepossible to ensure good coupling. A

Gaussian approximation is typically used to prethet focusing effect of a fiber micro-
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lens. A laser Gaussian beam goes through the dibefractive indexXN, and is focused by

a micro-lens with radiusto a spot size in air (spot radilyf ) is expressed [108] as:

W

1J{7KN(N —1)5}

W# =

(4.17)

fA

where f :ﬁ is the focal length of the tapered micro-lensjs the free space

wavelength and the parame®f is the Gaussian Beam Radius at the lens (alsedcall

waist spot size).
For a step index optical fiber, the spot diametfme:d as the radial distance at which
the field amplitude id/ e? of its maximum [109] is given by:

WL :a(0.65+&19+£79j (4.18)

V3/2 V6

Here ais the fiber core radius and the tevhis determined as:
278
\% ZT(Ngore_ Nglad)}é (4.19)

where Ngore, N(ﬁad are , respectively the core and cladding refractndices. For a
step-index fiber witha = 5pum, N¢gre = 1457 and N¢jaq = 1453 we find from equation

(4.18) the value oV = 225 andW_ = 575at 1.5 pm wavelength operation.

A good quality micro-lens can transform the fibeoda into another Gaussian beam
that propagates in the free space. The surfacéyjaad the asymmetry of the lens cannot
be accurately determined by optical microscopypiactice, the quality of fiber micro-
lenses can be identified by a fiber far-field plfneasurement. In the present work, both
fiber micro-lenses which are used to couple ligld iand out of the racetrack are tested via
a far-field scanning technique to define their giesd. Their far-field intensity distributions
are presented in figure 1V.6.
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Chapter IV. Add-Drop Ring resonator

The straight and axially symmetry of these fibecmmlenses show that they may been
a well Gaussian profile of the propagation wavesTihdicates that the mode transmitted

and coupled by the laser is symmetric similar iapghto fundamental fiber mode.

Laser Gaussian beam at:
] =%— input lens
= —=— output lens

Intensity [a.u]
1

|||||||||||||||||||||||||||||||||||||||
-12 -8 -4 0 4 8 12
Angle [deg]

Figure IV.6: Far-field intensity distribution of twmicro-lenses. An input lens is
used to couple laser beam into the input port,aandutput lens is used to collect
light from the output port of a micro racetrackamator.r;, (radius of input lens)

andry,; (radius of output lens) are approximately 4 um.

I\VV.5 Light in and out coupling from a racetrack by fiber micro-

lenses

IV.5.1 Experimental setup

In this setup, we use the same laser source thatused to characterize the optical
properties of micro-resonator. Its specifications ksted in table 3.1 (sectidhl.3.2.1).
Two polarization controllers are used in this expental set up. One is placed at the
output of the laser source to matching the poltddnaof the laser light with the
polarization of the resonator mode. The other sn@aced at the end of the output fiber to

control the polarization light before it goes te tthetector. Because the output power at the
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drop port of resonator is a weak (it is reducedbth external and internal coupling loss),
the output signal is collected by a power sens@iléAt 81636B Power sensor module),
which can detect the power intensity down to -80ndBs specifications are presented in
the following table (Table IV.1).

Photodiode material InGaAs

Wavelength range 1250nm-1640nm

Power receive range +10 dBm to -80 dBm

Application fiber type SMF and MMF, core size maximum 62.5um, KA.24
Noise (peak to peak) <20 pW

Table IV.1: Specification of power sensor modulelégt 81636B

To control accurately the coupling zone betweenrétetrack and the micro-lens, the
SOI waveguide micro-ring device is fixed on steathges, then the pigtail fiber bearing
the fiber micro-lens is coupled to the laser sowieea polarization controller, and it is
mounted on 3D translation stages (Newport Ultraylimetric). The micro-lens at the end
of this pigtail fiber is adjusted to focus in theupling zone of the racetrack. At the output
ports of the resonator (both through and drop poatsother pigtail fiber with a micro-lens
is fixed on another translation stage system téecbthe output light. The coupling setup
uses tapered fiber micro-lenses which have diamletes than 10 um. The coupling
distance between the fiber micro-lenses and theemade can be controlled by a fine
tuning of the translation stage systems. This dogpinethod opens the possibilities to
package a micro-ring device (micro-ring resonatavdoie) via adequate coupling to
optical fiber at both input and output. This modglees the convenience for connecting

the micro-ring resonator to other optical componerthe developed systems.

The setup for injecting light into the add-drop micacetrack resonator is schown in
Figure IV.7a. A tunable laser diode, used as puoypce is coupled into rib waveguide via
a fiber micro-lens. The light travels in rib anccmupled into stadium at coupling zone and
goes to through and drop port. The generated maesoupled out to fiber optical via
other fiber micro-lens and they are collected byv@o sensor. A photograph of the
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Chapter IV. Add-Drop Ring resonator

coupling zone between micro-lenses and rib waveg(iitbut port of racetrack) is shown
in Figure IV.7b. The light at output ports is caclled by fiber micro-lens that has
approximately the same quality as the fiber lemsriput coupling.

! : Xyz-coupling
USBIGPIB ) control

1

1

|

I b

|

|

: — =
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Tunable | "5 TS TsTTsEssTsEsT
CW-laser
(@)

(b)

fiber Rib waveguide SOl wafer
Figure IV.7: (a) Schematic of experimental set-oprheasuring the optical

injection in add-drop micro racetrack resonatoy.Rhotograph of the coupling
zone between fiber micro-lens and rib waveguide.
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IV.5.2 Experimental wavelength spectra of add-drop racetrak

resonator

IvV.5.2.1 Wavelength spectra at through port
This racetrack resonator has zone coupling lergti+1400um, r =1600pm and
gap coupling isg = 225um. The SOI wafer consist of 260 nm thick silicondayhat is

etched down to 30 nmR=30 njnwith the rib width of 2000nm. When a laser beam

couples into the optical fiber and focuses into whveguide via fiber micro-lens, it
propagates in ring geometry and converges intathput lens at through put. While the
laser diode is tuned for a wavelength ranging frltB86 nm to 1587 nm, the resonance

dips appear in output wavelength spectra as shovigure IV.8.

- IR

Transmission, dBm
1

] Y_ Extinction 21.6 dB
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Figure IV.8. Transmission spectrum of add-drop traoi& with r =1600um,
L. =1400um and g = 225um for a wavelength ranging from 1586 nm to 1587 iime

radius of fiber micro-lens for light in and out g@ng is approximately 4 pm.

