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ABSTRACT

LASING ACTION AND SUPERCONTINUUM
GENERATION IN NANO- AND MICRO-STRUCTURES

Duygu Akbulut
M.S. in Materials Science and Nanotechnology
Supervisor: Assist. Prof. Dr. Mehmet Bayindir
January, 2009

Supercontinuum generation is the substantial broadening of electromagnetic
radiation due to nonlinear interactions with the transporting medium. It finds
application in a wide range of areas, including spectroscopy, frequency metrology,

optical coherence tomography and telecommunications.

Whispering gallery mode microresonators confine light in a micron scale area
via total internal reflection mechanism. Among these structures, microtoroid is
especially interesting since it combines ultrahigh quality factor and chip inte-
grability. Applications of such structures include nonlinear and quantum optics,
biological and chemical sensing, telecommunications and quantum electrodynam-

ics.

In the first part of the present work, continuum generation from a nanostruc-
tured chalcogenide glass (AsySes) core, high temperature polymer (polyethersul-
fone, PES) cladding fiber was experimentally investigated. Simulation results for
nonlinear interactions inside a microtoroid are also provided. In the second part,

polymer coated toroidal microresonators were employed for observation of laser



v
action. Owing to high quantum efficiency of the polymer, the observed lasing
threshold has a very low value of 200 pJ/pulse despite free space excitation.

Keywords: nonlinear optics, supercontinuum generation, chalcogenide glasses,

toroidal microcavities, m-conjugated polymers, laser action



OZET

NANO VE MIKRO YAPILARDA LAZER ETKISI VE GENIS
BANTLI ISIK URETILMESI

Duygu Akbulut
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Yoneticisi: Yar. Dog¢. Dr. Mehmet Bayindir
Ocak, 2009

Genis bantl 1g1k tiretimi elektromanyetik dalganin, icerisinde ilerledigi ortamla
lineer olmayan etkilesimleri sonucunda gozlenen o6nemli miktardaki spektral
genigleme olarak tanimlanir. Spektroskopi, frekans metrolojisi, optik koherans

tomografisi ve telekomiinikasyon alanlarinda uygulamasi vardir.

Fisildayan galeri modlu mikrorezonatorlerde 1g1ik toplam i¢ yansima mekaniz-
masiyla mikron boyutlarinda alanlara hapsedilir. Bu yapilar i¢cinde mikrotoroid,
cok yiiksek kalite faktorleri ve gipe entegre edilebilirlik ozellikleri agisindan ilgi
uyandiricidir. Bu yapilarin uygulama alanlari arasinda ise lineer olmayan optik
ve kuantum optigi, biyolojik ve kimyasal algilama, telekomiinikasyon ve kuantum

elektrodinamigi vardir.

Tezin ilk kisminda chalcogenide (AsySes) 6z ve PES koruyucu bélgeden olugan
nanoyapili bir fiberde genig banth 1sik tiretimi incelenmistir. Ayrica mikro-
toroid i¢indeki lineer olmayan optik etkilesimleri i¢in yapilmig FDTD simiilasyon

sonuclar1 da verilmistir.

Ikinci kisimda ise, polimer kaplanmig toroid mikrorezonatorler lazer etk-

isi gozlenmesi amaciyla kullamilmigtir.  Polimerin yiiksek kuantum verimi



sayesinde lazer etkisi serbest uzay uyarimi sayesinde 200 pJ/atim gibi diisiik

esik degerlerinde gozlenebilmigtir.

Anahtar Kelimeler: lineer olmayan optik, genis banth 1sik tretimi, chalcogenide

camlar, toroid mikrokovuklar, w-konjuge polimerler, lazer etkisi
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Chapter 1

INTRODUCTION

Supercontinuum (SC) generation, substantial spectral broadening of electromag-
netic radiation due to non-linear interactions with the transporting medium,
has various applications in spectroscopy [1, 2], frequency metrology [3], optical
coherence tomography [4, 5] and telecommunications [6, 7]. Such a broad spec-
trum can be obtained by effectively confining high power light pulses in highly
non-linear materials maintaining very small or negative dispersion values. Su-
percontinuum generation was first observed by Alfano and Shapiro in 1970 [8, 9|
by focusing a Nd:glass laser into borosilicate glass. Investigation of the effect
in various other materials and systems; solids [10], liquids [11], gases [12] and
optical waveguides [13, 14, 15] followed. The optical waveguides are particu-
larly attractive for SC generation purposes owing to the reduced modal area,
increased interaction length and design flexibility. The extent and the shape of
the obtained spectrum depends on combination of several parameters: nonlin-
earity of the fiber, pulse duration, pump power and the relative position of zero
dispersion wavelength (ZDW) of fiber to pump wavelength [16]. Photonic crystal
fibers (PCF) and tapered fibers have several advantages in terms of the design
flexibility they offer [14, 15].



Whispering Gallery Mode (WGM) optical microcavities confine light to mi-
cron scale areas via total internal reflection mechanism. They find application
in various areas such as probing nonlinear optical effects [17, 18], telecommu-
nications [19], lasing [20, 21|, biological and chemical sensing [22] and more
fundamental areas of quantum optics [23] and cavity quantum electrodynam-
ics [24]. Among microcavities, the highest quality factors have been observed in

surface-tension-induced microspheres and microtoroids [25, 26, 27].

Since its first demonstration by Armani [27] and his coworkers, the toroidal
microcavities have attracted much attention and have been employed in numer-
ous studies on nonlinear optics [17], laser action [21], optical sensing [22] and
cavity quantum electrodynamics [23]. The microtoroid is obtained by laser re-
flow of a microdisk structure suspended on air, smoothing the surface of the
cavity and enabling ultrahigh quality factors. It is this ultrahigh quality factor
on the order of 10® in addition to integrability to chip based applications that

makes the microtoroid attractive.

This thesis consists of two parts. In the first part, we have employed nanos-
tructured chalcogenide fibers covered with polyethersulfone (PES) cladding to
achieve supercontinuum generation in the near and mid infrared spectral re-
gion [28]. More specifically, the core of the fiber is AsySes with nonlinear refrac-
tive index ~800 times larger than that of silica as being the major advantage.
Such a superior nonlinear refractive index results in reduction in the threshold of
nonlinear optical effects. Moreover, AssSes has lower dispersion in the infrared
region, hence it can be useful for producing a broadband light source in the in-
frared region, considering its high nonlinearity. In addition to microfibers, AssSes
coated toroidal microresonators were also considered to observe supercontinuum
generation. When high nonlinearity of AssSes is combined with small mode vol-
ume and ultrahigh quality factor of a resonator, observation of nonlinear effects

would be attained at considerably low input power levels.



The second part deals with observation of laser action from a polymer coated
microtoroid [29]. The aim was to provide a chip-based, low threshold laser source
by combining ultrahigh quality factor of the toroidal microcavity with a photo-
luminescent polymer with high quantum efficiency. Lasing was indeed observed
despite employing free space excitation of the cavity, which is usually very inef-

ficient.

The thesis is organized as follows: Chapter 2 gives background information
on the theory behind the investigated phenomena. Chapter 3 describes obser-
vation of continuum generation in the microstructured chalcogenide fiber and the
simulations conducted for As;Ses coated microtoroid. Chapter 4 gives informa-
tion on the fabrication of toroidal microresonators and observation of laser action
when it is coated with a photoluminescent polymer, poly(dioctyloxy-p-phenylene-
vinylene)DOO-PPV. Finally, concluding remarks and suggested future works is

given in Chapter 5.



Chapter 2

THEORETICAL
BACKGROUND

2.1 Nonlinear Optics

Nonlinear optics comes into play when the intensity of the light interacting with
the medium is above a certain threshold, since the optical nonlinearities arise
from the anharmonic motion of the bound electrons under an applied field which
usually takes place when the applied field strength approaches ~1 percent of the
binding potential of the electron [30]. In linear optics, the induced polarization,

P depends linearly on the applied electric field, E:
P =c(x"-E) (2.1)

However this dependence of induced polarization upon applied electric field is

actually nonlinear and can be expressed as [31]:
P=co(xV E+x?:EE+ y®:EEE +..)) (2.2)

In the above equations, €y is the vacuum permittivity and x), which are tensors

of rank j+1, are the j* order susceptibilities of the medium.



The dominant contribution to the polarization comes from the linear sus-
ceptibility and its effects are seen through the linear refractive index n and the

(2) Jeads to nonlinear

attenuation coefficient . The second order susceptibility x
optical effects such as second harmonic generation, sum and difference frequency
generations and optical parametric oscillation [32]. However, these effects can
be observed in materials with noninversion symmetry only, since, otherwise y?
becomes zero. It must also be noted that even materials with inversion symme-
try can show small amounts of second order nonlinear optical effects resulting
from the small asymmetries in the material. The third order susceptibility x©)
leads to third harmonic generation, four-wave mixing and the optical Kerr effect

via its real part, and the imaginary part of y©® is responsible for two photon

absorption, Raman scattering and Brillouin scattering [33, 34].

In optical fibers, made from amorphous materials, the medium has inversion
symmetry, so the second order nonlinear optical effects can be neglected. In
this thesis, we concentrated on optical effects occurring in chalcogenide fibers.

Therefore, only third order nonlinearity is considered.

2.1.1 Optical Kerr Effect

The dependence of the refractive index on the local intensity of the light is
referred to as the optical Kerr effect, which results from instantaneous interaction

of electromagnetic radiation with matter:
n(l) =ng + nal (2.3)

The nonlinear-index coefficient ns is dependent on the third order susceptibility
as [31]:
3 3)

The optical Kerr effect leads to the nonlinear effects of self phase modulation

(SPM) and cross phase modulation (XPM). Furthermore once phase matching



conditions are satisfied, third harmonic generation and four-wave mixing can also

be observed with the same principle [31].

2.1.2 Self Phase Modulation

The intensity dependence of the refractive index as given in Eq.(2.3) results in
change of the refractive index and hence change of the phase across the pulse [31].
For light of frequency wq entering a medium of length L, the change in the phase

can be expressed as [31]:
On(t) = nol(t)woL/c (2.5)

The SPM-induced spectral broadening is a consequence of the time dependence

of ¢nr, [31]. If instantaneous frequency w(t) is defined as:
w(t) = wo + dw(t) (2.6)

the difference dw becomes:

_ 8¢NL _ TZQCUOL 8[(t)

ow(t) = = 2.7
w(t) ot c ot (2.7)
If I(t) is written as I(t)=I,|U(t)*, where U(t) is normalized:
ow(t) = — 1 = — 2.8
OJ( ) C 0 ot LNL ot ( )
where Ly, is the nonlinear length defined as:
Lyy = (vP)™ (2.9)
with
NaWo
= 2.10
e (2.10)

The time dependence of dw is referred to as frequency chirp [31]. As a result of
the SPM, the leading edge of the pulse is down shifted while the trailing edge is

up shifted for an initially unchirped pulse, the magnitude of the frequency chirp



increases as the pulse propagates through the fiber and new frequency compo-
nents are introduced. While SPM results in spectral broadening for initially
unchirped or upchirped pulses, it can result in soliton formation or spectral nar-
rowing for initially downchirped pulses [31]. SPM is one of the main mechanisms
for supercontinuum generation when a fiber is pumped with ultrashort pulses in

both normal and anomalous group velocity dispersion regimes.

