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ABSTRACT

Al Noman, Abdullah M.S.E.C.E., Purdue University, May 2016. Optical Character-
ization of On-Chip Silicon Nitride Microresonators. Major Professor: Andrew M.
Weiner.

Optical Characterization of on-chip microresonators is very important in microres-
onator research area. Full optical characterization includes both the time and the
frequency domain characterizations by which we can get some basic parameters and
properties like Free Spectral range (FSR), Quality Factor, Dispersion, ability to gen-
erate coherent Frequency Comb etc. These parameters and properties are very im-
portant because a lot of applications of microring resonators depend on the value of
those parameters that we obtain from optical characterizations. In this thesis, we
tried to describe some of the fundamental frequency domain characterization meth-
ods namely the Transmission Spectrum measurement, Quality factor measurement,
Dispersion measurement and Optical Frequency Comb generation. The major con-
tribution of this thesis is the development of an improved dispersion measurement
scheme which reduced the complexity of the previous design and simplified the mea-
surement process. The modified dispersion measurement scheme, which uses the FSR
evolution and spectroscopy method, can measure dispersion very precisely and in a

more efficient way.



1. INTRODUCTION

On-chip microring resonator has been very popular recently because of their compact
design, low power, high Quality factors, good control of Free Spectral Range (FSR)
and many other uses in different areas. Apart from being used in spectral filters [1],
microring resonator have very useful applications in cavity electrodynamics and laser
cavities [2-4], molecular sensing [5], nonlinear optical effect based applications for
example Second harmonic and Third harmonic generation [6, 7], parametric oscilla-
tion [8], four wave mixing [9,10], Raman Lasing [11-14] etc. Microring resonators
have also been used to implement Delay lines [15], Bio-sensing [16] etc. Character-
ization of these chips is important to get some important parameters like Quality
factors, Free Spectral Range (FSR) or dispersion, which plays important role in their
applications. Depending on those parameters they can be used to generate coherent

frequency combs [17,18], soliton generation [19] and many other exciting applications.

In this thesis some of the optical characterization methods for On-Chip Silicon
Nitride microring resonators are discussed. The materials that was used to fabri-
cate the waveguides was Silicon Nitride and there are several reasons for using that.
Firstly Silicon Nitride is a CMOS-compatible material and our goal is to make on-chip
microring resonators. Also the dimension and repetition rate can be easily fabricated
for Silicon Nitride waveguides. Large Band-gap for silicon Nitride is another rea-
son because of which we get low nonlinear absorption and finally for larger Kerr
non-linearity of Silicon Nitride, which is approximately a factor of ten greater than
silica [20]. In this thesis all the chips that were characterized are Silicon Nitride chips

unless otherwise mentioned.



The optical characterization basically means some of the measurement technique
by which we can get basic and useful optical properties of a sample. Generally optical
characterization includes both the time and frequency domain characterization. But
in this thesis, we tried to focus on some of the major frequency domain characteriza-
tions which are: Transmission Spectrum measurement, Quality Factor Measurement,
Dispersion measurement and Optical Frequency Comb generation. In this chapter,
we are going to mention what a microring resonator is and briefly describe basic op-
eration principle for microring resonator. We also mention the organization of the
thesis at the end of this chapter. All the basic definitions related to the measurement

processes are described in individual chapters later.

1.1 Microring Resonators

An optical microring resonator is a set of waveguides which consists of one or more
input or output waveguides, through which the power is sent or received and one or
more closed waveguides in which power is coupled and circulated. The input waveg-
uide, through which we send the light in, is usually called the input bus waveguide
as it guides the input light. The closed waveguide, in which power is coupled and

circulated, can be of any shape, but the most common shape is a circular ring.

A microring resonator usually have two ports, an input port-through which the
light is sent in and a through port by which light comes out as shown in Fig 1.1. When
there is through port only, there is only one waveguide and the input light couples
inside the microring via the coupling coefficient &, circulates around the cavity. We
only have one coupling region in this case. But occasionally we have another port,
which is called drop port. When we have drop port in design that usually couples
power from the field that develops inside the microring. So a separate waveguide

takes power from the ring after the ring takes power from the input bus waveguide.



Bus Waveguide Couplingregion

Input
Port

Through
Port

Microring
Resonator

Fig. 1.1. A simple microring structure with through port only. There
is only one bus waveguide and one coupling region.

In case of microring with drop ports, we have two bus waveguides, one is the same
as mentioned before, with one input port and one through port as shown in Fig.
1.2. Another waveguide contains the drop port. In this case we have two coupling
regions. The input light couples inside the microring via the coupling co-efficient
k1 and the light is again coupled to the drop waveguide from the ring via another
coupling co-efficient ko and reaches the drop port. In this case, we get power from
both the through and the drop port. It is notable that either either waveguide can be
used as input waveguide. So the definition is not that strict for which one is through
and which one is drop port. They are interchangeable depending on where we are

putting the input light source.

When we send some light through the input waveguide of the microring resonator,
some part of light is coupled to microring depending of the wavelength of the light and
some of the design parameters of the microring, the rest of the light is transmitted

to the output port via the input bus waveguide. The coupled light circulates inside
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Fig. 1.2. A simple microring structure with both the through port
and the drop port. We have two bus waveguides and two coupling
regions.

the cavity by internal reflection and suffers some losses due to sidewall roughness,
intrinsic absorption of waveguide material and scattering losses due to bending at the
edges. On the other hand as the light completes one round trip, it interferes with
the incoming light constructively and thus the light intensity inside the microring is

build up.

The coupling of light critically depends on the gap between the ring and the input
bus waveguide, the effective coupling length along which the coupling of light takes

place and the refractive index of the medium between the two waveguides.

As mentioned above, microresonator has some characteristic internal losses due
to the sidewall roughness, bending loss, waveguide losses and material absorption
losses inside the microring. These losses are termed as intrinsic losses. Again, when
we couple some light inside the microresonator, depending on the design parameters,

some loss occurs during the coupling of light inside microresonator and that is termed



as coupling loss. Now, depending on two types of losses inside the microring, we can

define the following coupling schemes for microring resonator:

1. When intrinsic loss> coupling loss, the scheme is called under-coupled. In this
case the transmitted light to the through port is higher than the light coupled into
the microring and the phase shift is less than 180 degrees. Under coupling can be

achieved by increasing the gap size between the ring and the bus waveguide.