The transmission spectrum of the fabricated dekianee been measured based on the

experimental set-up as described in section IV.bwlo micro lens fibers fabricated at the
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Chapter IV. Add-Drop Ring resonator

end of two pigtail SM fibers are used to coupldniifom the laser into and out of device.
The best distance of gap coupling is obtained v&Daalignment system with a spatial
resolution smaller than 1 um. Figure IV.8 showsemsured transmission spectrum in case
of TE polarization. The racetrack resonator hasea fspectral range (FSR) of 6GHz
(0.05 nm) and a maximum extinction ratio of 21.6idBiear 1586.6 nm. In this work, the
laser power is 4 mW (corresponding to 6.02 dBm).tl8® losses determined from this
transmission spectrum are about 40dB. These lossksle the external losses (losses by
coupling between fiber micro lenses and rib waveguiby coupling loss between rib
waveguide and ring), and the intrinsic losses (nmadtdoss). A high extinction ratio
indicates that the resonator works near the clitcaipling regime. Assuming that the

micro racetrack resonator with a ggp= 225um has a FSR of 6 GHz at steady state, with

an effective refractive indelggs = 292, then from equation (4.16), the stadium length

of racetrack is calculated =1712328 um.

Quality factor Q and Free spectral range (FSR)

The quality factor is given by the ratio of theduency at a spectral line to the
width at half-maximum or -3 dB. From Figure 1V.&aom can be made at some points of

the abscise, as shown in Figure 1V.9.
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Figure IV.9: Transmission spectrum of the two reswe modes at 189.086 THz
and 189.038 THz.
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From this figure, the line width of the resonanceoden at 189083THz is
AVewum = 16GHz corresponding to a quality fact@=£= 1x10°. The free
AV_34Bm
spectral range value (FSR) in frequency is detezthinom this transmission spectrum. Its

FSR is 50 pm in term of wavelength or 6 GHz in tefnfrequency.

In order to investigate the micro-racetrack reson#tat can be used in our OEO
system, two racetracks with the same geometrigainpaters except for the gap width have
been characterized. Their parameters sud) &ctor, FSRare determined and presented
in table IV.2.

g (um) Ares (M) | AMppwm (hm) | Q factor AA (nm) Av (GH2)
1544.583 0.025 61783 0.051 5.9
2.2
1554.378 0.025 62178 0.048 6.25
1544.378 0.013 ~1x10 0.05 6
2.25
1554.448 0.014 ~1x10 0.05 6

Table 1V.2. Comparison of two micro racetrack restons withr =1600um,
L. =1400um and Ag = 005um.
We note that the small difference of air gap wigNg = 005um) has no influence on

the free spectral range of both racetracks butdkenator with the smaller gap presents a

smaller value of th& factor. The optical characteristics of these raoéts resonators are

presented in Table IV.3.

Characterizing the optical properties of thesetracks for a wide range of operating
wavelengths, from 1540 nm to 1610 nm, we found thatracetrack with an air-gap of

2.25 um has a highe® factor, its FSR value is more stable and its internal losses are

lower.

114



Chapter IV. Add-Drop Ring resonator

Ares (NM) FSR(nm) AMepwm (M) Q factor | Extinction ratio (dBm)
1534.162 0.049 0.01 1.5 x210 8.8
1544.378 0.05 0.013 1.2 x210 8.1
1554.448 0.05 0.014 1.1 x20 7.5
1558.102 0.05 0.01 1.5 x310 8.8
1564.304 0.052 0.011 1.4 x10 8.6
1580.162 0.052 0.013 1.2 x10 7.3
1586.603 0.05 0.002 7.9 X310 20.1
1594.479 0.049 0.005 3.1 x°10 14.3
1606.384 0.052 0.007 2.2 x°10 10.5
1610.252 0.054 0.006 2.6 x°10 9.8

Table 1V.3 Performances of the micro racetrack masar withr =1600um,
L. =1400um andg = 225um.

From the FSR values of this table, the free specarege of the add-drop racetrack
resonator is plotted as a function of the wavelemgfigure 1V.10. When the laser is tuned
from 1534 nm to 1610 nm (a span of 76 nm), the BSRis resonator is approximately
constant at 0.050 nmt0.004 nm (corresponding to 6 GHz in frequency).sThs an
interesting point for an integrated stadium resonakhis micro racetrack resonator with
high Q factor and FSR at high frequency gives a promisiaegice that can be used for

integration into the OEO system.
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Figure IV.10. Dependence of FSR on the wavelengtlagld-drop racetrack
resonator withr =1600um, L, =1400um and g = 225um. FSR = (5Ct 4) pm

for a 70 nm wavelength range.

IvV.5.2.2 Wavelength spectral at drop port

For characterizing the output signal at the drop pb this resonator, another micro
lens fiber is used to couple the out-coming lightis lens is fabricated at the end of a
pigtailed single mode fiber with a radius of 4 ifhe gap coupling is controlled via a 3D
alignment system. When the light travels in theptiog region between the stadium and
the rib waveguide 2, a part of light is coupledititis rib waveguide and goes out at the
drop port. The light at this port is focused inke toptical fiber via fiber micro-lens and
then is collected by the power sensor. The res@aesponse at the drop port of the

resonator around 1586 nm is measured and presentigglre 1V.11. The transmission

spectrum at the drop port has a line widlMgyqy = 0018nm, corresponding to a

quality factor Q :ﬁ =88127. The free spectral range (FSR) is 0£8.003 nm
ApwhHm
for a wavelength ranging from 1586 nm to 1587 nnindirequency ranging from 189.03

to 189.16 THz.

116



Chapter IV. Add-Drop Ring resonator

5.0x10"°
45—

IR RN

3.0 H
2.5+
2.0 —
1.5
1.0
0.5+
0.0 H

os | |

-1.0

Transmission at drop port (UW)

AN AR

Illll]lllllllll]lllllllll]lllllllll]lllllllll]lllll

1586.0 1586.2 1586.4 1586.6 1586.8 1587.0
Wavelength, nm

Figure IV.11: Transmission spectrum at the drop pbthe micro-racetrack
resonator. The radius of micro-lens for out lightigling is 4pm.

IV.5.3 Add-drop racetrack resonator for OEO system

The OEO system in figure 1.1 uses RF filter fotefilng the RF signal and up-
converting it to optical frequencies by an eleapiic modulator. The RF signal is carried
on the optical signal by a long optical fiber whiahts as a delay line. This signal is
reconverted into the electrical domain by a deteatm fed back at input signal after pass
the RF filter. Therefore, only one frequency shoblel selected by RF filter as the
oscillation frequency. The quality factor of thelajeline is expressed a€) =27f,sJdq,

where fo4c is the RF oscillation frequency ang is delay time of signal introduced by

N fin

L
delay line, it can be defined ag; = whereL is the length of the fiber an ¢, is

the refractive index of the optical fiber line ang is the velocity of light. For the delay

line of 2 km corresponding to a delay = 966us, f,,.=8GHz, then aQ factor of

48x10° is calculated.