2.1.3 Cross Phase Modulation

When two optical fields propagate inside a fiber, they can interact with each
other. The phenomenon where the intensity of one beam causes a phase shift
in the other beam, is called cross phase modulation (XPM). XPM can occur
either between the two orthogonally polarized components of the optical field or
between two optical fields of different wavelengths. XPM is an elastic effect; no
energy is transferred between the propagating fields. The change in the refractive

index due to combined effect of SPM and XPM can be found as follows [31]:
1. : :
E(r,t) = §x[Elexp(—zw1t) + Esexp(—iwqt)] + c.c. (2.11)

substituting Eq.(2.11) into Eq.(2.2), and looking for nonlinear polarization terms
with exp(-iw;t) for j=1, 2,

=

Prp(wy) = (=

X (|ES? + 2| Es_j|*)Ej = eoe Y P E; (2.12)

using &; = eF + e = (nf + An;)? with the assumption An; << n':

where
= 2.14

is obtained. The accumulated nonlinear phase shift is given by:

93 (2) = (wj/e)An;z = ng(w; /) (| E|* + 2| Bs_j[*)z (2.15)



The first term in this equation is the contribution of SPM and the second term
is the contribution of the XPM to nonlinear phase shift. Note that the effect of
XPM is twice as much as the effect of SPM for the same intensity. When SPM
acts alone, the induced spectral broadening is symmetric in shape. However,
the combined effect of SPM and XPM results in an asymmetrically broadened

spectrum if there is a group velocity mismatch between the two pulses.

2.1.4 Four Wave Mixing

Four Wave Mixing (FWM) is a third order parametric process. In parametric
processes, the initial and the final quantum mechanical states of the system are
identical [32]. The medium plays a passive role in parametric processes, so energy
is not transferred between the optical wave and medium. Parametric processes
depend on both second and third order susceptibility of the material. Therefore,
depending on the magnitude of those quantities, second harmonic generation and
sum or difference frequency mixing can be observed in the material as second
order parametric processes in addition to FWM, third harmonic generation and
parametric amplification as third order parametric processes. FWM is a nonlin-
ear interaction between four optical waves where photons at certain frequencies

are annihilated in order to create photons at new frequencies.

There are two types of FWM [31]: in the first type, three photons transfer
their energy to a photon at a different wavelength: w, = wy; +wy +w3. When the
frequencies w; = wy = ws, the process is called third harmonic generation, when
W1 = wy # ws it is called frequency conversion. In the second type, photons at
frequencies of w; and ws are annihilated to create photons at frequencies of ws

and wy: wy + Wy = w3 + Wy.

FWM is hard to observe since it requires certain phase matching conditions

to be satisfied which means that the wave vectors of interacting optical fields



must be matched in addition to matching of frequencies:
k‘l + k’g + k’g = k‘4 (216&)
ki + ko = ks + ky (2.16Db)

for the first and second types respectively.

However, it is easier to obtain phase matching if w; = wy in the second type
of FWM. In this case, two photons of frequency w; are annihilated to create
w3 and wy photons located symmetrically around w;. w3 is taken to be the
low frequency sideband, called the Stokes band and w, is taken to be the high
frequency sideband and is called the anti-Stokes band [31]. FWM is an important
process leading to supercontinuum generation for pulses with durations on the
order of picoseconds in the anomalous group velocity dispersion (GVD) regime.

It can also be observed in the normal GVD regime with less efficiency.

2.1.5 Stimulated Raman Scattering

Stimulated Raman Scattering (SRS) is an inelastic scattering process, in contrast
to previously discussed nonlinear optical effects. In this case, energy is transferred
between the photons of incoming light and optical phonons of the medium. SRS

is an example of non-parametric processes as a result of the imaginary part of

.

In spontaneous Raman scattering, incoming light is scattered by the medium
with a new frequency due to transfer of energy between photons and optical
phonons. If the scattered photons have a lower frequency than the incoming
photons, the scattering is referred to as Stokes scattering, if the scattered pho-
tons have a higher frequency than they originally had, the scattering is called
as anti-Stokes scattering. However, the spontaneous Raman scattering is a weak

1

process. The scattering cross section is ~107% ecm~!. Therefore, when propa-

gating through 1 cm of scattering medium, ~107% of the incident light will be



10

converted to Stokes frequency [32]. However, in case of an intense laser beam
propagating in the medium, stimulated Raman scattering takes place as a much
more efficient mechanism where ~10% of the incident light may be converted to
Stokes frequency. SRS can be investigated using the following equations for the

CW or quasi-CW case [31]:

dl

F grl,Is — asl (2.17)
dl w
d_zp = _qugR[pIs - Ctp[p (218)

where I, and I are the intensities; w, and w; are the frequencies of the pump
and Stokes waves and o, and «; are the losses at the pump and Stokes waves

respectively.

2.1.6 Stimulated Brillouin Scattering

Stimulated Brillouin Scattering (SBS) occurs when the intensity of the light in
a medium is high enough to generate acoustic vibration. The generated acoustic
waves affect the density of the material and change its refractive index. SBS
stems from the scattering of light due to this index modulation [33]. SBS can
occur at much lower optical power levels than those needed for SRS. The main
difference between SBS and SRS is that acoustic phonons play role in SBS while
optical phonons play role in SRS. Similar to SRS, a Stokes wave is generated
in SBS, too. However, the difference between the pump and Stokes frequencies
is much lower than in the case of SRS. Moreover, SBS generated Stokes wave
travels in the backward direction in an optical fiber while the SRS generated

Stokes wave can travel in both directions.
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2.1.7 Pulse Propagation in Nonlinear Media

While a pulse is propagating in a medium both nonlinearity and dispersion acts
on the pulse at the same time. Hence, the two effects should be considered
together for a correct analysis. Therefore, we start this section by describing

chromatic dispersion.

Chromatic Dispersion

The dependence of the group velocity of a pulse to frequency is defined as the
chromatic dispersion which consists of waveguide and material dispersions. Ma-
terial dispersion is the frequency dependence of the refractive index of bulk ma-
terial and waveguide dispersion is the change in mode confinement profile with
optical frequency [33]. Far from medium resonances, the refractive index of a

material can be approximated by the Sellmeier equation [31]:
" Biw?
2 17
n“(w) =1 — 2.19
@) =1+ 0 (219)
j=1J
where w; is the resonance frequency and B, is the strength of the j™ resonance.

The mode propagation constant, § can be expanded in a Taylor series around

the central frequency wy [31]:

w 1
Blw) = n(w)= = Bo+ Bi(w —wo) + 5w —wo) + .. (2.20)
here,
amp
m = | 57— 2.21
ﬁ (dwm)w:wo ( )
0 is related to the group velocity as:
1 ng 1 dn
= === — 2.22
p=g =2 =1 (nrui) (2.22)

(5 is the group velocity dispersion parameter, representing the frequency depen-

dence of the group velocity:

(o) o



12

When [y >0, the fiber is said to exhibit normal dispersion and when (5 <0,
the fiber exhibits anomalous dispersion. In the normal dispersion regime, high
frequency components of an optical pulse travel slower than the low frequency
components and the opposite occurs in the anomalous dispersion regime. An-

other parameter, D, called the dispersion parameter, can also be used instead of

ﬁg [31]
B % 2me \d*n

D= = —— Oy ————
d\ 22 B c d)\?

(2.24)

The total chromatic dispersion of a waveguide can be calculated as follows:
The effective refractive indices of the waveguide can be determined for different
wavelengths through a numerical method, and the found n.s; values can be fit

to the Sellmeier equation for obtaining dispersion through:
po AEney (2.25)
c d\?

Since it is usually very difficult to tune material dispersion, tailoring the
waveguide dispersion can be useful for several applications including dispersion
shifted fibers where the zero dispersion wavelength (ZDW) is shifted to the de-
sired wavelength, e.g. to a wavelength where the material absorption is smaller.
Such fibers are especially important in telecommunications as well as in super-
continuum generation. In the latter case, dispersion has a detrimental effect on
the spectral broadening of pulse propagating in the fiber. Therefore, if the dis-
persion is modified so that the pulse wavelength is close to the fiber’'s ZDW, the

observed broadening effect will be much stronger.

Nonlinear Schrodinger Equation

Let us begin the discussion of pulse propagation in dispersive and nonlinear

media by writing the Maxwell equations:

B
VxE= _aa_t (2.26)
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oD
H-= — 2.2
V x J+ 5 (2.27)
V-D =y, (2.28)
V-B=0 (2.29)

where E and H are the electric and magnetic field vectors, and D and B are
the corresponding electric and magnetic flux densities. J is the current density

vector and py is the charge density. In an optical fiber, J and p; are 0.
D and B relate to E and H through,

B = H+M (2.31)

Here, ¢ is the vacuum permittivity, pg is the vacuum permeability, P is the
induced electric polarization vector and M is the induced magnetic polarization

vector. Since optical fibers are nonmagnetic, M is 0.

To find the wave equation describing the propagation of light in the fiber,

take curl of Eq.(2.26) to obtain:

VXVXE:_C_lza;_tE)_MOa;_;; (2.32)
use the relation
VxVxE=V(V-E)-V’E = -V°E (2.33)
since V- E = 0. Then, Eq.(2.32) becomes:
V°E — 1o P _ 0 (2.34)

2o Mo
When far from medium resonances, Eq.(2.2) can be used to define P, which can

be divided into linear and nonlinear components:

P(I‘,t) = PL<I‘,t) + PNL(I',t) (235)



14

which are related to the electric field through the following equations:

P.(r,t) =& /OO xO(t =) - E(r,t)dt’ (2.36)

o0

Pyi(r,t) = go/// Wt —t1,t —to,t — t3) E(r, t1)E(r, t2)E(r, t3)dt, dtodts

(2.37)
when the second order susceptibility, x® is taken as zero. When nonlinear
response of the medium is considered to be instantaneous, Py (r,t) can be

written as:

Pri(r,t) = eoxP:E(r, ) E(r, t)E(r, t) (2.38)

Taking the assumptions made above into consideration and using Py (r,t) =
coxWE(r, t), the wave equation, Eq.(2.34) can be written in the Fourier domain
as:

2

2
w w
V?E(w) + EE(w) + gx(l)E(w) = —jow’Pnp, (2.39)

Now, introduce the slowly varying envelope approximation and write the electric

field as multiplication of a fast varying field and a slowly varying field:

E(r,t) = —2[E(r, t)exp(—iwpt) + c.c.] (2.40)

We can apply this to Py, and Pny, as well:

1
Py(r,t) = 57 Z[Pp(r, t)exp(—iwgt) + c.c.] (2.41)
L, .
Pnp(r,t) = §$[PNL( ,texp(—iwpt) + c.c.] (2.42)
Pyp(r,t) can be written as [31]:
Pnp(r,t) = eoenp E(r,t) (2.43)

and, substituting Eq.(2.40) in Eq.(2.38), using Eq.(2.42) and neglecting the 3wy
terms,

3
ENL = ZXC(E?C)E)(L'IE|E(I‘7 t)|2 (244)
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is found. Then, substituting Eq.(2.43) in Eq.(2.39) and using e(w) = 1+ (W) +
enr, Eq.(2.39) can be written as:

2
V2E + g(w);”—QE =0 (2.45)
which can be solved by introducing:

E(r,w) = F(z,y) Az, w)exp(if2) (2.46)

where [y is the wave number, F(x,y) represents the modal distribution and
AV(Z, w) represents the slowly varying pulse envelope. The equations for Z(z,w)

and F(z,y) can be written as [31]:

92A 0A
57 +2zﬂo— + (52 - A (2.47)
O2F  O°F

a2 T T [e(w)kd — B F =0 (2.48)

82;{/822 term in Eq.(2.47) can be neglected since ﬁ(z,w) is a slowly varying

function of z. e(w) is approximated by [31]:

e=(n+An)* ~n®+2nAn (2.49)

with
An = | B2 + 22 2.50
n= B+ o (2.50)

and
a=a+ alEl? (2.51)

Z} can be found by solving Eq.(2.48) using first-order perturbation theory. First,

B(w) is found using € = n? and then, effect of An is included to find [31]:

Blw) = Bw) +AB (2.52)

and
ko [ 72 An|F(z,y)|*dzdy

ff |F(z,y)|>dzxdy

AB = (2.53)
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Using Eq.(2.52) and approximating 3% — 32 by 280(8 — o), Eq.(2.47) can be

written as [31]: N

0A . ~
which implies that as the pulse propagates in the fiber, each spectral component
accumulates a frequency and intensity dependent phase shift [31]. Now, use the

Taylor expansion of #(w) about wy:

B(w) = Bo + Bi(w — wo) + %ﬁz(w —wp)® + éﬁg(w —wo)® + ... (2.55)
where
Om = (g—ﬁ)wwo form=1,2,... (2.56)

By neglecting the high order terms, the equation for A(z,t), in time domain,

can be written as:

3A ’lﬁg 8 A (07 . 2
— + —A=1iv|A]’A 2.
51 o e 2 iv|Al (2.57)
and is known as the Nonlinear Schrodinger Equation (NLSE). Here, 3; is the
group delay; (3, is the group velocity dispersion, a represents the losses and - is

the nonlinear parameter defined as:

NaWo
= 2.58
CAeff ( )
where A.ss is the effective core area, defined as [31]:
F(z dzd
(2 |F (@, y)*|dady)® (2.50)

A
eff ff |F(z,y)|*dzdy

The NLSE describes the propagation of a pulse inside a single mode opti-
cal fiber. The effects of fiber losses, chromatic dispersion and nonlinearity are

included in the equation through «, 35 and v respectively.

The spectral broadening of a pulse inside a fiber can be understood by tak-
ing into account the combined effects of dispersion and nonlinearity. Basically,

solving the NLSE should give an idea on the evolution of the pulse despite the
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fact that inelastic scattering is not considered. Usually, the NLSE is solved nu-
merically, since analytic solution is not always available, to investigate the pulse
propagation. Most commonly used method for this purpose is the Split-Step
Fourier Method which will be described in Chapter 3.

Mechanisms leading to supercontinuum generation, including SPM, XPM,
Raman scattering, FWM and soliton dynamics, will be qualitatively described
in Chapter 3. Such mechanisms can be efficiently observed depending on the
duration of pulse and the position of central wavelength with respect to the
ZDW. As for the pump pulses and the fiber used in this thesis, the spectral

broadening is mainly a result of SPM effect.

2.2 Laser Action

In this section, some basic concepts of laser action mechanism will be given.

2.2.1 Absorption, Spontaneous Emission and Stimulated

Emission

In our context, three interactions of light with matter is important and will be
explained: absorption, spontaneous emission and stimulated emission.

In absorption, incoming electromagnetic wave, having energy hv can be ab-
sorbed by the atom and excite its electron from ground state to an excited state
if the energy difference between the two states is huv.

The same atom would then reduce its energy by relaxing from excited state to
ground state. If this transition is a radiative transition, then the atom emits a
photon of energy hv. If the transition is non-radiative then the atom will not emit
any photons and energy will be transferred to non-radiative relaxation mecha-

nisms such as molecular vibrations. In reality, energy is distributed between
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radiative and non-radiative channels in a molecule, therefore the emitted photon
usually has lower energy than hv. This process is called spontaneous emission.
Finally, if a photon having energy hv interacts with the atom when it is in its
excited state, the atom goes back to its ground state by emitting another photon
having the same energy and phase with the incoming photon; this process is

called stimulated emission.

Now, let us look at the relations between absorption, stimulated emission and
spontaneous emission in a two-level system:
Let’s assume that the ground level population is N; and the upper level pop-
ulation is Ny. There are three processes leading to a change in the number of
electrons between these two levels, as defined above. The rate for spontaneous
emission, 7y is:

r = ANQ (260)

where A is the spontaneous emission probability. The rate for stimulated emission
Ty 1S:

ry = B Nap (2.61)

where By is the stimulated emission probability and p is the photon density.
The rate for absorption is:

r3 = BiaNip (2.62)

where Bjs is the absorption probability. In thermodynamic equilibrium, the
number of transitions from the ground level to the upper level is equal to the

number of transitions from the upper level to the ground level:

ry+re = T3 (263)
BlgNlp = ANQ -+ BglNQp (264)
p can be found as:
AN.
P 2 (2.65)

B BIQNI - B21N2
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From Planck’s radiation law, p is:

B Smhy’ 1

= 2.66
P A3 exp((Ey— Ey)/kT) —1 (2.66)
From Boltzmann distribution,
Mo p B2~ B (2.67)
Ny kT '
NOtiIlg BglzBlg :B,
Sthyd 1 A 1
- = =7 (2.68)
¢ -1 Bir-1
Finally,
A Smthy?
g 2.69
Iz 3 (2.69)

can be obtained. For lasing to occur, stimulated emission rate should exceed the

absorption and spontaneous emission rates.

T9 1

= 2.70

™ —%; — ]_ ( )
D) N2

- == 2.71

T3 N1 ( )

From above equations, it can be seen that, for stimulated emission rate to
exceed spontaneous emission rate and absorption rate, the population of the up-
per level must be greater than that of the lower level, however, this can never be
attained in a two-level system since once the number of electrons in the ground
and excited state is the same the stimulated emission rate and absorption rate
become equal, making the material optically transparent to incoming electromag-
netic radiation. This situation is called “two level saturation” [35]. However, this

condition can be met in three (or higher) level systems.
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Figure 2.1: (a) Three-level laser system. (b) Four-level laser system. Adapted

from Reference [36].

Figure 2.1 represents the three and four level system schematics. When a
three-level system is pumped by incoming EM wave, atoms are excited to the
pump level, from which they rapidly decay non-radiatively to the upper lasing
level which has a long lifetime enabling population inversion and consequently
lasing action to occur. When a four-level system is pumped by incoming EM
wave, atoms are excited to the pump level and quickly decay non-radiatively
to the upper lasing level. Generally, upper lasing level has longer lifetime than
the lower one and since the lower lasing level is assumed to be initially empty,

population inversion is easily achieved [36].

2.2.2 Superradiance, Superfluorescence, Amplified Spon-

taneous Emission

Superradiance is the collective emission from an ensemble of excited atoms
or ions where the coherence of excitation light results in a macroscopic dipole

moment [37]. The peak power of the emitted light is proportional to square
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of the number of atoms. The time evolution of the emission has a bell shaped
curve with time duration much smaller than the spontaneous emission lifetime.
Population inversion is obtained after a certain threshold. The length of active
material is smaller than a characteristic cooperative length, depending on the
initial population inversion. Light will be emitted in a solid angle of diffraction
angle, \/D where D is the diameter of the active material [35].
Superfluorescence is the collective emission from an ensemble of excited atoms
or ions, like superradiance [37]. There are many similarities between two pro-
cesses. The main difference is that, the atoms (or ions) are initially incoherently
excited and there is no macroscopic dipole moment created by the excitation
process. Moreover, the pulse maximum appears after some delay [37].
Amplified Spontaneous Emission (ASE) is also known as superlumines-
cence and is spontaneously emitted radiation enhanced by [37]. Here, the flu-
orescence of the molecules around the center of a solid angle will be amplified
more compared to the rest, resulting in a highly directional emission. The time
evolution is again a bell shaped curve with a time duration much smaller than
spontaneous emission lifetime. Here, the emitters are not interacting with each
other and there is neither a strict threshold nor a critical cooperative length. The
emission angle is determined by geometrical factors and is usually larger than

that of superradiance[35].

For a laser to operate, there has to be an active medium, in which population
inversion is achieved by pumping the system and there has to be a cavity provid-
ing the positive feedback necessary for amplification. In this thesis, DOO-PPV
is used as the active medium and pumping is provided optically by an OPA-800C

laser system where the employed cavity is a toroidal microresonator.
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2.3 Whispering Gallery Mode Resonators

Whispering Gallery Mode (WGM) microcavities confine EM radiation via total
internal reflection (TIR) mechanism in a micron scale area [38], where light
follows the periphery of the microstructure. Examples of WGM microcavities
can be seen in Figure 2.2. Such microcavities can be characterized in terms of
their quality factor (Q), free spectral range (FSR), finesse, mode volume and

modal distribution.

Figure 2.2: Examples of different WGM microresonators: (a) microdisk, (b)

microsphere, (c¢) microtoroid. Adapted from Reference [38].

2.3.1 Optical Modes

Optical modes of a WGM microresonator can be found by solving the Helmholtz
equation in the corresponding geometry. In the most widely studied sphere
geometry, mode solving procedure starts by writing the Helmholtz equation in

spherical coordinates:

r20r" Or r2sin 6 00 00 r2sin? 6 O¢?

+ k) =0 (2.72)
where £ is the wave vector inside the medium, k=w, /€.

If the direction of polarization can be assumed to be constant along a fixed

set of spherical coordinates throughout all space, the solutions to Eq.(2.72) in
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spherical coordinates are separable[39]:

U(r,0,0) = e (r)e(0)vs(9) (2.73)
the radial component:
d  o,dy, 2,2 _
(=) (K — U+ 1)) =0 (2.74)
the polar component:
d, . diy m?2
smgap "0 gg) T = Gag)ve =0 (2.75)
the azimuthal component:
To | gy =0 (2.76)
d¢ ¢ ‘

the solution for the azimuthal component is:

Yy =

1
exp(Fim 2.77
5 XP(Fime) (2.77)
the solution for the polar component is defined by the Legendre polynomials,

P! (cos®) and the solution for the radial component can be written in terms of

Bessel functions.

Despite the fact that the optical modes of a dielectric sphere is widely studied
and has an analytical solution, modes of a toroidal microcavity cannot be analyt-
ically solved since only one coordinate of the wave equation separates, reducing
it to a two-dimensional Helmholtz equation [40]. Nevertheless, such modes can

be found using numerical methods and have been investigated in several stud-

ies [41, 42).