2. When intrinsic loss = coupling loss, the scheme is called critically-coupled. In
this case no light is transmitted to the output as the light that comes out of the
microring suffers 180 degree phase shift and it interferes with the light going to the
though port destructively.

3. When intrinsic loss< coupling loss, the scheme is called over-coupled. In this
case, the phase shift is more than 180 degrees and we can achieve this type of coupling

by reducing the gap size between the ring and the bus waveguide.

1.2 Organization of This Thesis

In chapter 2, we will discuss about the Transmission Spectrum and Quality Factor
measurement. We will describe the set up to measure transmission spectrum and the
information that we can obtain from it. We will also focus on how we can measure

Quality factors after measuring transmission spectrum.

Chapter 3 is the most important contribution in this this, where we will discuss
the Dispersion measurement scheme. Starting from the first broadband spectroscopic
method to obtain dispersion in microring, we will describe a modified dispersion mea-

surement set up along with the algorithm and measurement technique.



In Chapter 4, we will briefly describe the principle of comb generation and the

Comb generation set up that we use for generating optical frequency combs.
In chapter 5 we will try to show some of our measured results for one of our de-
signed chips. We will also try to show some simulated results too and compare them

with our experimental data.

And finally the summary of the thesis is in the conclusion chapter.



2. TRANSMISSION SPECTRUM AND QUALITY
FACTOR MEASUREMENT

Transmission spectrum and Quality Factor are probably the two very basic and the
most important optical characterizations for on-chip microresonator. A lot of optical
characteristics depend on the quality factor the microring resonator. For example,
optical frequency comb generation for microring requires certain quality factor and
extinction ratio. In this chapter, we are going to describe the set up that we use
for measuring transmission spectrum along with some important things that we can
obtain from it. In section 2.1, we will briefly discuss what a transmission spectrum is
along with some key features like Free Spectral Range (FSR) and Extinction Ratio
(ER). In section 2.2, we will describe the basic transmission spectrum measurement
scheme that we use for measuring transmission spectrum. In section 2.3, we define
the Quality factor and discuss how we can extract quality factor from any resonance
of transmission spectrum via curve fitting. In section 2.4, we mention the importance

of transmission spectrum measurement and the things that we can obtain from it.

2.1 Transmission Spectrum

The transmission spectrum is obtained by plotting the transmittance for the sys-
tem. Transmittance is defined as the ratio of the transmitted power to the input
power. Let us consider a microring resonator without the drop port as shown in Fig
1.1. Tt has through port only and through the input port we send some light from a
laser source and receive the output light from the through port. We want to see the
transmission spectrum for this resonator, so we start with calculating transmittance.

We can use the couple-mode theory described in [21] to calculate the transmittance.



Let us consider that the microring that we are considering can support a traveling
wave of amplitude A(t). The ring can be considered as a weakly damped resonator
2

with energy amplitude a(t), normalized in such a way that |a(t)|® gives the total

energy in the ring. Now, the time rate change of energy inside the resonator can be

described as [1]:
50 = Uwo— —)a—jus; (2.1)

where, wy is the resonant frequency of that resonator, s; is the incident wave am-
plitude, p is the mutual coupling between the ring and the bus waveguide, % is the
amplitude decay time constant for the oscillator :Tl—c + Tli, where Ti is related with
the coupling losses between the ring and the bus waveguide and T% is related with the

intrinsic losses such as material absorption loss, scattering and bending losses etc. If

the transmitted wave has an amplitude of s;, then we can write [1]:
St = S; — Jua (2.2)

The decay rates can be calculated by providing some input power and then allow it
to decay inside the cavity, In that case we can write the time variant energy inside
the ring as [1]:
2t
()’ = lao[*exp(——) (2.3)

c

In this case, the intrinsic losses has been neglected or considered very small. Thus,

the transmitted power can be written as [1]:

SO = =IAD = ~Za(t)P5 % (24)



where, v, is the group velocity and R is ring radius. mutual coupling p and Tic are
related by energy conservation law. p is related to k. by the following relation [1]:
5 Vg 2

= — 2.5
2rR T, (2.5)

Now, the solution of equation (2.1), considering a steady-state incident field s; with

p=r

frequency w, can be written as [1]:

Si (2.7)

Thus transmittance can be written as:

s (w— w0+ (2= 2)°

T sP T (W wo)? (1)

(2.8)

c|A—=Xo|

=, We can rewrite

Now replacing 7 by k using equation (2.5) and using |f — fo| =

equation (2.8) as:

(2.9)

Where, k= fraction of power losses due to coupling of power to the ring from bus
waveguide, k?=fraction of intrinsic power losses. Thus at resonance (when A = )g),
the transmittance depends on k. and x;. Again, we see when we have k.=k;, we have
T=0, which means critical coupling. thus we can redefine the definitions of different

coupling schemes with the help of these coefficients:



10

1. Under-coupled: When k. < k; or in other words, the ratio of ’;—: <1.
2. Critically Coupled: When k.=k; or in other words, the ratio of :—jzl.

3. Over-coupled:When k. > £; or in other words, the ratio of == >1.

A sample transmission spectrum is shown in Fig. 2.1. As we can see from the
figure, some of the important terms related to Transmission Spectrum are Free Spec-
tral range (FSR), Extinction Ratio (ER) which are explained in next few subsections;

and the Quality factor, which is explained in next section.

- ~
=H "\
<>
FSR2

&
T

g
g
:
2 24 FSR1 1
i > ER
s -
ol —= High Q Mode |
48 1 1 1 1 1 1 1 1 1
1550 1550.5 1551 1851 8 1552 18525 1553 18535 1554 1554 5 1855

wawelength (nm)

Fig. 2.1. A sample Transmission Spectrum for a Microring Resonator.
Each dip corresponds to a resonance frequency that the microring
resonator can support. FSR can be calculated from two consecutive
resonant frequencies of the same mode family. F'SR;= FSR for mode
family 1 and F'SR;=FSR for mode family 2. We can also estimate the
number of modes that the microring can support. Here, the number
of modes=2. Also high Q mode family is also shown in this figure.
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2.1.1 Free Spectral Range (FSR)

Free Spectral Range (FSR) of an optical microresonator is defined as the spacing
in frequency or wavelength between two maxima of the dropped power or minima
of the through power. FSR can be obtained from transmission spectrum very easily.
It is just the difference between two successive resonance frequencies or wavelengths
for the same mode family. Usually FSRs for a particular mode should be the same
over the wavelength of interest. But because we have dispersion, usually they do
not remain the same. Also FSR for different mode families are different. If a mi-
croresonator can support multiple modes, then the fundamental mode usually have
the highest FSR. Fig 2.1 shows a sample transmission spectrum and FSRs for two
different mode families are termed as F'SR; and F'SR5.