117



For miniaturizing the OEO, investigations have bé&srused on the replacement of

the long fiber delay by an optical resonator, eithevhispering gallery mode based high-
Q resonator [110] or a fiber ring resonator [13]atptical quality factor®yp: up to10?

for resonance mode arouridb5um . With these resonators the optical free specnge

determines the oscillation frequency of the OEO.

Assuming the use of an add/drop racetrack resoiratbie optoelectronic oscillator a
new structure has been designed as shown in théVA®. The resonator has its
transmission spectra at throughput and drop pasemted in Fig. 1V.13. A continuous
wave light generated by a laser source was tunadtlgxto the resonance wavelength of
racetrack resonator. The optical quality factoreofployed racetrack is determined by
transmission spectrum (fig.IV.13). At 1615.92 nnorresponding to optical frequency

185.653 THz, the width of resonant mode is 0.2 GAWzh these measurements, we can

determine an optical quality factor for this reson® equal t09.4x10°.

The filter is theoretically not required but can beeful in order to reduce the
electronic noise injected in the electro-optic mathr. Obviously the FR filter must be

centered on the same frequency as the frequencyoF8Ie resonator.

Unfortunately the new OEO system presented in flger€ 1V.12 did not lead to a
positive result: the optoelectronic oscillator hat been working in this configuration.

Many reasons can be found to explain this situation

The first one concerns the important losses irrélsenator and around it: they can be
estimated to more than 60 dB, the amplifiers ab&lan the laboratory were not enough

powerful for compensating such losses.
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Figure IV.12: (a) Proposed add/drop racetrack ratrin optical wave signal
generator, PC: polarization controller; T-Lasenahle laser; I: input port; T: throughput

port and D: drop port.
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Figure IV.13: Transmission spectrum of the add—degwnator racetrack
measured at the through port.

The second reason concerns the phase shift inotih@lete loop which has not been
adjusted: a RF phase shifter must be introducéidehoop.
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The third reason concerns the conception of theesydself: there is no reason that
the laser wavelength really fit in a stable way tegonant spectral line of the resonators.
Another fundamental development has so to be doweder to control the wavelength of
the laser according to the variations of the resoeapectral lines of the resonator which
highly depend on the external characteristics sagtihe temperature. Another solution

could also be a tuning of the resonator temperatur@der for the spectral lines to be
locked on the wavelength of the laser.

Concerning the resonator itself future works cdnsis reduction of the global losses,
and mainly of the coupling losses, rejoining thetfreason indicated above. Of course an
improvement of the quality factor in order to inemse the spectral purity of the oscillator is

also important but absolutely not required befbeedscillator really works.
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Conclusion

Conclusion

The purpose of this works is to investigate thdadulity of tapered fiber-resonator
coupler which can be promising as a future integratptical device used in an Opto-
Electronic Oscillator system. This section sumnewmithe works presented in this thesis
and gives a brief outlook to future research whielated to the application of optical
resonator in OEO system. The following list gives averview of the main works that

have been presented in the previous chapter.

We started the works with optical microsphere rason Commercial single mode
optical fibers are used as material to fabricateasimicrospheres. All studied silica
microsphere are fabricated by using electric arg.tlds method, microspheres with a
diameter ranging from 20 um to 400 um are produbedrder to characterize the optical
properties of these microsphere resonators, theahfdmer taper—microsphere couplers
have been discussed and used. A simple kind oflepigintroduced to understand the
condition required for optical coupling both intndaout from the microsphere resonator.
We have chosen optical tapered fiber to probe tlEM\bf microsphere, so the fiber taper
has been fabricated to this purpose. Based on ldotrie arc source, the single mode
optical fiber is tapered down to micrometer in deden, the used tapered fibers have waist

diameter ) ranging from 1 pym to 3 pm.

In second step, an experimental set-up to couplectted tapered fiber and fabricated
silica microsphere is build. Experimental resultgicated that the quality factor Q of
microspheres which are measured several hoursfaligcation is approximately equal to
10°. The FSR value is changed according to the spiiameter. The results have shown
that not only fundamental models{m, n=1) are coupled out of sphere but also higher-
order mode appears in fiber transmission. In otdegxamine the excited WGM on the
surface of the microsphere, we fabricated tip-8beith diameters in a range from 0.5um

to 1um. This method allows mapping the electromagiiield distribution directly on the
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surface of the microsphere. The optical propert{€ factor, FSR, polarization
dependence) of the sphere can be determined byimgappattering spectra. To optimize
the coupling between a taper and a microspherenagso some studies have been
conducted by using CST microwave studio softwatge Fimulation gives the result in
WGM resonance at fundamental mode. The critical gappling between taper-

microsphere is determined by changing the couiatance.

The system used for microsphere fabrication istédhi and should be improved in
order to realize spheres with large diameters.nbbease high quality fact@ of silica
sphere, the taper fiber - microsphere coupler riedzt improved to avoid the water and
dust absorption on the surface of the sphere. idactors of microsphere resonator are
another attracting point for achieving high semgitidevices used as sensors: that could be

another application of these microspheres.

Continuing to investigate resonator devices whiah suitable for insertion in OEO
system, an add/drop micro racetrack resonator tateichas been fabricated and
characterized. A resonator in shape of a racethaskbeen design and fabricated. It is
based on a waveguide, with a width of 1000 nm wadd a rib of 260 nm of rib, the
racetrack semi-circle has a radRef 1600pm and straight section of the racetrdgk) (s
1400 um. It was designed according to its theabt®SR be used in the OEO system
developed in the laboratory. It was necessaryrid the solution for problems such as:
how to couple the light into and from racetrack &agv to connect this device with other
optical components in the OEO system. Thus inwosks, we proposed a method using
the fiber micro lens to light coupling into and aitracetrack. By electric-arc source, the
micro lenses are fabricated at the end of the ipigiagle mode optical fibers. The
adequate fiber-micro lenses for light coupling hav@meter in range from 4 to 10um.
Experimental behavior of micro racetrack is chaared via fiber micro-lens coupling.
The transmission spectra at through port are medstiney appear as the resonance dips
with average quality factor ot for a scanned wavelength range from 1534 nm to
1610 nm. From the experimental transmission spedtiea FSR of this device is
determined, it is equal to 0.0%00.003 nm (corresponding to 6GHz). With high gyalit

factor Q and small FSR value (high in frequency), this devoromises a suitability for
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Conclusion

being used in high frequency OEO system as ogfiitad and energy storage component.
Otherwise, using fiber micro-lens to light couplimgo and from of racetrack promises a
method for the packaging of an optical resonaterogewhich should be easily connected

to other optical components in the applicationexyst

Unfortunately the OEO based on the microracetramldcnot operate as expected.
Different problems have to be solved such as thgh Hevel of losses due to this
component, but also phase-shift and mainly the robraf the spectral lines position

according to the laser wavelength.