2.3.2 Free Spectral Range

The free spectral range (FSR), is defined as the wavelength spacing between
successive longitudinal modes of a Fabry-Perot resonator [42]. By considering

the WGM microresonator as a Fabry-Perot resonator wrapped on to itself; for
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azimuthally symmetric resonator of radius R and effective refractive index n.yy,

the FSR can be approximated as [42]:

)\2
AN = — 2.
FSR 27TneffR ( 78)

2.3.3 Finesse

Finesse (F) is defined as the ratio of cavity mode spacing to cavity bandwidth [42]:

_ Alpsr . AQ

F= = 2.
AN QWneffR ( 79)

This quantity gives information on the spectral noise/power amount of a resonant

filter and the amount of energy amplification in a laser system [42].

2.3.4 Mode Volume

The mode volume of a microcavity describes confinement of light inside the res-
onator and can be especially important in several applications such as nonlinear

optics where the optical intensity plays a crucial role. The modal volume can be

defined as [42]:
_ (I EPET)

(2.80)
I, [E)ds7

m

2.3.5 Quality Factor

Quality factor of a microcavity describes how long the light stays inside the cavity
or equivalently how sharp the cavity modes are. The definition of the quality

factor is [42]:
A

Q=55 =

wT (2.81)

This quantity is closely related to the cavity losses; the better is the confinement

inside the cavity, the higher is the quality factor.
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The total quality factor of a cavity can be written as a sum of several inde-

pendent contributions to the loss [42]:

-1 -1 -1 -1 -1 -1
Qtotal = Yinaterial + QWG’M + QSS + Qcontamination + Qcouplmg (282)

Here, Q! ateriar term is related to material losses and Q 'y qar indicates the
radiation losses, arising from TIR at the curved interface, which increases as
the curvature of microcavity increases. Q ', corresponds to the losses due to
scattering centers at the resonator surface. Q7 !iontamination idicates the losses
from surface contaminants and Q_lcouplmg is the loss due to coupling of light to
and from the cavity. The intrinsic quality factor of the microcavity is defined
as [42]:

-1 -1 -1 -1
Qintm’nsic = material + QWGM + st + Qcontamination (283)

2.3.6 Cavity Build-up Factor

The cavity build-up factor indicates how much power circulates inside a cavity

compared to the pump power [42]:

Pcirc - )\QO K
Piput  mnR (14 K)2

(2.84)

where Q is the intrinsic quality factor of the cavity and K = Qintrinsic/ Qcoupling



Chapter 3

CONTINUUM GENERATION
in MICROSTRUCTURED
CHALCOGENIDE OPTICAL
FIBER and TOROIDAL
MICRORESONATOR

3.1 Introduction

Supercontinuum generation is a process where the spectrum of the input laser
pulse is largely broadened and takes place when ultrashort pulses are propagated
through a nonlinear medium. The physical mechanisms behind supercontinuum
generation are numerous and include self phase modulation, Raman processes,

four-wave mixing and solitonic interactions, depending on the pump laser type
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and the medium properties. Supercontinuum (SC) generation has various appli-
cations in spectroscopy [1, 2] optical frequency metrology [3], optical coherence

tomography [4, 5], device characterization [43] and telecommunications [6, 7].

SC generation provides a broadband coherent light source [44] which combines
wide spectrum, high brightness and collimation that makes it preferable over
other broadband light sources. Figure 3.1 compares the brightness and spectrum
obtained from different broadband sources. The SC spectrum given in this figure
was obtained by using a NL-1040 PCF [45], pumped by a nanosecond 1064 nm
microchip laser and can be realized to offer a better output than the compared
broadband sources in terms of brightness and broadness of the spectrum.
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Figure 3.1: Comparison of different broadband sources. Adapted from Reference

[45].

Supercontinuum generation was first observed by Alfano and Shapiro in
1970 [8, 9] by focusing a Nd:glass laser into borosilicate glass. In the experiment,
second harmonic generated pulses of 530 nm wavelength, 4-8 ps pulse width and
5 mJ pulse energy were used, producing a 300 nm wide spectrum. Since this
first experiment, numerous studies have been conducted on SC generation, in
solids [10], liquids [11], gases [12] and in optical waveguides [13, 14, 15]. Due to

reduced modal area, increased interaction length and design flexibility, optical
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waveguides are of special interest for observation of non-linear effects, especially
SC generation. Among various types of waveguides, the most extensively studied
geometry is the fiber geometry where SC generation was first observed by Stolen
and Lin in 1976 [46]. In this experiment, a 10 ns dye laser with 20 kW peak
power was used as the pump and coupled to a 19.5 m long silica core fiber with
core diameter of 7 um. The observed broadening at the end of the fiber was

between 110-180 nm when intensity inside the fiber was 10° W/cm?.

The obtained spectrum at the end of the fiber shows different properties
depending on the position of pump wavelength relative to zero dispersion wave-
length (ZDW) and duration of the pump pulse. For example, when input pulse
has a time duration in the femtosecond range and the central wavelength is in the
anomalous dispersion regime, the SC generation is dominated by soliton dynam-
ics where initially formed high order soliton experiences some broadening due to
SPM breaks up into a series of fundamental solitons, which is also called soli-
ton fission. The soliton fission can be triggered by Raman scattering or higher
order dispersion. For pulse durations longer than 200 fs, Raman scattering is
more dominant yet for pulse durations less than 20 fs, the high order dispersion
dominates in triggering the soliton fission [47, 16]. When ultrashort pulse has a
central wavelength in the normal GVD regime of the fiber, SPM is the dominant
nonlinear process leading to SC generation. When input pulse has a longer time
duration, in the picosecond regime, the soliton dynamics still play a role if the
pulse is in the anomalous GVD regime of the fiber. However, the fission length
for the initial high order soliton is much longer than that of fs regime and in
the beginning of propagation distance, four-wave mixing and Raman scattering
processes dominate. The maximum Raman gain is significantly smaller than the
gain for phase-matched four-wave mixing and becomes dominant only when large
phase mismatches or large walk off effects are present in the system. In normal
GVD regime, the four-wave mixing processes are harder to observe and Raman

scattering, in addition to SPM is the dominant spectral broadening process [16].



29

The central wavelength of the pump laser is not always tunable, however, it
is possible to design the fiber accordingly to have the desired ZDW. For exam-
ple, the photonic crystal fiber (PCF) is one type of fiber that offers great design
flexibility. PCF was first proposed and manufactured by Kaiser and colleagues
in 1973 [48]. However the technology did not allow manufacturing better PCFs
until 1996 and after that, they became commonplace [49]. Conventional fibers
consists of a core and a cladding where core has relatively higher refractive in-
dex then the cladding. The light traveling inside the fiber is thus guided by
total internal reflection (TIR) mechanism. In photonic crystal fibers, there are
two mechanisms to guide light, depending on the fiber geometry. In one type
of PCFs, the cladding region consists of air holes, which reduces the effective
refractive index of the cladding. In this type of fibers, light is guided by TIR, as
in conventional fibers [50]. In the second type, the photonic crystal structure in
the cladding is arranged in such a manner that, light is guided inside the core
due to the introduced photonic band gap (PBG). In this type of PCFs, core can
be made of a material having a lower refractive index than the cladding; the core
can even be hollow [51]. SC generation is widely studied in the solid core - air
hole cladding PCF's due to design flexibility offered by modifying the air hole size
and periodicity, thus, the freedom of tailoring the total waveguide dispersion as

well as reduced modal area due to tight confinement to core [14].

The dispersion characteristics of a conventional fiber can also be tailored by
tapering the fiber. Since tapering also reduces the modal area of the propagating
light, nonlinearity is also enhanced. SC generation obtained by tapered Corning
SMF-28 and Newport F-SF fibers were reported by Birks for the first time [52],

several other demonstrations of tapered silica fibers and PCFs followed [53, 54].

The nonlinear refractive index of silica is relatively low when compared to
some other glasses such as lead-silicate glasses, bismite glasses or chalcogenides.

Fibers made of such glasses can be attractive to obtain wider spectra by using
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lower power pump lasers. Several examples from the literature for SC generation

using highly nonlinear glass fibers are given in references [55, 56, 15]

SC generation was obtained from planar waveguides as well. Planar geome-
tries have the advantage of low fabrication cost and integrability to chip based
applications. The total dispersion of the waveguide can also be tailored by waveg-
uide design. Until now, experiments were conducted for silicon [57] and chalco-

genide [58, 59] waveguides.

3.2 Description of The Fiber

Chalcogenide glasses consist of a chalcogen element; Se, S, Te and other elements
such as As, Ge, Ga, In, Sb. Such glasses have relatively high linear (~2-3.5)
and nonlinear (~100-9000x 10** m? /W) refractive indices. They are particularly
suitable for applications in the infrared region, due to their wide transparency
region extending between 0.7 um to 16 pm. Also, ZDW of bulk chalcogenide

glasses usually lie in the mid-IR region [33].

In our experiments, we used ~5 mm long and ~7 cm long nanostructured
chalcogenide fibers. Our aim was to observe spectral broadening in the mid
infrared region where material dispersion is lower. Experiments were conducted

at 1.5 pym and 2 ym pump wavelengths.

The fiber used in the experiments was fabricated with the recipe in refer-
ence [60]: 25 mm thick cylindrical preform, consisting of 10 mm thick AssSes rod
and layers of 75 pm thick polyethersulfone (PES) film which is rolled onto it was
consolidated and drawn to 750 pm thick fibers. Then they were placed around
another 9 mm thick As;Ses rod in four concentric rings. PES was rolled over this
structure as a protective cladding and 23 mm thick preform was obtained, and

drawn into a fiber having an outer diameter of ~830 um. The obtained fiber was
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placed inside a hollow core PES fiber having outer diameter of 3.1 mm. Addi-
tional PES film was rolled onto the fiber; consolidation and fiber drawing were
performed to obtain a fiber having ~6 pym diameter As;Ses core. The concentric
rings of AssSes around the core have structures with 200 nm diameter. The final
diameter of the region, core 4 rings is ~10 um and the total diameter of the fiber
is 800 pm [60]. The fiber drawing steps are summarized in Figure 3.2. Scanning

electron microscope (SEM) image of the fiber can be seen in Figure 3.3.
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Figure 3.2: The drawing steps of the nanostructured As,Ses fiber.

_ Second Drawing

The material dispersion of AsysSes was calculated using the ellipsometric mea-
surement taken by J.A. Woollam Vis-NIR Ellipsometer System and is given in
Figure 3.4. The material dispersion was then calculated by fitting the obtained

ellipsometer data into Sellmeier equation:

A\ Ay)\?
2-1 - 2 3.1
S Uy A o) (3:1)
and using the dispersion relation:
2
p—_2dn (3.2)

c d)\?
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Figure 3.3: The nanostructured chalcogenide fiber used in the experiments.

The obtained Sellmeier coefficients for As,Ses are:
A1=4.17818 (C;=0.00706

Ay=1.96725 Cy=0.25431
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Figure 3.4: The measured refractive index, extinction coefficient and the calcu-

lated material dispersion for AssSes.
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Figure 3.5: The measured refractive index and the extinction coefficient for PES.