Mathematically, FSR can be defined (in frequency) as [22]:

FSR; = Afrsp = % (2.10)

g

Where, c=velocity of light, n,= Group index of the cavity material, L=Length of
the cavity. FSR is also the inverse of round-trip time. If the round-trip time for the
cavity is Tk, then:

1 ngL

Ty = = = 2.11
T FSR; ¢ (2.11)

To express FSR in wavelengths, we can just convert it in wavelength from frequency

difference by the well known formula:

C C
f:—iﬁfFSRZ—ﬁ

h\ A)\FSR (212)
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Thus, FSR can be calculated in wavelengths as:

2

A
PSRy~ —— (2.13)

g

If the ring is circular then we can replace L by the rings circumference 2w R. Thus

equation (2.10) and (2.13) becomes:

C

FSR; = 2.14
/ 2mRn, (2.14)

)\2
FSR, ~ 2.15
A 2 Rn, ( )

where R= Radius of the microring.

2.1.2 Extinction Ratio (ER)

Extinction ratio (ER) is fundamentally defined as the ratio of two optical signals

generated by an optical source. Mathematically, we can express it as-

ER = —
P

(2.16)

Where, P, is the received power and P; is the transmitted power. Usually it is ex-

pressed in dB unit, in which case we write it as:

P
ER = —1OlogF2(dB) (2.17)
1
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In microresonator, we can define Extinction Ratio as the ratio between trans-
mitted power and input power. Extinction Ratio can simply be obtained from the
transmission spectrum. The difference between the maximum and minimum point in
a particular resonance gives us the Extinction Ratio. For example if we see Fig 2.1,

the Extinction Ratio for the marked resonance is around 10.5 dB.

Extinction Ratio plays a vital role in defining the coupling scheme of the mi-
croresonator. We have defined difference coupling types in chapter 1 and section 2.1.
When the Extinction Ratio is highest, we get critical coupling. Extinction Ratio is
also important because if Extinction Ratio is too small, then we cannot probably use
that for comb generation. Thus Extinction Ratio plays a vital role in the application

of microring resonator.

2.2 Transmission Spectrum Measurement Setup

The set up for transmission measurement is pretty simple. We have a tunable laser
source which sends power to input bus waveguide and from there power is coupled
to the ring. We also have a power sensor which senses the output power from output

bus waveguide. The set up is shown in figure 2.2.

= O

Tunablelaser o0

Sensor

Microring

Fig. 2.2. A simple set up for measuring Transmission Spectrum
of a microring resonator. PC= Polarization Controller. Tunable
Laser= Agilent 81680A or Agilent 81940A or New Focus Laser, Sen-
sor=HP81632A or 81634B
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As shown in Fig. 2.2, the transmission measurement set up contains a tunable
laser source. In our lab we have 3 different tunable laser sources that we can use as
the laser source namely New Focus laser, Agilent 81680A and Agilent 81940A. there
is a sensor mounted in each of the Agilent laser sources namely HP81632A for Agilent
81680A and 81634B for Agilent81940A. When we use New Focus laser, we can simply
use some power meters or some power sensors for example ThorLabs PM100A power
meters, ThorLabs PM20 power meters and ThorLabs S145¢ sensor. ThorLabs PM20
power meters can measure power from -60 dBm to +13dBm, but ThorLabs S145c

sensor can sense up to 3W of power.

The light is coupled into the microring resonator using a 5 axis translational stage
and tapered lens fiber. The polarization controller is used to match the polarization

for maximum output.

2.3 Quality Factor

Quality Factor is a very important parameter for microring resonator. Quality
Factor or popularly known as Q factor measures the frequency selectivity or sharp-
ness of the resonance. It is a measure of the strength of the damping of its oscillations
or for relative line-width. Q-factors are related to the stored energy in the microring
resonators. The higher the quality factors are, the lower the losses are. Thus it plays

a vital role in application of microring resonators.

Q-factor can be defined in two different ways, which are not equivalent, but as Q

gets higher, they get very very close to each other:
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The most common definition is probably by using bandwidth as the resonance.

For this definition Q) of a microring resonator can be defined as [23]:

fr Jr

O=AfT FwHM

(2.18)

where, f,. is the resonant frequency of the microring resonator and FWHM= Full
Width at Half Maximum. Thus from equation (2.18) we see Q is higher for lower Af.
So when Af is very small, Q is very high.

Experimentally we use this definition to calculate the estimated value of Quality
factors from transmission spectrum data. Another definition can be given from en-
ergy storage perspective. Q can be defined as the time averaged stored energy to the

energy dissipated per cycle [24]:

Es ore
Q = 2mr——2rd _ 7 (2.19)
Edissipated

where, Egoreq 1s the energy stored by microring per optical cycle, Egjssipated 18 the en-
ergy dissipated by the microring per optical cycle, w=Resonant frequency and T:%:
cavity lifetime, k= cavity decay rate=k;+k., k.=coupling loss rate and x.=Coupling

loss rate.

From the second definition, we see that we need to excite the microring to a cer-
tain level and then allow the power inside the microring to decay. From the rate of
power decay we can get Q-factor. From this definition, the Q factor of a microring
is related to the round trip losses, coupling losses, bending and scattering losses in
the microring. The lower the losses are, the higher the Q. Alternatively, if a device
has higher Q, it can store more energy. Thus, when a microring has drop port, it’s

quality factors will be lower than a microring without drop port or through port only.
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The Quality factors for a microring resonator can be expresses in two different
ways which are pretty common in literature: One is Loaded Q factor (@) and an-
other is Intrinsic Q) factor (@;). The fundamental difference between them is that we
get intrinsic () without considering coupling loss, that mean we only consider all the
losses inside the microring without coupling it to the bus waveguide. That means we
only consider material absorption loss, surface roughness loss, bending and scattering
loss and radiation loss inside the microring. But when we couple the microring to the
bus waveguide, then we get overall Q or loaded Q. From this definition, it is pretty
obvious that for any microring resonator, loaded Quality factor will always be less

than Intrinsic Quality factor.