The most promising feature of the micro-racetragdonator is its higkp factor, high
frequency free spectral range, which give it thghhsuitability for being used in OEO

systems.
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Addendum

Addendum

Program for spectral analysis

As presented in thesis, the experimental resultstransmission spectral of optical
microsphere and micro racetrack resonator are mesund analyzed by computer. Here
we used Visual Programming Environments (AgilenteYEo extract the data from power
sensor follows input wavelength when laser scass patical devices. Program to extract
the data to analyze the output transmission specfraptical resonator is shown in

following figure A.

This program uses an Agilent 8163B device whicluides a tunable laser (84940A) and
Power sensor (81636B). It is connected to computen USB/GPIB Interface (82357A).
Before start measurement, the required parametershasen. For example, we can chose
the operate wavelength range for tunable laser,ojperate power of laser, and the
measurement step or measure point in this wavdlelagige. The measure process state at
the minimum wavelength and stop at maximum wavdlenghe number of output data
depends on the input measure point. The measurgnecgss can be summary in major

steps following:

Step 1: Press “start” in Panel driver, the GPIBrads of Agilent 8463B instrument is
defined

Step 2: The wavelength value with input power iats® optical coupler system and

received by power sensor

Step 3: Program define the wavelength and poweuegal Here wavelength value is
confined by actual wavelength + n x step, n is pawmber, it is increased 1 after one
repeat and step is resolution

Step 4: The dependence of power on wavelengthoitepl in monitor of computer. After

one repeat of program, two point values on waveteagd power are added on this curve
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Step 4: The wavelength value and correspond poreesaved in a file data. The data are

saved in file type ‘file.txt’, which allows analymy these data with a software such as

MATLAB, Igor or Origin.
Step 5: After a time delay, the program returntép £

Step 6: Program stops when the output wavelengithrthe input maximum wavelength.
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Figure A: Program to analyze the output opticacsijad of micro resonator

126



References

References

[1]: A. Neyer and E. Voger, “High frequency electptic oscillator using an integrated
interferometer” Appl. Phys. Letf vol. 40(1), pp. 6-8 (1982).

[2]: X.S. Yao and L. Maleki “High frequency opticaubcarrier generatorElectronic
letters Vol. 30(18), pp. 1525-1523 (1994).

[3]: X.S. Yao and L. Maleki “Optoelectronic microwa oscillator”,J. Opt. Soc. Am. ,B
vol. 13(8), pp. 1725-1735 (1996).

[4]: D. Eliyahu, K. Sariri, J. Taylor and L. MaleKiOpto-electronic oscillator with
improved phase noise and frequency stabilitfoceedings of Photonic Integrated
Systems Conferencgan Jose, CA, USA, Vol. 4998, pp. 139-147, (2003)

[5]: X.S. Yao and L. Maleki, “A Light-Induced Micmwave Oscillator’, TDA Progress
Report42-123, pp. 47-68 (1995).

[6]: X.S.Yao and L. Maleki, “Multiloop Optoelectnic Oscillator”, IEEE Journal of
Quantum Electronigsvol. 36 (1), pp. 79-84 (2000).

[7]: D. Eliyahu and L. Maleki, “Low phase noise argpurious level in multiloop
optoelectronic oscillator”, iProc. IEEE Int. Frequency Control Symp. 405 (2003).

[8]: W. Zhou and G. Blasche, “Injection-locked dugito-electronic oscillator with ultra-
low phase noise and ultra-low spurious levéEEE Transactions on Microwave Theory
and Techniquesvol. 53 (3), pp. 929-933 (2005).

[9]: Dmitry Strekalov, David Aveline, Nan Yu, Rolbéthompson, Andrey B. Matsko, and
Lute Maleki, “Stabilizing an optoelectronic microwea oscillator with photonic filters”.
Journal of Lightwave Techvol. 21(12), pp. 3052-3061 (2003).

[10]: X.S. Yao, L. Maleki, and V. lichenko, “Optol&etronic Oscillators having optical
resonators”United States Patent)S patent No. 6, 567, 436 B1 (2003).

[11]: P. H. Merre, H. Brahimi, and O. Llopis, “Ogal techniques for microwave
frequency stabilization: resonant versus delay lapproaches and related modelling
problems”.IEEE Topical Meeting on Microwave Photoniésistralia (2008).

[12]: A. B. Matsko, A. A. Savchenkov, D. StrekaloV, S. lichenko, and L. Maleki,
“Review of applications of whispering-gallery mogsonators in photonics and nonlinear
optics”.IPN Progress Reporpp. 42-162 (2005).

[13]: P. Salzenstein, H. Tavernier, K. Volyansky/N.T. Kim, L. Larger and E. Rubiola,
“Optical Mini-Disk Resonator Integrated into a Ccawep Optoelectronic OscillatorActa
Physica PolonicaVol. A(116), pp. 661- 663 (2009).

127



References

[14]: P.-H. Merrer, A. Bouchier, H. Brahimi, O. ldes, “High-Q Optical Resonators for
Stabilization of High Spectral Purity Microwave @stors”. EFTF-IFCS, Besancon
(2009).

[15]: Anatoliy A. Savchenkov, Enrico Rubiola, AngrB. Matsko, Vladimir S. lichenko1,
and Lute Maleki, “Phase noise of whispering gallgohotonic hyper-parametric
microwave oscillators™Opt. Exp, vol.16 (6), pp. 4137 (2008).

[16]:B.E.A. Saleh and M.C. TeichFtindamentals of Photonig<Ch. 9: Resonator Optics

[17]: Richard K. Chang and Anthony J. Campill@gtical Processes in Microcavities
World Scientific (1996).

[18]: Stratton J., Electromagnetic Theoty IEEE Press Series on Electromagnetic Wave
Theory (2007).

[19]: Jackson J.,Classical ElectrodynamitsJohn Wiley & Sons (1975).

[20]: C.C. Lam, P. T. Leung, and K. YounygExplicit asymptotic formulas for the
positions, widths, and strengths of resonancesia ddattering”.J. Opt. Soc. Am. ,B/ol.
9(9), pp.1585-1592 (1992).

[21]: M. Abramowitz and |. Stegun,Handbook of mathematical functiénsDover
publications, 1970.

[22]: F.-M. Treussart, “Etude expérimentale de féefLaser dans des microsphéres de
silice dopées avec des ions néodyme”. Ph.D. thekigjersité Pierre et Marie Curie —
Paris VI (1997).