The total chromatic dispersion of the nanostructured fiber was also calcu-
lated and compared to the material dispersion of AssSes. For this purpose, the
effective refractive index of the fiber for a wavelength range were obtained using
BeamPROPT™ software package of RSoft Photonics Suite. In the simulations,
the refractive index of PES was taken to be constant at 1.65 and the refractive
index of the AsySes is defined via the obtained Sellmeier coefficients for the bulk

material. The absorption of As;Ses and PES were ignored.
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Figure 3.6: (a) The fiber created in RSoft CAD Environment™ for effective re-
fractive index calculation. (b) The material refractive index profile of the nanos-

tructured fiber calculated at 1.55 um wavelength.(c) 3D image of the nanostruc-

tured fiber.

The total chromatic dispersion was calculated by fitting the wavelength de-
pendency of the obtained effective refractive index into the Sellmeier equation.

The acquired Sellmeier coefficients for the nanostructured As,Ses fiber are as
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follows:
A;=2.30021 C,=0.235

Ay=3.83693 Cy=2.5403x1071¢
A3=4.06348 C3=300

Figure 3.7 compares the total chromatic dispersion of the nanostructured fiber
to the material dispersion of AsySes. The zero dispersion wavelength (ZDW) of

the fiber was calculated to be at 3.18 pm.
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Figure 3.7: The total chromatic dispersion of the nanostructured fiber compared

to the material dispersion of As,Ses.

Before making the measurements, fibers were polished in order to achieve a
better light coupling into and out of the fiber. The polishing was made by hand
for the 7 cm long As,Ses fiber and was made using FEI Nova NanoLab 600i
focused ion beam (FIB) system for the 5 mm long AssSes fiber. For polishing
by hand, 5 gm, 3 pm, 1 pgm, 0.3 pm and 0.5 pm grain size polishing films were
used. For the polishing made by FIB, first, fibers were cleaved diagonally by

Leica microtome. In addition, an initial flattening of the region, that is to be
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polished by FIB was ensured with the same instrument. The reason for diagonal
cleaving was to reduce the area of the fiber where the input laser focuses. This
was desired due to the fact that when intense laser beam falls on to the PES
cladding, the fiber gets burnt. If we could get rid of the PES at the focal area,
we could couple more light to the fiber without burning it. Our initial aim was
to cleave the fiber diagonally until the core of the fiber. Moreover, polishing and

cleaving by microtome before FIB speeds up the FIB etching process.

400 pm

UNAM

Figure 3.8: Optical microscope image of the fiber after polishing by hand using

polishing films.
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Figure 3.9: (a) SEM image of the fiber after being cleaved and flattened by

microtome. (b) SEM image of the fiber’s core area after being polished by FIB.

3.3 Numerical Simulations for The Fiber

Nonlinear Schrédinger equation (NLSE) governs the propagation of pulses in a
fiber. It can be solved using several numerical methods, since analytical solu-
tion is not always available. Split-step Fourier algorithm is an example of such
methods. Basically, it is built on the assumption that, when a pulse propagates
a small distance h, the effects of dispersion and nonlinearity can be pretended
to act independently [31]. In this thesis, a split-step Fourier algorithm, was em-
ployed to have an idea on the spectral and temporal broadening in the pulse
propagating in a chalcogenide fiber and to observe the effects of dispersion and

nonlinearity acting together.

The starting point is the NLSE:

A o, iBhPA
+ TW = Z’V|A| A (33)

—— 4
0z 2
where the « term represents the attenuation in the fiber, the 35 term represents

the chromatic dispersion and the ~ term represents the nonlinearities. Eq.(3.3)
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can be written as:

A~
5o =DA+NA (3.4)

with D = —a/2— (i32/2)(8%/9T?) being the dispersion operator and N = | A|?

being the nonlinear operator.

The fiber length is divided into small distances, “h”. When the pulse propa-
gates through each “h”, first, N acts on the pulse, the resulting pulse is trans-
ferred to Fourier domain and ﬁ(zw) acts on the pulse in the Fourier domain;
finally, inverse Fourier transform is taken to obtain the resulting pulse in time
domain. This procedure is consecutively repeated for each “h” throughout the
fiber:

Az + h,T) = F YT 529 prehnl AP ¢, 7)1} (3.5)

where F represents the Fourier transform and F~' represents the inverse Fourier

transform respectively.

The simulations were conducted for a pulse having 150 fs pulse duration, 1.45
pm central wavelength, at varying peak powers of 835 W, 8350 W and 16700 W.
The medium was taken to be AsySes with nonlinear refractive index coefficient,
ny=1250x1072° m?/W. Dispersion parameter was assumed to be constant at,
D= -1000 ps/nm/km. The material dispersion at the central wavelength and an
attenuation of -200 dB/m was included. The diameter of the simulated fiber was
taken to be 9 um without considering the PES cladding or the nanostructures
around the core. The step size, “h” was 100 um and the simulated fiber length

was b cm.

From the simulation results are presented in Figure 3.10, it can be seen that
the spectral broadening gets limited after propagating a small distance inside
the structure. This results from the large dispersion in the system. After a
small propagation distance, the pulse gets broadened in time domain and the
peak power is reduced, decreasing the effect of nonlinearity. Also note that,

the amount of both temporal and spectral broadening increases with increasing
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pump power. The reason is that, as the pump power is increased nonlinearity is
enhanced as well, creating more frequency components, shifted towards red near
the leading edge and towards blue near the trailing edge of the pulse. This, in
turn leads to a larger pulse duration since red components travel faster than the

blue ones in normal GVD regime [31].
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Figure 3.10: Simulation results for peak powers of 835 W (a), 8350 W (b) and
16700 W (c).

3.4 Experimental Setup

As the pump laser, Spectra Physics OPA-800C laser system was used. This
system consists of five lasers which are pumping and seeding each other. To follow
their theory of operation more easily, they will be referred with their company-

given names, and explained in the order of Millennia, Tsunami, Empower, Spitfire

and OPA.
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Figure 3.11: (a) Schematic drawing of UNAM OPA system. (b) The photograph
of the OPA system.

Millennia is a frequency-doubled, continuous-wave visible laser, pumped by a
fiber coupled diode laser at 800 nm wavelength. The optical cavity of Millennia
is an X-cavity resonator where the active medium is Nd:YVO, crystal emitting
light at 1064 nm wavelength. This light is then frequency doubled in lithium

triborate (LBO) crystal to provide a CW output at 532 nm [61].

Light coming from the Millennia enters Tsunami, which is a regeneratively
mode-locked Ti:Sapphire laser. In regenerative modelocking, an acousto-optic

modulator (AOM) is employed and driven by an RF signal that is directly derived
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from the laser cavity. By this method, the RF drive frequency always matches
the laser repetition rate. The CW laser entering the Tsunami from Millennia is
thus converted to 120 fs pulses at 800 nm wavelength with 80 MHz repetition
rate [62].

Empower is an intracavity-doubled, Q-switched Nd:YLF laser that produces
pulses at 527 nm wavelength with 1 kHz repetition rate. The active medium,
Nd:YLF crystal emits light at 1053 nm wavelength, which is frequency-doubled
by an LBO crystal to 527 nm. Q-switching is achieved by employing AOM
which enables production of high energy pulses with time durations ~100 ns and

average power levels of 20 W [63].

Spitfire is a Ti:Sapphire regenerative amplifier system that is employed to am-
plify the pulses produced by Tsunami by a technique called Chirped Pulse Ampli-
fication (CPA). The incoming pulses are temporally stretched using a diffraction
grating and mirrors and are amplified inside a resonant cavity where the active
medium is a Ti:Sapphire crystal. The initial temporal stretching reduces the
peak power of incoming pulses which is a crucial step to avoid damaging the
crystal and optics. Finally, the amplified pulses are compressed to the desired
pulse duration using a similar scheme of diffraction grating and mirrors. In this
amplification process, Empower acts as pump and Tsunami acts as seed laser for
the Spitfire. The Spitfire output has ~120 fs pulse duration at 800 nm wave-
length with an average power level of 3W. As realized, the peak power of pulses
is ~25 GW showing an enormous amplification as compared to ~120 kW peak

power pulses of Tsunami [64].

OPA-800C is the optical parametric amplifier used in the system that is
pumped by the Spitfire giving an output of signal or idler. In an optical para-
metric amplification process, a high energy pump beam amplifies the low energy

seed beam inside a nonlinear crystal. In OPA-800C, a portion of the pump beam
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is used to create white light, which provides the seed pulse for parametric amplifi-
cation. The signal and idler waves are created and amplified in the Beta-Barium
Borate (BBO) crystal and the wavelength tuning is achieved by changing the
phase-matching angle of the BBO crystal. The available signal wavelengths are
between 1.1 ym and 1.6 pm while the available idler wavelengths are between
1.6 pum and 3 pm. Using additional optics, such as second harmonic generation,
fourth harmonic generation, sum frequency mixing and difference frequency mix-
ing crystals, a wavelength range extending from 300 nm to 10 um can be obtained

as output [65].

P M1

N

iris
OPA system < DK 480 1/2m
) e ] l:|| ! monochromator

M2 Obj. col.
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Figure 3.12: The schematic of the experimental setup.

The pulse coming from the OPA enters a Glan-Thompson prism, represented
in Figure 3.12, as “P”. Glan-Thompson prism is a polarizing prism, from which
p-polarized light is reflected and s-polarized light is transmitted. Since the output
of OPA is polarized, by rotating the Glan-Thompson prism, the amount of light
that is transmitted can be changed. In the setup, the Glan-Thompson prism,
together with the iris, was used to adjust the power of light that enters the fiber.
After Glan-Thompson prism, light was directed to the iris by the mirrors, M1
and M2. After the iris, light was focused to the entrance of fiber by a 20X
microscope objective. At this point, the fiber was intentionally placed further
away from the working distance of the objective to lower the pump intensity

thereby avoid damaging its end due to intense radiation. The light exiting the
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fiber is collimated by a custom made collimator (Spectral Products) and enters

1/2 m monochromator (Spectral Products; Model: DK-480).

The monochromator is a Czerny-Turner type monochromator whose diagram
is given in Figure 3.13. The light enters the monochromator from the entrance
slit and is collimated at the collimating mirror, C. The collimated light hits the
diffraction grating, which disperses different wavelengths at different angles in
the plane of incidence. The focusing mirror, E collects the light from the grating
and images to distinct positions near the exit slit [66]. A detector is placed at
the exit slit, thereby as the grating rotates, the wavelength exiting the slit is

changed and the intensity for each different wavelength is recorded.

Figure 3.13: The schematic of a Czerny-Turner monochromator. Adapted from

Reference [66]

3.5 Measurements and Results

Measurements were taken with the OPA system at 1.5 and 2 pum wavelengths
with 150 fs pulses having 1 kHz repetition rate. The aim was to investigate the
spectral broadening inside the nanostructured chalcogenide fibers as a proof of

principle.
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To track experimental findings more easily, measurement results will be sys-
tematically presented for each wavelength, fiber type and fiber length respec-

tively.

3.5.1 1500 nm central wavelength

For the experiments conducted at 1.5 um central wavelength, a thermoelectrically
cooled InGaAs PIN photodiode was used as the detector. The measurements
were taken from 7 cm and 5 mm long As,Ses core PES cladding fibers, as well as
~5 cm long PES fiber for comparison. The measurements are taken from a 7 cm
long nanostructured As,Ses core PES cladding fiber, a 5 mm long nanostructured

AsySes core PES cladding fiber and a 5 ¢cm long PES fiber for comparison.