Now, the Quality factors can be calculated from transmission data by using the
method described in [25]. If k2 is the fraction of power that couples into microring
from bus waveguide and r? is the fraction of intrinsic power losses as mentioned above
(material absorption loss, bending loss, scattering due to surface roughness etc) per
round trip, then following the same method we describe in section 2.1, the transmit-

tance for the through port can be estimated as [25]:

n O 0P (P2 - ) 2.20)
M = M2+ (R 4 D) |

Now from experimental transmission spectrum measurement we can use curve fitting
method to match the transmission with the transmittance described in equation (2.20)
and from there we can estimate the value of Q) for that reference. By using the same

method, we can measure Q for all the resonances from transmission spectrum.

2.4 Importance of Transmission Measurement and Q factors

As mentioned before, Transmission Spectrum is simple but one of the most impor-

tant characterization processes for on-chip microresonator. If there is no microring
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resonator in our setup, the transmission spectrum would possibly be a flat line without
any resonances, which corresponds to the laser power from the Diode Laser source.
But when we have a microring resonator, due to the power coupling and losses inside
the microcavity, we get different resonances corresponding to the cavity modes of the
microring. Each mode of the cavity gives rise to a family of resonances and depending
on different design parameters we can estimate how many modes can exist in certain

type of microcavity.

There are a lot of information that we can obtain from transmission spectrum.
The most important thing that we can obtain from transmission spectrum is the Free
Spectral Range (FSR). As mentioned in section 2.1 and Fig 2.1, the FSR can be
calculated from any two consecutive resonant frequencies of the same mode family.
A very important fact is that, FSR actually depends on the dispersion of the chip.
If there is no dispersion all the FSRs will be the same and there will be no change
wherever we calculate the FSR. But in presence of dispersion, FSRs will change and
later in chapter 3, we have shown how we can calculate dispersion from such kind of

FSR evolution.

Another important thing that we can identify and measure the high Q mode from
transmission spectrum. In fig 2.1, we have marked the high QQ mode as it is pretty
obvious from the definition of ) factors, which is discussed in section 2.3. As men-
tioned in previous subsection, if a device has higher Q), it can store more energy. This
is very important in case of comb generation, when we need certain threshold power
to generate the comb lines. This is a big concern for us as the fiber amplifier that we
have, they cannot amplify beyond certain limit. But if the Q is high, as we will see in
chapter 4, the threshold for comb generation is reduced. And we can generate comb
with the fiber amplifiers that we have. Thus, Quality factor plays a critical role in

comb generation.
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We can also estimate how many modes can sustain inside the microcavity for a
specific polarization. The number of modes will be equal to the number of mode
families in the transmission spectrum. This is an easy process when the number of
the mode families is less and their Extinction Ratio is pretty different. When we have
mode families of same extinction ratio, sometimes it becomes difficult to separate the
modes. As shown in figure 2.2, we can see that this microring can contain 2 mode

families for the given range of wavelength.

Another important thing that we can observe from transmission spectrum is that
we can see if there is any mode interaction occurring between the modes or not. Mode
crossing plays a vital role in the generation of optical frequency comb in normal dis-
persion regime as described in [17]. Again, an important feature of transmission
spectrum is that we can see the Extinction Ratio of the resonances, which is crucial
in coupling scheme of the micro-resonators. The Extinction Ratio is highest when
we are very close to critical coupling. Also from experimental experiences, we cannot
generate comb for very low extinction ratios. Thus we can choose a suitable resonance
for comb generation from transmission spectrum. We have tried to briefly discuss op-

tical frequency comb generation in chapter 4.
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3. DISPERSION MEASUREMENT

In this chapter, we will introduce the dispersion measurement scheme. The major
contribution in this thesis is the modification of the previous dispersion measurement
set up. We will start with the definition of dispersion in section 3.1. Then we will
try to describe previous dispersion measurement set ups along with the modified set
up in section 3.2. In section 3.3 we will try to show some mathematical formulation
of how we can measure dispersion from FSR evolution. Finally we will describe our
dispersion measurement set up and describe the measurement procedure along with
discussing what kind of improvement the modified dispersion measurement can give

to us in section 3.4.

3.1 Dispersion

Dispersion is a very important parameter for microring resonator. The word dis-
persion generally means the action or process of distributing things over a wide area.
In Optics the term dispersion results in similar type of thing- spreading of the pulse.
Dispersion generally occurs when different frequency components travels at different
speed. Or in other words, when the group velocity depends on frequency. The result
of such thing is that different frequency component has different round trip in the
cavity, resulting in the pulse broadening. When the pulse is broadened it actually can
cause a lot of unwanted situations including distortion of data, reduction of band-
width etc. In case of comb generation, dispersion is crucial as it limits the maximum

achievable comb bandwidth [26].
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When light passes through any dispersive media, the system adds a spectral phase
to that light. If the length of the medium is L and the spectral phase introduced by

the medium is ¢(w), then we can write [27]:
b(w) = —Bw)L (3.1)

Mathematically dispersion refers to the frequency dependence of propagation constant

[ of light in the medium. From the definition of propagation constant 3, we can write:
Bw) = —n(w) = —n(w) (3.2)

where, A\ is the wavelength of light in vacuum, c is the velocity of light in vacuum
and n(w) is the frequency dependent refractive index of the medium.
Now, the propagation constant $(w) can be written in Taylor’s series as [27]:

10%8

B(w) = B(wo) + %(w —wp) + Ew(w —wo)? + Higher Order Terms (3.3)

Ignoring small effects from higher order terms of equation (3.3), we can rewrite it as:
Bw) = Bo+ Bi(w — wo) + Baw — wp)? (3.4)

where, (3 is the zeroth order dispersion and it corresponds to a constant phase shift
in the form of equation (3.1). f is the first order dispersion, which is the inverse of
group velocity v, and it can be expressed as [27]:

op 1

61 - a_w w=wy — U_g (35)
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This introduces a constant group delay [27]:

W _ gL (3.6)

T e =
It is worth noting that this constant delay does not affect the shape of the pulse.
The third term in equation (3.4) is fy which refers to second order dispersion and
that is the most common parameter to describe dispersion in microring resonators.
The term [y = % is also called Group Velocity Dispersion (GVD). Again, Group
Velocity Dispersion (GVD) is related to the Group Delay Dispersion (GDD) by the
fact that GVD is GDD per unit length [24], which is pretty obvious from equation
(3.1) and equation (3.6):
GDD

In fiber optics, dispersion is usually described in terms of dispersion co-efficient (D)

which can be expressed as [27]:

- 851 B _277-0/82

D_ﬁ)\_ A2

(3.8)

The unit of D is ps/nm-km and it actually gives the group delay difference of two
optical pulses after propagating certain distance in the optical fiber at certain wave-

length. Depending on the sign of D we define two distinct type of dispersion:

1) When D>0, the dispersion is called Anomalous Dispersion.