[23] : H. Nussenzveig, Diffraction Effects in Semiclassical ScatteringCambridge
University Press, 1992.

[24]: B. E. Little, J. S. Foresi, G. Steinmeyer, EE. Thoen, S. T. Chu, H. A. Haus, E.
P.lppen, L. C. Kimerling, and W. Greene, “Ultra-quact Si-SiQ microring resonator
optical channel dropping filtersPhoton. Tech. LettEEE, vol. 10(4), pp. 549-551 (1998).

[25]: S. L. McCall, A. F. J. Levi, R. E. Slusher, 3. Pearton, and R. A. Logan,
“Whispering-

gallery mode microdisk lasersAppl. Phys. Letf vol. 60, pp. 289-291(1992).

[26]: Jacob T. Robinson, Christina Manolatou, L&tgen, and Michal Lipson, “Ultrasmall
Mode Volumes in Dielectric Optical MicrocavitiePhys. Rev. LettVol. 95, pp. 143901
(2005).

[27]: Kartik Srinivasan, Matthew Borselli, and OsKgainter Andreas Stintz and Sanjay
Krishna, “Cavity Q, mode volume, and lasing threshold in small di@meilGaAs
microdisks with embedded quantum dot®pt. Exp.Vol. 14(3), pp. 1094-1105 (2006).

[28]: V. B. Braginskyet al, “Quality-factor and nonlinear properties of optigvhispering-
gallery modes”Phys. LettA, vol. 137,pp.393-396 (1989).

128



References

[29]: B. E. Little, J. P.Laine, D. R. Lim, H. A. Ha, L. C. Kimerling, and S. T. Chu,
“Pedestal Antiresonant Reflecting Waveguides forbl&d Coupling to microsphere
Resonators and for Microphotonic Circuit®pt. Lett, vol. 25 pp.73-75 (2000)

[30]: G. Rempe, R. J. Thompson, and H. J. Kimbeasurement of ultralow losses in an
optical interferometer’Opt. Lett, vol. 17(5), pp. 363-365 (1992)

[31]: M. L. Gorodetsky, A. A. Savchenkov, and V. I&henko, “ultimate Q of optical
microsphere resonatorOpt. Lett, vol. 21(7), pp 453-455 (1996)

[32]: D. S. Weiss, V. Sandoghdar, J. Hare, V. LefeSeguin, J.-M. Raimond, and S.
Haroche,"Splitting of high@ Mie modes induced by light backscattering in silica
microspheres’Opt. Lett, vol. 20(18), pp. 1835-1837 (1995)

[33]: Ivan S. Grudinin, Vladimir S. lichenko, andite Maleki, “Ultrahigh optical Q factors
of crystalline resonators in the linear reginehys. Review Ajol.74, 063806 (2006).

DOI: 10.1103/PhysRevA.74.063806

[34]: M. L. Gorodetsky, A. D. Pryamikov, and V. 8chenko, “Rayleigh scattering in
high-Q microspheresd. Opt. Soc. Am.,Bol. 17(6), pp.1051-1057 (2000)

[35]: D.W. Vernooy, V.S. lichenko, H. Mabuchi, E.Btreed, and H.J. Kimble, “High-Q
measurements of fused-silica microspheres in the infrared”.Opt. Lett, Vol. 23(4), pp.
247-249 (1998)

[36]: Gorodetskyet al.,“Rayleigh scattering in higlkd microspheres”). Opt. Soc. Am. B,
vol. 17(6), pp. 1051-1057 (2000)

[37]: M.L. Gorodetsky, A.A. Savchenkov, and V.Schiénko,“UltimateQ of optical
microsphere resonatorOpt. Lett.,vol. 21(7), pp. 453-455 (1996)

[38]: llchenko, V.S. Matsko, “Optical resonatorsthviwhispering-gallery modes-part Il
applications”.IEEE Journal of selected topics in Quantum Eledosnvol. 12(1), pp. 15-
32 (2006)

[39]: D. G. Rabus, M. Hamacher, U. Troppenz, andHgidrich, “High- Channel-
Dropping Filters Using Ring Resonators With Integda SOAs”. IEEE Photon. Tech.
Lett., vol. 14(10), 10, pp. 1442-1444 (2002)

[40]: D. Strekalov, D. Aveline, N. Yu, R. ThompsoA, B. Matsko, and L. Maleki,
“Stabilizing an Optoelectronic Microwave Oscillaterith Photonic Filters,’J. Lightwave
Technol, vol. 21, pp. 3052-3061, 2003.

[41]: A. Melloni, F. Morichetti, and M. Martinelli;Linear and nonlinear pulse propagation
in coupled resonator slow-wave optical structur€git. Quantum. Electranvol. 35, pp-
365-379 (2003)

[42]: John E. Heebner, Robert W. Boyd and Q-HarkP&low light, induced dispersion,
enhanced nonlinearity, and optical solitons insonator-array waveguidePhys. Rev. E
vol 65, pp. 036619 (2002)

129



References

[43]: Dmitry Strekalov, David Aveline, Nan Yu, RatbeThompson, Andrey B. Matsko,
and Lute Maleki, “Stabilizing an Optoelectronic bevave Oscillator With Photonic
Filters”, J. Lightw. Techno] vol. 21(12), pp. 3052-3061 (2003)

[44]: S. Arnold, M. Khoshsima, and |. Teraoka, Soller, F. Vollmer, “Shift of
whispering-gallery modes in microspheres by proéeisorption” Opt. Lett vol. 28(4), pp.
272-274 (2003)

[45]: A. L. Huston and J. D. Eversole, “Strain-séme elastic scattering from cylinders”,
Opt. Lett vol. 18(13), pp. 1104-1106 (1993)

[46]: G. Annino, M. Cassettari, M. Fittipaldi, L.eci, I. Longo, M. Matrtinelli, C. A.

Massa, and L. A. Pardi, “Whispering Gallery Modeelectric Resonators in EMR
Spectroscopy above 150 GHz: Problems and Perspstthppl. Magn. Resarvol.19, pp.