7 cm long nanostructured As,Se; fiber:

In Figure 3.14, the spectral response of the fiber for 0.32 mW, 2 mW, 15 mW and
21.2 mW average input powers are given. The laser light was not tightly focused
to the core of fiber to prevent damaging of its end. Instead, it was placed 1.75 mm
further away from the working distance of the microscope objective, maintaining
a focal area with ~1.53 mm diameter, as calculated from the numerical aperture
of the objective, which is 0.4. We expect that nonlinear effects take place at the
core of the fiber, and the contribution of cladding would be very small, if there

is any at all.

1 mW average power corresponds to:

Paverage . 1 x 1073
repetition rate x pulse duration 1000 x 150 x 10~15

=6.6TMW

(3.6)
Since the nonlinear contribution was assumed to come from the core of the fiber,

it is important to know the peak power at the core. In described experimental
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configuration, some portion of the light did not enter the fiber, since it was
defocused to an area larger than the fiber end. Similarly, even smaller part of
light enters the fiber core, which has ~6 ym diameter. Assuming the pulse has
uniform intensity distribution in space, the peak power at the core was calculated

as:

Puverage X (core diameter)?

Peore = (3.7)

(beam diameter)? x repetition rate X pulse duration

which yields a peak power of 103 W at the core for 1 mW average input power.

In Figure 3.14 the spectral broadening from 7 cm long As,Ses fiber is given
in terms of peak power levels. As expected, the spectral broadening increased
as the peak power was intensified. When looking at the spectral bandwidth at
each power level, we defined a standard reference level as 20% of peak to noise
difference above the noise level. Since we compared fibers of different lengths
and materials, this is a good way to keep a reasonable and consistent reference

level for characterizing the spectral broadening.

In Figure 3.14, the noise level was taken from -61.78 dBm; the defined ref-
erence level for 7 ¢cm long nanostructured chalcogenide fiber with input peak
powers, P.,..= 33 W, 205 W, 1539 W and 2174 W yielded a spectral broadening
of; 79.1 nm, 147.3 nm, 334.9 nm and 382.8 nm respectively.
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Figure 3.14: The broadening at the end of 7 cm long nanostructured As,Ses fiber

at various peak powers.

Figure 3.15 compares the response of nonlinear fiber with the pump laser
at similar power level exiting the fiber. Note that the central wavelengths of
measurements were slightly different which we believe to be due to slight shift in
the OPA alignment. Nevertheless, this should still give an idea. The noise level
for the monochromator is -36.9 dBm. If we look from the reference level, the
spectral bandwidth was found to be 67.9 nm whereas the same quantity for a
nonlinear fiber was realized as 383 nm, demonstrating the effect of nonlinearity

existing in the fiber.
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Figure 3.15: Comparison of the spectrum at the end of 7 cm long nanostructured

AsySes fiber with the pump light.

5 mm long nanostructured As,Se; fiber:

Another set of measurements was taken from a 5 mm long nanostructured AssSes
fiber. At this time, the sample was placed 1.3 mm away from the working distance
of microscope objective, causing the light to focus to an area with a diameter
of 1.13 mm. The obtained results for 60 W, 373 W and 2636 W input peak
power levels at the core, were given in Figure 3.16. As expected, the spectral
broadening increased with elevated peak power as: 72.5 nm, 102.5 nm and 172.5

nm respectively from the reference level.
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Figure 3.16: The spectral broadening at the end of 5 mm long nanostructured

AssSes fiber for various peak powers.
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Figure 3.17: The comparison of pump laser spectrum with 5 mm long nanos-

tructured AssSes fiber output.
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Figure 3.17 compares the spectra of pump laser with 5 mm long As;Ses
fiber output. From the reference level the pump laser bandwidth was 95 nm
whereas the same quantity for the nonlinear fiber was 173 nm showing a moderate

broadening.

5 cm long PES fiber:

It was assumed that the PES cladding makes no contribution to the spectral
broadening inside the fiber. To test this, a PES fiber of ~300 pym diameter was
excited at 1520 nm central wavelength with the same experimental configuration
yielding 470 kW peak power for 1 mW average power on the fiber front due to

increased area.

The spectrum was inspected at various input power levels where the spectral
bandwidth was recorded as 61 nm, 81.5 nm and 101.5 nm for 150 kW, 940 kW
and 2821 kW input powers respectively, demonstrating a very slight broadening.
Such an increase, however is not as strong as the effect that we observed in

chalcogenide fibers.
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Figure 3.18: The broadening at the end of 5 cm long PES fiber for various input

powers.

When the spectral bandwidths for each type of fiber are compared, for the
same intensity level, i.e. 6408 W/m?, it is seen that, 5 mm long chalcogenide fiber
has a bandwidth of 152.5 nm; 7 ¢m long chalcogenide fiber has a bandwidth of
334.9 nm and 5.5 cm long PES fiber has a bandwidth of 101 nm. As can be seen,
a substantial broadening occurs in the 7 cm long nanostructured fiber compared
to other types at the same power level, verifying the effect of nonlinearity along

with the fiber length.

3.5.2 At 2000 nm central wavelength

Measurements at 2000 nm wavelength was also taken for 7 cm and 5 mm long
AsySez as well as 5 cm long PES fibers. They are conducted with a PbS pho-
todetector cooled to -10°C and a lock-in amplifier to increase the signal to noise

ratio.
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7 cm long nanostructured As,Se; fiber:

In these measurements light was focused to an area of 1.13 mm. The resultant
spectra for peak power levels of 111 W, 2343 W were shown in Figure 3.19. The

realized bandwidths at the reference level are 152 nm and 281 nm accordingly.
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Figure 3.19: The broadening from 7 cm long AsySes fiber for various input powers

at 2000 nm central wavelength.

5 mm long As;Se; fiber:

Same experimental scheme was used as before with input peak powers of 0.5
W, 1 W, 11 W, 111 W, 580 W and 2343 W at the core. The recorded spectral
bandwidth from the reference level was then 189 nm, 188 nm, 264 nm, 330 nm,

361 nm, and 455 nm respectively, Figure 3.20.
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Figure 3.20: The broadening at the end of 5 mm long As,Ses fiber for various

input powers at 2000 nm central wavelength.

5 cm long PES fiber:

Measurements were taken for this fiber at the peak power levels of 1463 kW,
2944 kW, and 5904 kW inside the fiber where the measured bandwidths were 93

nm, 99 and 99 nm respectively showing no observable broadening effect at all.
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Figure 3.21: The spectrum at the end of 5.5 cm long PES fiber for various input

powers at 2000 nm central wavelength.

5 mm long PES fiber:

The fiber is placed 1.3 mm away from the microscope objective as before. The
peak power levels for light entering the fiber are calculated and given in Figure
3.22. The spectral bandwidth is: 265 nm for 278 kW; 290 nm for 1463 kW and
313 nm for 5904 kW peak power levels inside the fiber. The spectrum has not
changed significantly with increasing power levels, indicating that the nonlinear
effects are insignificant. Moreover, in Figure 3.24, it can be seen that the spectra
at the end of 5 mm long PES fiber and the monochromator response in the
absence of the fibers are very similar. This suggests that the effect comes from
the undesired signals at OPA output. Still, to make a healthy comment on the
phenomenon, the measurements need to be repeated when the OPA output is

filtered.
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When compared to PES measurement results at 1500 nm, we observe a dif-
ference that no broadening occurs at this wavelength unlike the previous case.
Although the reason for such a behavior is unclear there are couple possibilities
that can lead to this result. First, it is possible that these are the contributions
due to OPA signal, since its spectrum is not pure and has sidebands at either
wavelengths, which can be attenuated at 2000 nm since the absorption of PES
at this wavelength range is stronger than its absorption at ~1500 nm. Second
possibility is that, indeed there is some nonlinear broadening at 1500 nm, but
the same effect do not reveal itself at 2000 nm due to stronger absorption of PES.
From our perspective it is difficult to make conclusive remarks on this issue since

the effect is not strong enough to differentiate from instrumental artifacts.
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Figure 3.22: The broadening at the end of 5 mm long PES fiber for various input

powers at 2000 nm central wavelength.

In Figure 3.23, the spectra at the end of various fiber types are compared for
the same intensity level, 10181 W/m?2. The spectral broadening for various fiber
types are: 281 nm for long chalcogenide fiber, 455 nm for short chalcogenide

fiber, 99 nm for long PES fiber and 313 nm for short PES fiber. If we compare
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these results to the bandwidths observed at 1500 nm wavelength which are: 382.8
nm for long chalcogenide fiber, 172.5 nm for short chalcogenide fiber and 141 nm
for long PES fiber. These results suggest that, the OPA output is cleaner for
1500 nm wavelength than it is for 2000 nm. Also, the fact that bandwidth for
long chalcogenide fiber is narrower than the short one indicates that there is a
significant amount of loss inside the fiber at 2000 nm. This suggests that some
portion of light with new generated frequencies leaks to cladding layer and gets
absorbed by PES which reduces their intensity to noise level, and therefore causes

narrowing of the overall bandwidth.

The smallest output power level was observed from the 5 cm long PES fiber,
as expected, since the absorption of PES is high in this wavelength region. The
spectra of the short chalcogenide fiber and the short PES fiber were very similar.
Only an additional broadening was observed inside the chalcogenide fiber. The
slightly higher power level of short chalcogenide fiber compared to the short PES
fiber most probably results from the fact that more light was coupled to the 800

pm diameter chalcogenide fiber.

In Figure 3.24, the spectra of 5 mm long chalcogenide and PES fiber were
compared with the spectrum of pump laser at around power levels exiting the
fiber. As can be seen there is no substantial difference, implying that the effect

of spectral broadening is weak.

We conclude that nanostructured AS,Ses core, PES cladding fiber shows
modest spectral broadening efficiency ~2000 nm wavelength whereas it becomes
stronger at ~1500 nm, despite the relatively smaller GVD in the former region.
Moreover, using PES as the cladding material is not very efficient for observing
nonlinear interactions since it can easily burn due to intense radiation and it is

considerably absorbent in the IR region reducing the signal level.
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Figure 3.23: Comparison of the spectra of 7 cm long As,Ses fiber, 5 mm long
AsySes fiber; 5 cm long PES fiber and 5 mm long PES fiber.
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Figure 3.24: Comparison of the spectra of 5 mm long As,Ses fiber; 5 mm long

PES fiber and the monochromator response when there is no fiber.
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3.6 WGM Microresonators

The whispering gallery mode (WGM) microresonators will be described in more
detail in Chapter 4, however, here, only a brief introduction will be made. Whis-
pering Gallery Mode (WGM) Microresonators are structures that confine light
in a micron scale area via Total Internal Reflection (TIR) mechanism. Mi-
crodisks [67], microspheres [25], microrings [68], microdroplets [69] and micro-
toroids [27] are examples of such resonators. The importance of WGM microres-
onators stem from their high quality factors, up to 8x10? observed in silica
microspheres [70]. Also their small size results in excellent mechanical stability

and easy control of resonator parameters [71].