2) When D<O0, the dispersion is called Normal Dispersion.
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It is worth noting that we get the frequency dependent refractive index for mate-
rial dispersion from the famous Sellmeier equation [28]:
Bi)\?

where B; and C; are Sellmeier coefficients and their values can be found from [29].

3.2 Broadband Precision Spectroscopy to Measure Dispersion
3.2.1 Basic Dispersion Measurement Setup

The spectroscopic method to measure the dispersion by using a frequency comb
was first introduced in [30]. The experimental set up is shown in Fig 3.1. The
fundamental concept for this method was to accurately locate the resonances from
transmission spectrum by generating RF beat notes using an external diode laser
(New Focus laser) and an erbium fiber laser based frequency comb (Menlo System
GmbH). The beat notes are used like a frequency ruler which are detected by a fast
photo-diode. To increase the number of beat notes for better resolution two Band
Pass Filters of 30 MHz and 75 MHz were used which in turn give rise to four frequency

marker within each interval of one repetition rate of Menlo Comb (250 MHz).

A frequency marker was recorded when a beat note falls within the pass band of

the Band Pass Filter (1 MHz) or when the diode laser frequency was equal to [30]:

fD:fceo+nfrepj:fBP (310)

where, fp=Diode laser frequency, f..,= Carrier envelope offset frequency of Menlo
Comb, f,.,= Repetition rate of Menlo comb and fpp= Center frequency of Band

Pass Filter.
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Fig. 3.1. Dispersion measurement Scheme depicted in [30]: New Focus
laser beats with an Menlo comb and generate four beat notes in each
repetition period of Menlo comb. This Figure is taken from [30]

The calibration peaks were recorded using a four channel oscilloscope which can
support 10 million data points per channel. That leads to a resolution of 370 kHz per
data point for 30 nm scan range and each measurement gave rise to more than 64000

calibration peaks. An illustration of frequency markers is shown in Fig. 3.2.

After getting calibration peaks and transmission spectrum we could precisely cal-
culate the resonance frequencies of the microcavities because all the resonances will
fall on or within any two frequency markers as shown in Fig 3.2. Now by knowing the
difference between consecutive resonance frequencies we can find the Free Spectral
Range (FSR) of any particular mode. Then by plotting FSRs and taking the slope and
intersection after linear fitting, we can calculate the dispersion for the microcavity.

The detail mathematical formulation of the process is shown in section 3.3.
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Fig. 3.2. Transmission spectrum at different frequency spans: a) 2.5
THz b) 20 GHz and ¢) 500 MHz. Figure c) shows four calibration
markers that generated within each interval of the repetition rate of
Menlo comb. This Figure is taken from [30]

3.2.2 Initial Dispersion Measurement Setup

The dispersion measurement set up described in section 3.2.1 was a very important
contribution in dispersion measurement of microcavity since this process could mea-
sure dispersion very precisely. But a drawback of that set up was that the frequency
marker could only give the relative positions of the frequencies, not the absolute ones

or in other words, not the real frequencies. That issue was addressed by one of our
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previous group member Steven Chen in his thesis [31]. The modified set up suggested

in [31] is shown in Fig 3.3.

In this set up, the absolute frequency issue was addressed by introducing a fixed

laser with known wavelength (or frequency). This fixed laser couples with the New

Focus laser through a 50-50 fiber optic coupler and then beats with the menlo Comb.

Now, due to the beating of fixed laser and menlo comb, we get four extra frequency

markers, which can be used as frequency references. The basic idea behind this was

that as we know the frequency of the fixed laser, once we know the position of those

markers, we can easily calculate the position of all the markers. The laser which was

used as a fixed laser is Koheras laser and the wavelength of Koheras is 1541.76206

nm with an uncertainty of 0.000038 nm as shown in Fig 3.4 [31].
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Fig. 3.4. The wavelength variation of fixed Koheras laser with time.
This Figure is taken from [31]

3.3 Mathematical Formulation to Measure Dispersion from FSR Evolu-

tion

In this section we will show how we can measure dispersion from FSR evolution.
This derivation is very much similar to the one derived in [31], except the fact that
we have made some important corrections here. We will start with the definition of
FSR. We can find FSR by measuring the transmission spectrum for the microres-
onator. As mentioned in chapter 2, we can obtain the resonant frequencies for all
the cavity modes from transmission spectrum. The difference between two resonant
frequencies for a particular mode gives us the Free Spectral Range or FSR for that

particular mode.
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We will start from equation (3.1) which gives us the relation between the spectral
phase that arises due to dispersion and the propagation constant. Using that relation,

we can write:
(W) = P(wo) = —[B(w) — Blwo)|L (3.11)
Now Ignoring higher order terms of equation (3.3), we can write:

() — Blun) = Brlow — w0) + 2w — wn)? (3.12)

. . 2 . .
where Blz%:i: inverse of group velocity and 52:%: Second order dispersion as

mentioned in section 3.1. Now from equation (3.11) we can write:
B
h(w) = P(wo) = —[Br(w — wo) + f(w — wo)?|L (3.13)

Now we can differentiate equation (3.13) with respect to w and rewrite equation (3.13)
as:
Ay

E = —[51 + 52((,0 — wo)]L (314)

Now we can relate this with FSR by the fact that FSR is the difference in frequency
for two consecutive resonances. The phase shift per FSR or phase shift between two

consecutive resonances is 27 and we can write:

Aw =21rAf =27FSR (3.15)
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Thus,
A 2m 1
Aw  2rFSR  FSR (3.16)
Therefore, from equation (3.14) we can write:
7 = 1B+ Balw — o)L (3.17)
So,
1 1
FSR = —— (3.18)

L By + f2(w — wo)

Expanding the right side of equation (3.18) and ignoring higher order terms, we can
write:

P LI )

AL piL

(3.19)

Now if we plot FSR vs Frequency, then it will give us a straight line y = a1z + ag

- B2
= 577

and a vertical axis intercept ay = —==. Thus the second order

with a slope a; 5L

dispersion (3, can be written as:

a1

= ——= 3.20
52 CL%L ( )
Thus, from equation (3.8), the dispersion co-efficient can be calculated as:
2
_ T (3.21)

 A2a2L
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Now by doing linear curve fitting for FSR data points for different wavelengths or
frequencies, we can find the values of ay and ay. If we know the radius of the ring or
the length of the microring, we know L. The velocity of light ¢ is constant and the A
is the wavelength in which we want to measure dispersion. Therefore, we know all the
parameters of equation (3.21), from which we can measure the dispersion co-efficient

for the microring cavity.