495-506 (2000)

[47]: S. Fan, “Sharp asymmetric line shapes in-smgpled waveguide-cavity systems”.
Appl. Phys. Lett0l.80, pp. 908-910 (2002)

[48]: Chung-Yen Chao and L. Jay Guo, “Biochemicansors based on polymer
microrings with sharp asymmetrical resonanc®dpl. Phys. Lettvol. 83(8), pp. 1527-
1529 (2003)

[49]: HerbertWalther, BenjaminTHVarcoe, Bertholdgeg Englert and Thomas Becker,
“Cavity quantum electrodynamicsRep. Prog. Physvol. 69, pp.1325-1382 (2006)

[50]: H. Walther, “Experiments on cavity quantune@todynamics’Physics Reportsol.
219 (3-6), pp. 263-281 (1992)

[51]: D. W. Vernooy, A. Furusawa, N. Ph. GeorgigdésS. lichenko, and H. J. Kimble,
“Cavity QED with high© whispering gallery modesPhys. Rev. Avol. 57(4), pp. R2293-
R2296 (1998)

[52]: S. Gotzinger, O. Benson, and v. Sandoghdeswards controlled coupling between
a high-Q whispering-gallery mode and a single nartoge”. Appl. Phys. Bvol. 73, pp.
825-828 (2001)

[53]: H. J. Kimble, “Strong Interactions of Singkgoms and Photons in Cavity QED”.
Physica Scriptavol. T76, pp. 127-137 (1998)

[54]: E. Lidorikis, M. M. Sigalas, E. N. EconomoadaC. M. Soukoulis, “Tight-Binding
Parameterization for Photonic Band Gap Materid®iys. Rev. lett vol. 81, pp. 1405-
1408 (1998)

[55]: S. Armold, C. T. Liu, W. B. Whitten and J. MRamsey, “Room-temperature
microparticle-based persistent spectral hole bgrmremory”.Opt. Lett., val 16 (6), pp.
420-422 (1991)

[56]: Arnold et al, “Room-temperature microparticle-based persisteate-burning
spectroscopy”J. Opt. Soc. Am.,Bol. 9(5), pp. 819-824 (1992)

130



References

[57]: L. Collot, V. Lefvre-Seguin, M. Brune, J. NRaimond and S. Haroche, “Very High-
Q Whispering-Gallery Mode Resonances Observed osed-uSilica Microspheres”.
Europhys. Lett vol. 23 (5), pp. 327-334 (1993)

[58]: V. Sandoghdar, F. Treussart, J. Hare, V. \wefeSeguin, J.-M. Raimond, and S.
Haroche, “Very low threshold whispering-gallery-neochicrosphere laserPhys. Rev. A
vol. 54(3), pp. R1777-R178 (1996)

[59]: M.L.Gorodetsky, V.S.llchenko, “High-Q opticalhispering-gallery microresonators:
precession approach for spherical mode analysis enision patterns with prism
couplers”.Optics Communicationd/ol. 113(1-3), pp. 133-143 (1994)

[60]: M. L. Gorodetsky and V. S. lichenko, “Opticalicrosphere resonators: optimal
coupling to high-Q whispering-gallery modeg”.Opt. Soc. Am. ,Brol. 16(1), pp. 147-154
(1999)

[61]: N. Dubreuil, J.C. Knight, D.K. Leventhal, \handoghdar, J. Hare, and V. Lefevre
“Erodedmonomode opticalfiber forwhispering-gallerpode excitation infused-silica
microspheres’Opt. Lett Vol. 20(8), pp. 813-815 (1995)

[62]: Giora Griffel, Stephen Arnold, Dogan Taskeatd Ali Serpenguzel, “Morphology-
dependent resonances of a microsphere—optical $ymem”.Opt. Lett vol. 21(10), pp.
695-697 (1996)

[63]: Vladimir S. llchenko, X. Steve Yao, and LubMaleki, “Pigtailing the high-Q
microsphere cavity: a simple fiber coupler for ogliwhispering-gallery modesOpt.
Lett, vol. 24(11), pp. 723-725 (1999)

[64]: J.-P. Laine, B. E. Little, D. R. Lim, H.C. palian, L.C. Kimerling, and H.A. Haus,
“Planar integrated wavelength-drop device basedpedestal anti-resonant reflecting
waveguides and high-Q silica microspher&3jt. Lett, vol. 25(22), pp. 1636-1638 (2000)

[65]: Paul E. Barclay, Kartik Srinivasan, and OsRainter, “Nonlinear response of silicon
photonic crystal microresonators excited via aregrated waveguide and fiber taper”.
Optics Expressvol. 13(3), pp. 801-820 (2005)

[66]: Kartik Srinivasan, Matthew Borselli, Oskar Paintémdreas Stintz, and Sanjay
Krishna, “Cavity Q, mode volume, and lasing threshold in Bnthameter AlGaAs
microdisks with embedded quantum dot®ptics Expressvol. 14(3), pp. 1094-1105
(2006)

[67]: Frangois Gonthier, Suzanne Lacroix, XaviexRaet, Richard J. Black, and Jacques
Bures, “Broadband afiber filters for wavelength division multiplexirgpplication”.Appl.
Phys. Lett.yvol. 54 (14) pp. 1290-1292 (1989)

[68]: P. N. Moar, S. T. Huntington, J. Katsifolis, W. Cabhill, A. Roberts, and K. A.
Nugent, “Fabrication, modeling, and direct evanesdeeld measurement of tapered
optical fiber sensors’d. Appl. Phys vol. 85(7) pp. 3395-3398 (1999)

[69]: AJ.C. Tubb, F.P. Payne, R.B. Millington, C.Rowe, “Single-mode optical fibre
surface plasma wave chemical sens8gnsors and Actuators B2ol. 41, pp. 71-79 (1997)

131



References

[70]: G. J. Pendock, H. S. MacKenzie, and F. P.nBa§Dye lasers using tapered optical
fibers”. Appl. Opt.,vol. 32(27), pp. 5236-5242 (1993)

[71]: Fabien Bayle and Jean-Pierre Meunier, “ Edfitifabrication of fused-fiber biconical
taper structures by a scanned CO2 laser beam tgpminiAppl. Opt, vol. 44(30), pp.
6402-6411 (2005)

[72]: J.C. Knight, G.Cheung, F.Jacques, and T.Ak®&iPhase-matched excitation of
whispering-gallery-mode resonances by a fiber tapg@pt. Lett, vol. 22(15), pp. 1129-
1131 (1997)

[73]: Fedja Orucevic, Valerie Lefevre Seguin, Jétare, “Transmittance and near-field
characterization of sub-wavelength tapered optftmrs”. Opt. Exp, vol. 15(21), pp.
13624-13629 (2007)

[74]: Birks, T.A.; Li, Y.W., “The shape of fiber pers”, Journal of Lightwave Technology
vol. 10 (4), pp. 432 -438 (1992)

[75]: A. W. Snyder and J. D. LoveQOfptical Waveguide ThedtyNew York: Chapman
and Hall, (1983.)

[76]: H. A. Haus, YWaves and Fields in OptoelectroricBrentice-Hall, Englewood Cliffs,
NJ, 1984

[77]: S. M. Spillane, T. J. Kippenberg, O. J. Painand K. J. Vahala, “Ideality in a Fiber-
Taper-Coupled Microresonator System for Applicatioto Cavity Quantum
Electrodynamics”Phys. Rev. Lettvol. 91(4), pp. 043902-1 (2003).