Due to ultrahigh quality factor ~10%, small mode volume and integrability to
chip based applications, microtoroids have drawn much attention from their first
demonstration by Armani [27]. It has been employed for demonstrating a broad
range of physical phenomena from chemical sensing to cavity quantum electro-
dynamics [22, 23]. It is also attractive for observing nonlinear optical effects due
to ultrahigh quality factor, enabling better confinement thereby increasing the
interaction time of light with matter and small mode volume, enhancing the light

intensity, consequently nonlinearity [72, 18].

In this study we numerically investigated non-linear interactions occurring in
WGM microtoroid resonator which is coated with nonlinear material of As,Ses,

using FDTD method.
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3.7 FDTD Simulations for Nonlinear Effects on

Toroidal Microresonator

E™™ gsoftware which was devel-

The simulations were conducted using Full WAV
oped by RSoft Photonics Suite. FullWAVET™ uses finite difference time domain
(FDTD) algorithm to solve the electromagnetic field in space and time domain.
FDTD provides a direct solution to Maxwell’s equations and is especially useful
when the Beam Propagation Method solutions are not adequate or cannot be

ET™ program calculates the EM

applied to the structure geometry. FullWAV
field as a function of time and space, however, by taking the Fourier transform
of the obtained time domain result, it also yields field information in frequency

domain.[73]

To investigate the spectral response of a microtoroid to incoming electromag-
netic field, a two dimensional analogue of a SiO5 microtoroid coated with AssSes
was created with specifications of 61 ym major diameter, 2 pm minor diameter

and 1.5 pm thick As;Ses coating on top.

Contour Map of Index Profile

272028

Z (um)

-30 -20 -10 0 10 20 30
X (um)

Figure 3.25: (a) The two dimensional toroid analogue that is used in FDTD

simulations. (b) The refractive index profile of the structure in (a).
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During our simulations, taking the time constraints into account, a stop time

of 25000 ¢T(pum), in FulWAVE units, was used.

For the material dispersion of AsySes, Sellmeier coefficients obtained from the

ellipsometer data were employed. The Sellmeier equation is:

A N2 AN
2 _1 ! 2 3.8
=it oo e, (3.8)

where the used Sellmeier coefficients are:
A;=4.17818 (C;=0.00706

Ay=1.96725 (Cy=0.25431

The refractive index of the silica layer underneath was taken to be constant
as 1.5. During the simulations, several assumptions were made; the absorption
of the materials were ignored as well as scattering. The excitation was pulsed

with time duration of 152 fs and at 1.5243 pum central wavelength.
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Figure 3.26: (a) Simulation results for a linear toroid, i.e. =0 is taken in
FullWAVE with input peak power, P=10 W. (b) Simulation results for a toroid
when nonlinearity of As,Ses is taken into account. x®=931x10"" esu with
input power P=2 W. (c¢) Simulation results for microtoroid when input power,

P=10 W. Other parameters are the same as in (b).

From the results, it can be seen that the calculated resonance spectrum of the
microstructure gets broader as the input power is increased. Note the observed
spectral broadening of ~100 nm even for a very low peak power level of 10 W,
which seems to be promising. We could not succeed in using higher peak powers
in the simulation, since it becomes unstable and gives incorrect results. This
problem may be avoided by employing a nonlinear saturation coefficient for the

material which was not at hand in our case.



Chapter 4

LASING ACTION FROM
POLYMER COATED
TOROIDAL
MICRORESONATOR

4.1 Introduction

WGM resonators were already introduced in Chapter 3. Such cavities with high
quality factor maintain narrow resonance linewidths and therefore are attrac-
tive for many applications [71, 74, 22]. They can be used as photonic filters
in telecommunications [19], also as chemical sensors by monitoring the change
in cavity resonances [22]. In addition, enhanced non-linear interactions due to
improved confinement properties have been demonstrated [74] along with cavity

QED experiments [24] and microlaser applications [20, 75].

High quality factor of WGM resonators lead to reduction of threshold for

lasing action. Until now, the highest quality factors have been observed in surface
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tension induced microcavities (STIM) due to extreme reduction of scattering
centers existing on the structure’s surface by reflowing. Common examples of
STIMs are microspheres and microtoroids. Although the former usually retain
higher quality factors compared to the latter, microtoroids are more advantageous
since they can be produced on chip with a more controllable fabrication procedure
and their mode volumes are usually much smaller than that of microspheres; a
crucial factor for nonlinear applications. Nevertheless, microtoroids still possess
Q-factors ~10® which is comparable to that of microspheres and highest Q/V

factor of 10° (A\/n)~ among chip based microresonators [27, 76].

The microtoroids have so far been employed for a variety of purposes including
cavity QED experiments [23, 77], optical sensors [22, 78|, nonlinear optics [17, 18]
and laser action [21, 79, 80].

4.2 m-Conjugated Polymers and DOO-PPV

Two types of chemical bonding, 7 and o, are important in determining electronic
properties of a polymer. o bonding is created by the sp? hybridized carbon
electrons in the plane of a molecule [35], whereas 7 bonding is formed by the
electrons in 2P, orbital perpendicular to molecular plane. Among the two types,
o bonds are the structural glue of polymer chain [35] and have localized elec-
trons; whereas 7 bond electrons are delocalized over the backbone of the polymer
chain and therefore enhance the conduction of charge carriers [81]. Generally,
polymers are known to be insulating materials, however, m-conjugated polymers
show semiconductor properties since m and ¢ bonds in the double bond configu-
ration is alternating and therefore creating a band gap between 7 bonding and
7 antibonding levels which are sometimes also called highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) respectively,

similar to valence and conduction bands of normal semiconductors. Usually for
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conjugated polymers this bandgap is in the range of 1.5-4 eV [81]. With this
information given, Poly (dioctyloxy-p-phenylene-vinylene) (DOO-PPV) is a 7-
conjugated polymer with very high quantum efficiency [82] which can show laser
action when optically excited. Absorption and photoluminescence spectra of this

polymer is given in Figure 4.1.
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Figure 4.1: The absorption and photoluminescence from DOO-PPV polymer.

The data is taken using Cary 100 Bio UV-Vis spectrophotometer. Inset is the
structure of DOO-PPV.

The ellipsometer data for the DOO-PPV polymer is also given, Figure 4.2.
Here, the extinction coefficient is unexpectedly high, when compared to the ab-
sorption data taken by the spectrophotometer. Therefore, the refractive index
fit provided here is the combination of the values where k was assumed to be
zero (for 600 nm and longer wavelengths) and non-zero (shorter than 600 nm).
However the presented k spectrum was obtained by assuming a nonzero k value
for the whole spectral region and may not be very accurate for 600 nm and longer

wavelengths.
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Figure 4.2: The refractive index and extinction coefficient for DOO-PPV poly-

mer.

4.3 Aim and Motivations

Employing WGM microcavities for observation of laser action is very advanta-
geous: since there are no mirrors involved in the cavity, very small and efficient
lasers can be obtained. Moreover it is usually important to obtain such micro-
lasers on chip due to a variety of potential applications especially in the area
of integrated optics and optical sensing. Therefore the microtoroid, being an
on-chip microresonator and having an ultra-high quality factor seems to be the
best candidate for such a purpose. However, there is an important drawback
of employing a toroidal microcavity, or some other WGM microresonator as the
cavity for laser action; the coupling of light in and out of the structure is not
easily achieved. The common and simple method of free space excitation is very
inefficient for this sort of microlasers, causing an increased lasing threshold. Sev-

eral efficient methods of coupling the light into the cavity include tapered fiber
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coupling [83, 41], prism coupling [70], eroded or side polished fiber coupling [84].
It was demonstrated in the literature that, threshold for a microtoroidal laser
cavity, coated with CdSe/ZnS (core/shell) quantum dots, has been reduced by a
factor ~2600 when light is coupled to the cavity with a tapered fiber instead of

free space excitation [21].

Our aim in this study is to observe laser action from DOO-PPV coated mi-
crotoroid resonator. Despite the fact that free space excitation is inefficient for
this purpose, we employed this technique since it is experimentally very easy and

demands less technical resources.

4.4 Microtoroid Fabrication

We have used thermally grown SiOs on a commercially available Si substrate. It
is important to use thermally grown SiO, since it maintains less stress compared
to oxide films grown using other methods such as PECVD. This fact becomes
very critical as the SiO, microdisks are undercut; a wavy structure, Figure 4.4,
around the rim of cavity is developed due to high residual stress when PECVD
grown oxide is used, making it impossible to obtain a smooth toroidal shape
by just reflowing the structure with a COy laser. The main fabrication steps of
microtoroid are given in Figure 4.3 and the fabrication procedure is as follows:

1. Photolithography: The disk structures, which were designed and produced
on a Cr mask before, were transferred to the thermally grown SiO, layer by con-
ventional photolithography techniques. For this purpose, AZ 5214 E photoresist,
with image reversal capability, was coated on the wafer by spin casting at 5200
rpm. Image reversal was achieved by a special crosslinking agent in the resist
formulation which becomes active at temperatures above 110°C in the areas ex-
posed to UV light [85]. The wafer with photoresist was first soft baked at 110°C

for 60 seconds to obtain a smoother and cleaner photoresist layer. After the soft
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baking, the wafer was exposed to UV light for 40 seconds with the Cr mask on

top, using Karl Suss MJB3 Mask Aligner, which utilizes a Hg lamp with i-line at

365 nm. Next, the sample was baked at 110°C for 120 seconds resulting in UV

exposed areas to be much less soluble in the developer and also insensitive to

light [85]. The sample was then exposed to UV light without a mask, i.e. flood

exposure, for 40 seconds, making the previously unexposed areas soluble in the

developer. With this manner, reverse of the mask image was attained on the

photoresist. Finally, the sample was developed for ~35 seconds at a AZ 400 K

developer prepared with 1:4 developer:water ratio and hard-baked at 110° for 5

minutes for hardening the photoresist.

(a) Photolithography

L4411

[ I B B |-mask
————— — P110L0resist
i — thermal SiQ,

— Sisubstrate

(b) Cr sputtering

11111

— Cr .
- — photoresist

= thermal 510,

= Sisubstrate

(c) Lift-off

| = thermal Si05
— Sisubstrate

(d) Etching - SiO,
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— —o

— 510, microdisks
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(e) Etching - Si

— 5I0; microdisks
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— 5I0; microtoroids
— Sisubstrate

Figure 4.3: Main fabrication steps of the microtoroid cavity.
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2. Cr Sputtering and Lift-Off: Chromium was deposited onto the sam-
ple after the photolithography process using box coater system. Sputtering was
used as the deposition technique since it is faster than evaporation. Chromium
target was placed inside the chamber of the box coater and vacuumed. Next, RF
plasma was created inside the chamber using Ar gas. Energetic ions created by
the plasma remove atoms from the chromium target which then stick to sample
on top. Once chromium was deposited, a lift-off process was performed, remov-
ing the photoresist as well as the Cr layer on top with acetone. At the end of
this step, microdisk structures from Cr metal were obtained on top of the SiOq
layer. The reason for the use of Cr metal is that it is highly resistive to plasma
etching steps followed in the fabrication process unlike the photoresist itself.