3.4 Modified Dispersion Measurement Setup

It is true that introducing Koheras laser as a fixed wavelength laser solved the ab-
solute frequency issue, but it caused another complexity in the measurement. From
the set up shown in Fig 3.3, we can see that Koheras laser couples with New Focus
laser through a 50-50 coupler and then they beat with the Menlo comb together to
produce beat notes. In most of the cases, the beat notes produced from the beating
of Menlo comb and New Focus laser does not coincide with the beat notes produced
from the beating of Koheras laser and the Menlo comb. But when they coincide
or overlap each other, it becomes very difficult to distinguish them and some of the

markers may not be identified accurately as shown in Fig 3.5.

Again, if they overlap with each other, it becomes difficult to get the exact posi-
tion of both the koheras and the frequency markers which can result in error in our

measurement.

One way to solve this issue is to manually select the markers produced by Koheras
and New Focus and create beat note manually exactly in the same position. But that
is not an efficient way of doing it. Also if they are partially overlapped, this can cause

additional errors.
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Fig. 3.5. Problem that arises from the overlapping of beating notes
from Koheras and New Focus with the beating notes from Menlo and
Koheras. Fig (b) is the zoomed version of Fig (a). This figure is taken
from [31]

So in this thesis, we are introducing another set up, which is a modified version of
the set up shown in Fig. 3.3. The modified Dispersion measurement set up is shown

in Fig 3.6.

In this set up we have separated the fixed laser (Koheras) from Menlo comb
and we beat it separately with New Focus in a separate channel (Channel 4) of the
oscilloscope. And thus we avoided that complexity, but for this we had to add few

more components to the setup.
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3.4.1 Equipment used in Modified Dispersion Measurement Setup

There are few components that are common to all the setups and they serve the
same purpose. For the convenience of a better understanding, we will briefly describe

the functions of different components used in our setup mentioning major differences.

As the tunable laser source, we have used New Focus laser, same as before, shown

in Fig. 3.7.

Fig. 3.7. New Focus tunable laser source that is used in our measure-
ments. The picture is taken from [32]

But in this setup, the power that goes out of the New Focus laser is distributed
little differently than the other setups. As we need to beat New Focus and Koheras
separately, we have used a 90-10 coupler to split the output power of New Focus.
Since, we need very small power for linear measurements, 10% power is sent to the
stage via a polarization controller and an attenuator where the microresonator chip
is coupled and the rest is used for beating purpose. Then the 90% power is split by

a 1x2 50-50 coupler and one part of it goes through a polarization controller and at-
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tenuator before beating with Menlo comb. Another part directly beats with Koheras

laser via a 2x1 50-50 coupler.

As fiber laser frequency comb, Menlo system is used, same as before. Menlo
comb gives us flat combs with a repetition rate of around 250 MHz. It couples and
beats with a part of New Focus laser through a 2x2 50-50 coupler, goes through a
Balanced Photo-diode, which suppresses common mode noises, Low pass Filter which
removes all high frequency components, An Electrical Splitter which splits the signal
equally into two separate branches and an Amplifier, which boosts the signal for
better detection. Finally it goes to Channel 2 and 3 of the oscilloscope after passing
through 75 MHz and 30 MHz Band Pass Filters respectively.

Koheras is used as fixed wavelength laser same as before, but in this time Koheras
beats with a part of New Focus laser using a 2x1 50-50 coupler after passing through
a Polarization controller. It is then converted to electrical signal via a photo-diode,
boosted up little bit via an electrical amplifier and finally passed to the channel 4 of

the oscilloscope using a 10 MHz Band Pass Filter.

o
=
=
=
=
(=]
— |
D

Fig. 3.8. Rohde and Schwarz Oscilloscope, which is used to acquire
data from our setup. The picture is taken from [33]
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There are 3 +15V power supplies in this setup. Two of them gives bias voltages
for electrical amplifiers and the other one gives power to the balanced photo-diode.
The output of the chip microresonator is sent to the channel 1 of the oscilloscope
using a photo-diode and via a load resistor of 110k(2 was used to properly detect the
rise and fall of the resonances. We have used Rohde and Schwarz Digital Oscilloscope

for our measurements as shown in figure 3.8.

3.4.2 Algorithm for obtaining dispersion from the frequency markers

The algorithm for obtaining dispersion from the acquired data is described in [31].
So that is not described here again in details as we followed the same algorithm. But
we just want to mention the fundamental idea of the algorithm here very shortly. The
first important thing is to set a threshold for all the frequency markers. Any peak
above the threshold will be counted and below the threshold will be neglected. This
is important because we get some small peaks due to the noise in the system and
that may lead us to erroneous results if we consider those peaks. So we select a suit-
able threshold so that all the peak due to the noise doesn’t come into consideration

and at the same time, we get all the required frequency markers for our measurement.

In our code, we choose threshold in an adaptive manner. That means, we measure
the maximum height of the markers and set a percentage (for example 30% or 20%)
of it as the threshold value. But again we have to be careful because if some of our
marker’s amplitude goes beyond that threshold, we may miss a marker and that may
cause error in our results. So, we need to check if we have found all the frequency
markers properly or not. Also we can find out where we have the error and correct
it accordingly by reducing the threshold a little bit or by manually adding a marker

there or by properly optimizing the polarization and taking data again.
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The next step is the find the exact position of the reference markers. We actually
get two frequency markers from channel 4, which gives us information about Koheras
laser’s frequency. As we previously know the frequency of the Koheras laser, we ba-
sically can know the exact frequency of those frequency markers. If the frequency
of the Koheras laser is f; Hz, then those two marker positions would be f;-10 MHz
and fp+10 MHz. To find the marker peaks, we follow the same procedure to find
the peaks by using a threshold value. Once we detect the position of those markers,
using simple algebra, we can find the exact frequency of those markers. And once we
get the exact frequency of those reference markers, we can simply find the exact or

real frequencies of all the frequency markers by simple interpolation method.