[78]: J.C. Knight, G.Cheung, F.Jacques, and T.Ak®iPhase-matched excitation of
whispering-gallery-mode resonances by a fiber tagept. Lett, vol. 22(15), pp. 1129-
1131 (1997)

[79]: Hill, S.C. and Benner, H.J, “Optical Effeddssociated with Small Practicles”. Ed. by
P.W. Baraber and R.K. Chang, pp. 4-@8rld Scientifi¢c Singaporeg(1988)

[80]: John Papapolymerou, Jui-Ching Cheng, Jack, Emsd Linda P. B. Katehi, “A
Micromachined High- X-Band ResonatolEEE Microwave and Guided wave lettevsl.
7(6), pp. 168-190 (1997)

[81]: M. L. Gorodetsky and V. S. lichenko, “Opticalicrosphere resonators: optimal
coupling to high-Q whispering-gallery modeg”.Opt. Soc. Am. ,Brol. 16(1), pp. 147-154
(1999)

[82]: A.M. Armani, R.P. Kulkarni, S.E. Fraser, R.Elagan, and K.J. Vahala, “Label-Free,
Single-Molecule Detection with Optical Microcavtie Science Expressjol. 317, pp.
783-787 (2007).

[83]: E.Little, H.A. Haus, J.S. Foresi, L.C .Kimedg, E.P.lppen, and R.J.
Ripin,“Wavelength switching and routing using alpgmm and resonancelEEE Photon.
Technol. Lett vol.10, pp. 816-818 (1998).

132



References

[84]: B. E. Little, J. S. Foresi, G. Steinmeyer,HE.Thoen, S. T. Chu, H. A. Haus, E. P.
Ippen, L. C. Kimerling, and W. Greene, “Verticaltpupled glass microring resonator
channel dropping filters'IEEE Photon. Technol. Lettvol.11, 215-217 (1999)

[85]: S. T. Chu, B. E. Little, W. Pan,T. Kanekoda®8. Y. K. Greene, “Second-order filter
response from parallel coupled glass microring masws”. IEEE Photon. Technol. Lett
11, 1426-1428 (1999).

[86]: H. P. Weber and R. Ulrich, “A Thin-Film Ringaser”. Appl. Phys. Letf vol. 19(2),
pp. 38-40 (1971)

[87]: R. Ulrich and H.P. Weber, “Unidirectional ThFilm Ring Laser” Appl. Phys. Lett
vol. 20(1), pp. 38-39 (1972)

[88]: Sean L. Rommel, Jae-Hyung Jang, Wu Lu, GalZeeva, Ling Zhou, llesanmi
Adesida, Gary Pajer, Ralph Whaley, Allen Leporen&&chellanbarger, and Joseph H.
Abeles, “Effect of H on the etch profile of InP/InGaAsP alloys in/8F/H, inductively
coupled plasma reactive ion etching chemistriegpfwtonic device fabrication 1. Vac.
Sci. Technol. Bvol. 20, pp. 1327-1330 (2002).

[89]: R. Grover, T.A. Ibrahim, T.N. Ding, Y. Lend,.-C. Kuo, S. Kanakaraju, K.
Amarnath, L.C. Calhoun, P.T. Ho, “Laterally couplethP-based single-mode
microracetrack notch filterlEEE Photon. Technol. Let¢ol. 15(8), pp. 1082-1084 (2003)

[90]: Jan Niehusmann, Andreas Vorckel, Peter Hamuaivar, Thorsten Wahlbrink,
Wolfgang Henschel, and Heinrich Kurz, “Ultrahighadjty-factor silicon-on-insulator
microring resonator’Optics Lettersvol. 29(24), pp. 2861-2863 (2004)

[91]: A. Vorckel, M. Monster, W. Henschel, P. HaginBolivar, and H. Kurz,
“Asymmetrically coupled silicon-on-insulator micinog resonators for compact add-drop
multiplexers”.IEEE Photon. Technol. Lettvol. 15, pp. 921-923 (2003).

[92]: John Heebner, Rohit Grover and Tarek IbraHi@ptical microresonators Theory,
Fabrication, and Applicatioris Springer Series in Optical Science. 138

[93]: T Kominato, Y Ohmori, N Takato, H Okazaki, ¥asu, “Ring resonators composed
of GeO/sub 2/-doped silica waveguidegd..Lightwave Technglvol. 10(12), pp. 1781-
1788 (1992)

[94]: S. Lardenois, D. Pascal, L. Vivien, E. Cass& Laval, R. Orobtchouk, M.
Heitzmann, N. Bouzaida, L. Mollard, “Low-loss sulem@meter silicon-on-insulator rib
waveguides and corner mirror©ptics Letters vol28, pp. 1150-1152 (2003)

[95]: L. Vivien, S. Lardenois, D. Pascal, S. Laval,Cassan, J.L. Cercus, A. Koster, J.M.
Fédéli, M. Heitzmann, “Experimental demonstratioh @ low-loss optical H-tree
distribution using SOI microwaveguidesfpplied Physics Letterssol. 85, pp. 701-703
(2004)

[96]: Gilles Rasigade, Xavier Le Roux, Delphine kisMorini, Eric Cassan, Laurent
Vivien. Rasigade G., Le Roux X., Marris-Morini DCassan E., Vivien L., « Compact
wavelength-insensitive fabrication-tolerant silieom-insulator beam splitter »Optics
Letters vol. 3(21), pp. 3700-3702 (2010)

133



References

[97]: Yu-Mei Wu, Laurent Vivien, Eric Cassan, Vu iHdam Luong, Lam Duy Nguyen,
and Bernard Journet, “ Optical microresonator f@pl@ation to an opto-electronic
oscillator”. Proc. SPIE, vol. 7598, pp. 75980F-7GB& (2010).

[98]: P. K. Tien and R. Ulrich, “Theory of Prismhd Coupler and Thin-Film Light
Guides”.Jour. Opt. Soc. Amvol. 60(10), pp. 1325-1337 (1970).

[99]: G. Roelkens, D. Vermeulen, D. Van ThourhdRt, Baets, S. Brision, P. Lyan, P.
Gautier, and J.-M. Fédéli, “High efficiency diffrae grating couplers for interfacing
single mode optical fiber with a nanophotonic sii@mn-insulator waveguide circuit”.
Appl. Phys. Lettvol. (92), pp. 131101-1(3) (2008).

[100]: D. Taillaert, W. Bogaerts and R. Baets, &##nt coupling between submicron SOI-
waveguides and single-mode fiberBtoc. Sym. IEEE/LEOS Benelux Chaptenschedge
pp.289-303 (2003).