3. Etching of SiOs: The SiO, layer was dry etched using Reactive lon Etcher
(RIE) system with the plasma of CHF3(100 sccm) and O9(40 sccm) at 100 W
RF power and 66 pbar chamber pressure. In this method, a plasma is created
inside the vacuum chamber and the reactive gas etches the target material with
the help of plasma. Dry etching is usually preferred over wet etching with HF,
since it is more controlled and anisotropic, creating smoother structures. The
chromium pattern created in the previous steps acted as an etch mask preventing
the removal of SiO, layer underneath that would eventually become microdisks.
4. Etching of Si: Initially, a wet silicon etchant, KOH was tried for etching
the Si substrate. However, since KOH etches Si anisotropically at each crystal-
lographic plane, the resultant pillars had hexagonal shapes, Figure (4.4). This
would lead to nonuniform microtoroids after reflow. Therefore, isotropic dry
etching was considered. The Si substrate underneath the SiO, layer was etched
in RIE with SFg(28 sccm) plasma at 51 W RF power and 100 pbar chamber
pressure. This process is highly selective and isotropic, resulting in circular Si
pillars holding the SiO5 microdisks suspended in air. At the end of this step,
the residue of Cr layer, that has been used as a mask during dry etching was

removed using the Cr etchant CR-7. Finally, we have SiO, microdisks suspended
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in air on a silicon pillar.

- 50 um

” N Y

Figure 4.4: The suspended microdisks obtained when SiO, is grown using

PECVD and Si is etched with KOH.

6. Reflow of The Microdisks: Microdisks were reflown using a CO,
laser with emission wavelength of 10.6 pm. This step considerably increases the
quality factor of microresonators due to the reduced surface roughness on the
rim of the microstructures. The absorption coefficient of Si is much less than
that of SiOy at the wavelength of COs laser. Most of the illuminated power
was absorbed by microdisks and not the pillars since Si is transparent in this
spectral range whereas silica is highly absorbent. In addition, as the Si has 100
times higher thermal conductivity than silica, the pillar behaved as a heat sink
causing the center of microstructure to be relatively cooler with respect to the
edges [86]. Consequently, melting due to high temperature only occurred on the
rim of the oxide microdisks, yielding the shrinkage of diameter and redefining
of the structure’s shape to a microtoroid. As the rim diameter contracts, the
structure absorbs less amount of optical power and becomes closer to Si pil-

lar, cooling down the microtoroid and eventually stopping the melting process.
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Finally, a toroidal microresonator, with surface roughness considerably smaller
than that of the microdisk was formed [86]. The schematics of the COy laser
reflow setup can be seen in Figure 4.5. See Figure 4.6 for SEM images of the

fabricated microdisk and microtoroid.

Target
Microdisks

CO, Laser

Microscope
Computer
controlled
power unit

Computer

Figure 4.5: Schematics of the COs laser reflow setup.

Figure 4.6: (a) SEM image of the obtained microdisk. (b) SEM image of the

microdisk shown in (a) after being reflown with CO, laser.

The surface roughness at the center and at the rim of the microtoroid was

measured using PSIA Atomic Force Microscope (AFM). The average surface
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roughness at the center of the toroid is ~12 nm whereas the average surface
roughness on the rim of the toroid is ~0.2 nm, substantiating the effect of reflow

process as demonstrated in Figure 4.7.

Figure 4.7: (a) Surface roughness measured at the central region of the micro-

toroid. (b) Surface roughness measured at the rim of the microtoroid.

An interesting situation occurs when the diameter of the microdisk and the
supporting silicon pillar, together with the thickness of the oxide layer, i.e. the
microdisk are adjusted so that some portion of the melted silica microstructure
cannot be supported by the narrow silicon pillar underneath and pours down
on to the substrate where the remaining part forms a microsphere by surface
tension. The SEM images of such a microdisk before and after reflow were given

in Figure 4.8.
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UNAM

Figure 4.8: (a) SEM image of the microdisk before the reflow process. (b) Same
disk after the reflow process. Note the transformed geometry in this case is not

toroid; instead it is a sphere after reflow.

For observation of laser action from a toroidal microresonator, the cavities
were spin coated with DOO-PPV polymer. For this purpose, the polymer was
dissolved in toluene at 10 mg/ml concentration and spun on to microstructures
with a rate of 1000 rpm. The thickness of the polymer on the microtoroid is
~1 pm. After spin coating, samples were kept at 90°C under rough vacuum
conditions for 6 hours to ensure cleanliness and smoothness of the polymer layer.
The AFM measurements yielded an average surface roughness of ~1 nm for this

microstructure, Figure 4.9.
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Figure 4.9: (a) SEM image of the DOO-PPV coated microtoroid. (b) Optical mi-

croscope image of the of the very same microcavity in (a). (¢) AFM measurement

performed on the same microstructure.

4.5 Experimental Setup

Polymer coated microtoroid was excited with OPA-800C system, which was de-
scribed in full detail in Chapter 3. The excitation wavelength was set to 520
nm by sum frequency generation. After light exits the OPA, it was guided by a
mirror, M1 to a neutral density filter followed by an iris, which are used to adjust
the intensity of light. Then by mirror M2 and a cylindrical lens, light was focused
on to the microtoroid from which the laser action was to be observed. Emission

from the microtoroid laser was collected by a multi mode fiber and guided to
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DK-480 spectrometer. The difference between using DK-480 as a monochroma-
tor or a spectrometer is that in the case of spectrometer, a CCD camera is placed
at the exit of DK-480 where the spatial distribution of wavelengths is recorded.
M2

Lens DK 480 1/2m
sample Spectrometer PC

OPA system

M1 filter

Figure 4.10: The schematics of the experimental setup for observing laser action

from DOO-PPV coated microtoroid.

4.6 Measurements and Results

Polymer coated microtoroid was excited using free space excitation at 520 nm
wavelength with various power levels. Laser emission peaks with ~0.3 nm

FWHM were observed after a certain threshold was attained.
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Figure 4.11: (a) OPA excitation. (b) Emission spectrum observed from DOO-

PPV coated microtoroid laser.

In Figure 4.11b, the emission spectrum observed from polymer coated mi-

crocavity was recorded at 0.25 mW average pump power level. After cylindrical
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lens, the beam falls down to a ~4.5 mm by ~0.55 mm area where a 56.5 um
diameter toroid microlaser was located. Therefore, the average power of light

falling onto microtoroid is approximately:

po_ 0.25 x m x (28.25 x 1076)2
W45 %1073 x 0.55 x 1073

mW = 253.25nW (4.1)

Since the repetition rate of the pump laser was 1 kHz, the excitation energy
per pulse would be E,se=Pa,/rep.rate=253.25 pJ/pulse. In Figure 4.12, the
emission intensity of toroid microlaser is given in units of CCD counts as a
function of the excitation energy level. From this graph, we can see that there

is a threshold behavior at ~200 pJ/pulse.
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Figure 4.12: The lasing emission intensity from microtoroid vs the input pulse

energy.

In Figure 4.13, lasing spectrum at 440 pJ/pulse excitation energy and its Fast

Fourier Transform (FFT) is provided.
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Figure 4.13: (a) The lasing spectrum obtained at 440 pJ/pulse excitation energy.
(b) The FFT of the lasing spectrum shown in (a).

FFT is a useful tool in relating the location of the observed peaks to cavity
size. For example, the Fourier Transform of the transmitted intensity for a
Fabry-Perot cavity can be written as [87]:

> Rl+m6(—2i¢(l—m))
I — Re*?|? 4.2
(u) = e szdz+m+1)+i(m+nd(1—m)) (4.2)

m=0 [=0

where u is the optical pathlength; & is the extinction coefficient; d is the mirror
separation; R is the mirror reflectivity; ¢ is the phase change upon reflection;
[ and m are integers. In the case of low absorption where k~0, the peaks are

located where the imaginary part of the denominator becomes zero:

u= n—d(l —m) = n—dN (4.3)

(e

where N is the combined integer of (I-m). The equations for Fabry-Perot cavity
work well for whispering gallery mode cavities, too. Therefore, when the mirror
separation, d of the Fabry-Perot cavity is replaced by mx D /2 with D being the
cavity diameter, the mode spacing, A\ is:

A2 A2

AN = 2 —
A 2nd  wnD

(4.4)

In addition, the Fourier components in the FF'T of laser emission spectrum, are

separated by distance of nD/2 where n is the effective refractive index of the
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medium, and D is the diameter of microcavity. In our case, the peak separation
between Fourier components is 50.5 ym. The major diameter of microtoroid
was measured to be ~56.5 um from the optical microscope images. When the
effective refractive index of the medium is calculated using this value, n.sy ~1.787
is found. The refractive index of DOO-PPV, as seen from ellipsometer data, is
1.790 at 637 nm wavelength. Hence the effective refractive index of the active
medium is very close to refractive index of the bulk material. This indicates,
light is mostly confined to DOO-PPYV layer on the microtoroid, suggesting that
laser resonances are whispering gallery type, which is ensured by total internal

reflection condition.

To sum up, lasing behavior from DOO-PPV coated microtoroid was observed
with a threshold level of ~200 pJ/pulse. This is the lowest value observed for
a microtoroidal cavity as far as free space excitation is considered. This result
can lead to ultralow threshold lasers, without using difficult light coupling mech-

anisms [29].



Chapter 5

CONCLUSION and FUTURE
WORKS

The spectral broadening inside a nanostructured As,Ses core and PES cladding
fiber was investigated. For this purpose, the spectra from two different chalco-

genide fiber lengths and spectra from PES fibers were compared.

We have observed considerable spectral broadening at ~1500 nm in nanos-
tructured chalcogenide fibers, whereas the same effect was not strong at ~2000
nm, as we anticipated. The reason for such a behavior is attributed to the fact
that PES is not an efficient cladding material in the IR region, due to its strong

absorbance leading to significant attenuation of the signal.

In addition, the total dispersion of fiber is still too high in the IR region,
preventing a substantial broadening. Therefore this property needs to be tailored
if a broadband continuum source is desired. This aim can be achieved either by
a new fiber design where the waveguide dispersion is engineered to obtain the
desired features, or by tapering the used fiber down to the extent that nonlinear

interactions are enhanced and total chromatic dispersion is reduced. Moreover
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it is always possible to utilize both approaches together to acquire the optimum

characteristics.

Apart from fiber structure, nonlinear interactions were also investigated nu-
merically in a toroid microresonator geometry, where we observed frequency comb
generation even with very small peak power levels. Therefore as for the future
work, it is important to observe such an effect experimentally in this type of

geometry using chalcogenide materials.

Laser action was observed from DOO-PPV coated microtoroid with free space
excitation. The recorded threshold value was the lowest for a microtoroid as far as
free space excitation is considered. This result is important to show that when
high quantum efficiency of polymers is combined with the ultra high quality
factor of microtoroid, low threshold lasing can be achieved while avoiding the

difficulties of evanescent wave coupling mechanisms.

In the future work, different gain media emitting in various wavelengths, with
high quantum efficiency can be utilized to observe laser action in a wide range
of spectrum, with lower threshold energy. Moreover it is always possible to re-
flow different geometries to obtain toroid like structures; therefore a new class
of resonators with ultrahigh quality factor retaining different shapes such as el-
lipse, spiral and stadium can be fabricated; thus many different physical concepts
which can not occur in a cylindrically symmetric toroid such as directional laser

emission or chaotic laser modes can be studied much efficiently than before.
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