After we get all of our frequency markers properly, then we check the transmission
data and find where the resonance falls into and find the real frequency of that point
using simple interpolation. And then we manually assign the resonance numbers to
each mode families and separately we can measure FSR for each family. After that,
we can plot the FSR and by linear fit and using equation (3.21), we can calculate

dispersion for that particular mode family.
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4. OPTICAL FREQUENCY COMB GENERATION

In this chapter we will try to discuss the process of Optical Frequency Comb Gener-
ation from microring resonator. In section 4.1, we will try to go through some of the
fundamental concepts about the frequency comb generation. In section 4,2, we will

try to describe our frequency comb generation set up.

4.1 Optical Frequency Comb

Optical Frequency Combs are evenly spaced periodic spectral lines, which are dis-
crete and the spacing between individual comb lines are constant along the whole
spectrum. Thus an optical frequency comb can be used as an optical ruler as because
if we know the comb frequency we can find any unknown frequency by beating that
with the optical frequency comb. Optical frequency combs have been useful in many
application where we need high repetition rate and high comb power [34] such as
comb spectroscopy [30] or molecular fingerprinting [35], astronomical calibration [36]
or arbitrary waveform generation [37] etc. A very related example of this is our dis-
persion measurement set up as described in section 3.1-3.4 where we have seen that
a tunable laser beats with a frequency comb (Menlo Comb) to find the dispersion

where the beat notes were used as ruler.

Optical frequency combs can be generated in many ways, but the most common
method is using a mode-locked laser with stable frequency and repetition rate [24].

Fig 4.1 shows an example of mode locked frequency comb [27]:
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Fig. 4.1. Mode-locked frequency comb a) The offset frequency dw is
shown b) Pulse to pulse phase shift A¢cp is shown. The picture is
taken from [27]

In general, the frequencies of individual comb lines for a frequency comb can be

expressed as [27]:
fm = M frep + forO (4.1)

where, frep:% is the repetition rate of the laser, T is the period of the optical pulse
as shown in Fig. 4.1 (b) and feogo is the carrier envelope offset frequency:g—j:. It is
difficult to obtain the value of carrier envelope offset frequency, which makes it quite
difficult to obtain exact frequencies of the individual comb lines. However, the FSR
in microring resonator can be controlled very easily. Also microring resonator allow

us to reduce the size and can be implemented in chip level. So, for obtaining high

repetition rate microring resonators have become very popular recently.
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For microring resonators, optical frequency combs are generated by the interaction
between a CW laser source with the modes of a high () microresonator via Kerr non-
linearity [18]. The optical frequency comb in microring resonators are generated by
a parametric frequency conversion which is based on the Four Wave Mixing (FWM)
process. The parametric conversion must follow both the energy and the momentum
conservation law. In this process two pump photons (w,) are absorbed at sufficient

power and two side bands are generated as [34]:
2wy, = ws + w; (4.2)

where wy, = w, + Aw and w; = w, — Aw are generated side bands which must be
equidistant to maintain energy and momentum conservation law. Now this process
continues and the whole frequency comb is formed.If two pump photons generate side
bands, they are usually called degenerate FWM. When one photon from pump inter-
acts with one photon from nearby side bands and create two new side bands, then it
is called non-degenerate FWM. An example of frequency comb generated from mi-
croring resonator is shown in Fig 4.2.

From literature, we can see that optical frequency combs were generated in both
normal dispersion regime [17] and in anomalous dispersion regime [38,39]. It is worth
mentioning that the process of comb generation is different in normal dispersion
regime and in anomalous dispersion regime. In anomalous dispersion regime, the
comb is generated with the aid of Modulation Instability (MI) gain and in normal
dispersion regime, comb is generated close to mode crossing regime with the help of

mode interaction [17].

In Microring resonator, the noise performance of generated frequency comb is
very important. The noise in Kerr frequency comb is explained in details in [40].
Depending on the presence of noise and FSR spacing optical frequency combs can be

classified in two types [37,41]:
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Fig. 4.2. An example of Optical Frequency comb generated from mi-
croresonator via the parametric frequency conversion process. Fig a)
shows the broadband frequency comb and Fig. b) shows the difference
between degenerate and non-degenerate FWM process. The figure is
taken from [18]

Type I comb: Optical frequency combs where the initially generated frequency

comb lines are separated by single FSR.

Type II comb: Optical frequency combs where the initially generated frequency
comb lines are spaced by multiple FSR. And then additional lines fill the gap in be-

tween to make the spacing between comb lines single FSR.
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When the frequency comb lines are spaced by single FSR (Type I) comb, we can
compress them to bandwidth limited pulse by using a pulse shaper [41]. Thus we can
obtain coherence for type I comb which means that each comb line can have same
spectral phase. The process of spectral line by line pulse shaping is shown in [37]. In
contrast, type II combs, in which comb lines are multiple FSRs away, doesn’t show
such way of compression and show poor coherence [41,42]. The reason is that when
additional lines starts to fill the comb spacing, they may overlap in some region and

generate intensity noise. An example of type I and type II comb is shown in Fig. 4.3.

A very critical issue about comb generation is that we need certain amount of thresh-
old power to which can initiate the Four wave mixing process. If our input power
to the chip is less than that, then we don’t get any comb. The threshold power for
comb generation depends on a few parameters among them Quality Factor is very

important. The threshold power for comb generation can be expressed as [43]:

7T2RngAeff ( 1 " 1
202 ert Qext  Qin

Pth—comb - )3 (43)

/ s
54320 D1 23456 7

Optical Frequency

(a) Type I comb (b) Type II comb

Fig. 4.3. An example of type I and type II comb. In type I comb, the
frequency comb lines are single FSR away as shown in (a). In type II
comb, they are initially multiple FSR away and finally they become
single FSR after filling the spacing in between, as shown in (b). (a)
is taken from [41] and (b) is taken from [40]
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where, R= Average ring radius, n, is the effective group index, A.ss is the effective

area, no is Kerr nonlinear coefficient, )y is the resonance wavelength, ()..; is the

external Quality Factor and @);, is the intrinsic Quality factor.

4.2 Set up for Comb Generation

In this section we are going to discuss the comb generation set up as shown in

Fig. 4.4:
Tunable i PC )
Laser ~ EDFA
95%
5%
Wave
meter

1%

C
50%

50%

99%

50%
]

50%

Power
Sensor

Eﬁ Amplifier > ESA

>

Power Meter

0

SA

Fig. 4.4. The set up for comb generation. PC=Polarization Con-
troller, PD=Photo-Diode, EDFA= Erbium Doped Fiber Amplifier,
OSA=Optical Spectrum Analyzer, ESA= Electrical Spectrum Ana-
lyzer, All the blue circles in the figure represents optical splitters with
different splitting ratios as shown in their corresponding branches.