[101] R. G. Hunsperger, A. Yariv, and A. Lee, “Hilaend-butt coupling for optical
integrated circuits”Appl. Opt, vol. 16(4), pp. 1026-1032, (1977).

[102]: D. G. Hall, J. D. Spear-Zino, H. G. Koeni8, R. Rice, J. K. Powers, G. H.
Burkhart, and P. D. Bear, “Edge coupling of a Ga®\lRH laser diode to a planar
Ti:LINbO3 waveguide” Appl. Opt, vol. 19(11), pp. 1847-1853(1980).

[103]: L. G. Cohen and M. V. Schneider, “Microleasier Coupling Junction Lasers to
Optical Fibers” Appl. Opt, vol. 13(1), pp. 89-94 (1974).

[104]: A. KOTSAS, H. GHAFOURI-SHIRAZ, T. S. M. MACEAN, “Microlens
fabrication on single-mode fibres for efficient ping from laser diodes’Opt. Quant.
Electron, vol. 23, pp. 367-378 (1991).

[105]: H. Sakaguchi, N. Seki, and S. Yamamoto, “Bowoupling from laser diodes into
single-mode fibres with quadrangular pyramid-shapediellipsoidal ends”Electron.
Lett, vol. 17(12), pp. 425-426 (1981).

[106]: Y. Murakami, J.I. Yamada, J.l. Sakai, T. Kira, “Microlens tipped on a single-
mode fibre end for InGaAsP laser coupling improvetheElectron. Lett, vol. 16, pp.
321- 322 (1980).

[107]: U. C. Paek and A. L. Weaver, “Formation dbpherical Lens at Optical Fiber Ends
with a CO2 Laser”Appl. Opt, vol. 14(2), pp. 294-298 (1975).

[108]: C. W. Barnard and J. W. Y. Lit, “Single-mofileer microlens with controllable spot
size”. Appl. Opt, vol. 30, pp. 1958-1962 (1991).

[109]: D. Marcuse, “Loss Analysis of Single-Modéér Splices”Bell Syst. Tech..Jvol.
56, pp. 703-718 (1977).

[110]: Kirill Volyanskiy, Patrice Salzenstein, HervTavernier, Maxim Pogurmirskiy,
Yanne K. Chembo, and Laurent Larger, “Compact dptbenic microwave oscillators
using ultra-high Q whispering gallery mode diskemgtors and phase modulatio@pt.
Exp, vol. 18(21), pp. 22358-22363 (2010).

134






Studying optical micro-resonators coupling for futue insertion in an optoelectronic oscillator

Abstract - The classical structure of an Opto-Electronicillzor (OEO) is based on a long fiber loop acting
as a delay line and leading to the high spectratypwr very low phase noise, of the oscillatoncB an OEO
has been developed in SATIE/LPQM laboratory at ED#&han, operating at 8 GHz frequency. However,
this system has some main disadvantages such akyadize, the difficulty to control temperaturedaa
wide range of peaks among which it is difficult $elect only one mode. In order to eliminate these
disadvantages, high quality factor optical resonesm be used instead of the optical fiber loop.

In this thesis, two resonator structures are preduand investigated. Microspheres are fabricatsgédan
optical single mode fiber. Whispering gallery modéshese resonators are characterized by tapéred-
resonator coupling. The experimental results shww the quality factor of the microsphere is ui@ and
FSR depends on the diameter of the resonator. Aospbere with a diameter of 300 pum, presents a#fSR
0.2 nm corresponding to a frequency of 25 GHz. Hawrefor an OEO system which should work at 8 GHz,
microsphere with a smaller FSR or with diametesafe millimeters should be fabricated; that islyeal
difficult to obtain.

Another add/drop racetrack resonator is designed iamestigated. Optical experimental behavior of
racetrack is characterized via fiber micro-lensptimg. The transmission spectrum shows resonange di
with average quality factor of 1@&nd a small FSR of 0.050 + 0.003 nm (actually esponding to 6 GHz)
for a scanning wavelength range from 1534 nm to01@fh. The most promising features of the racetrack
resonator are its high quality factor, and its fspectral range, which give it the high suitability being
used in the OEO system. Nevertheless the couplitigfiber lens leads to high losses and it is mgible

to fulfill the oscillation conditions. Future worshould be conducted for improving the coupling &md
controlling the resonance dips position in agredméth the wavelength of the laser used in the OEO.

Résumé- La structure traditionnelle d'un oscillateur aidextronique (OEO) s'appuie sur une boucle de fibre
optique trés longue, servant de ligne a retardietdnférant la grande pureté spectrale, ou lefaikde bruit

de phase de l'oscillateur. Un tel oscillateur famgtant a la fréquence de 8 GHz a été mis en cawe
laboratoires SATIE/LPQM de 'ENS Cachan. Néanmaingel systeme présente des inconvénients comme
les dimensions un peu grandes, la difficulté detréter la température et un large peigne de frégeen
parmi lequel il est difficile d'extraire un seuleode. Il est en fait possible d'éliminer ses inconegts en
remplacant la boucle de fibre par un micro-résamadgtique de grand facteur de qualité.

Dans cette thése deux types résonateurs ont giguéb et étudiés. Des microsphéres ont été faber @
partir de fibres optiques de fibres optiques mondeso Les modes de galeries de ces résonateurs sont
caractérisés grace a couplage avec une fibre effil&tude expérimentale met en évidence un faateur
qualité pouvant atteindre une valeur d& &0un intervalle spectral libre (FSR) dépendantidmétre de la
sphére. Ainsi pour un diamétre de 300 um on obtiarESR de 0,2 nm soit 25 GHz en fréquence. Mais po

un OEO fonctionnant a la fréquence de 8 GHz il faitdun FSR plus petit et donc une sphere dont le
diameétre serait de taille millimétrique, donc tdéf$icile a fabriquer.

Un autre type de résonateur, en forme d'hippodramété concu et étudié. L'étude expérimentale a été
conduite par un couplage avec de fibres lentilléesspectre en transmission présente des picssdeagces
avec un facteur de qualité moyen de 0,050 + 0.@03correspondant en fait & 6 GHz) sur une plage de
longueurs d'onde allant de 1534 nm a 1610 nm. &esctéristiques les plus intéressantes de ce résoren
forme d'hippodrome sont un facteur de qualité éktvén intervalle spectral libre tout a fait enaccavec

les besoins de I'OEO étudié. Néanmoins le coupdage les fibres lentillées induit des pertes ogttrop
importantes pour satisfaire aux conditions d'aatdhs. Les travaux futurs devront porter sur I'tongtion

du couplage ainsi que sur l'asservissement deglpicdsonnance du micro-résonateur sur la longllende

du laser employé dans I'OEO.