In this set up we use a tunable laser source which can be any tunable laser source.

In our lab we usually use New Focus laser as the tunable laser source for comb gen-

eration. Sometimes we can use the Agilent 8164 laser too, but the tunability of New

Focus laser is much better than the Agilent laser. In the New Focus laser there is
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piezo control by which we can tune the wavelengths very precisely and reach the
resonance for comb generation. For precise measurement of wavelength, we split the
output of the tunable laser and send it to a wavelength meter. Thus we can precisely
measure the input wavelengths which is crucial for comb generation. After properly
optimizing the polarization, we send it to a Erbium Doped Fiber Amplifier (EDFA)

to boost the power to reach the comb threshold as shown in equation (4.3).

We couple the microring resonator in our 5 axis stages via a tapered lens fiber.
The output of the chip goes through several optical coupler which splits the power into
different ratios. The first one splits it into 99/1 ratio and 99% goes to a power sensor
by which we can essentially measure almost the whole power that is in the output bus
waveguide. As this power might be large, we use ThorLabs S145¢ sensor can sense
up to 3W of power as mentioned in section 2.2. The rest 1% goes to another coupler
which splits it into 50-50, the first 50% goes to the ESA for RF noise measurement
via a photo-diode and an electric amplifier. The second 50% goes to another coupler
which splits it into further 50-50. One of them goes to the OSA for observation of
comb spectrum, the other one goes to a power meter which shows us how much power

is going to OSA.
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5. EXPERIMENTAL RESULTS

In this chapter, we will show all the measured data for one of our designed chips.
We have measured a lot chips following the procedure we described in chapter 2-4,
but not all of the chips gave us sufficient quality factor for comb generation. So in
this thesis, we are going to show one of those chips which actually could produce
some frequency comb. We are actually trying to show that we can measure all those
important parameters following the procedures that we described in the above men-
tioned chapters. So, this chapter mainly contains all experimental data and some
comparison with our simulated results. In section 5.1, we will show the layout of
the structure and give all the design parameters that was needed for fabrication. In
section 5.2, we will show the results of transmission measurement and Quality Factor
calculations for that chip. In section 5.3 we will show the dispersion measurement
data. Section 5.4 will cover the results of comb generation. Finally in section 5.5 we

will add some simulation results and compare them with our experimental results.

5.1 Chip Layout

A schematic picture of our designed chip is shown in Fig 5.1. From the figure, we
see that the designed microring resonator is basically a C-shaped resonator. In our
design, we tried to optimize the straight section part to lower the bending loss due to
curved sections. Also the length of our design chosen so that we can reach close to 50
GHz FSR. The bus waveguide for the design is a bend waveguide from where light is
coupled inside the microring. The gap size between the bus waveguide and microring
was varied in several of our previous designs to obtain a suitable gap size which is

close to the critical coupling.
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() (b)

Fig. 5.1. (a)The schematic layout and (b) The microscopic view of
the designed C-shaped microring resonator. We have used 2 tapered
lens fibers to couple the light to a bent bus waveguide and from there
light is coupled to microring resonator.

Also, in some of our previous fabrications we have tried to change different design
parameters such as width of the microring resonator, length of the resonator to obtain

50 GHz FSR etc. All the design parameters for the chip are shown in table 5.1.

Table 5.1
Design Parameters For Channel 12 of ND03042016 Chip

Parameter Value
Length (Perimeter) 2887 pum
Width of microring (W) 2 um
Width of Bus waveguide (B) 1 um
Bending of bus waveguide 100 pm
Height 740 nm

Gap size (Between Bus waveguide and microring) 300 nm
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5.2 Transmission Spectrum and Q-Factor Measurements

The transmission spectrum was measured using the set up shown in Fig. 2.2. The
first part was to measure fiber to fiber insertion loss without the chip. The amount of
insertion loss that we found was around 3.5 dB. After that we coupled the chip using
our 5 axis stage and the tapered lens fibers. Unfortunately we had some problems
in the fabrication that there was some gap at the through port end, for which the
coupling efficiency was not that high as we usually get. In most of our chips that was
fabricated before, we found that the insertion loss after inserting the chip is around
5~6 dB. But in this case we found the insertion loss is around 10-12 dB. We were
able to get few good quality factors from this channel. That is the reason we could

generate combs even with this insertion loss.

We used Agilent 81680 for measuring the transmission spectrum of the chip. The
sensor HP81632A was used to measure the output power from the microresonator.
The transmission spectrum for the chip was taken for two different polarization. At
first, we tried to maximize the output power by changing the polarization using po-
larization controller. The transmission Spectrum corresponds to maximum power is
considered as polarization 1 throughout this thesis. In the next attempt, we tried
to minimize the output power by changing the polarization controller again. The
other polarization, which gives us the minimum power is considered as Polarization

2 throughout in this thesis.

After that we used our MATLAB code to measure the transmission spectrum.
Our lab has one computer that is connected to the Agilent laser driver via GPIB and
we can control that laser using that MATLAB code. After properly optimizing the
polarization we sweep the laser for 60 nm (1520 nm - 1580 nm) and get the transmis-

sion spectrum. The transmission spectrum for both the polarization is shown in Fig

5.2:
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Transmission Spectrum for Polarization 1 of ch12 ND03042016
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Fig. 5.2. The measured Transmission Spectrum for polarization 1 and
Polarization 2 for the designed chip, which is channel 12 of the chip
titled ND03042016.

From Fig. 5.2, we see that we are getting a very good Extinction Ratio for the chan-
nel. In some the resonances the extinction ratio is around ~15 dB, which is pretty
good and probably would mean that we are very close to critical coupling. The reason
for such claim is that if we compare the other channel’s Extinction Ratio of the same
chip (which are not shown in this thesis), this is probably the highest. Now, we can
normalize the output optical power to show the plots in terms of transmittance which
ranges from 0 to 1. The normalized transmission plots for both the polarization are

shown in Fig. 5.3:
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Normalized Transmission for polarization 1 of ch12 ND03042016
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Fig. 5.3. The Normalized Transmission Spectrum for polarization 1
and Polarization 2 for the designed chip, which is channel 12 of the
chip titled ND03042016.

From the transmission spectrum we got total 3 modes in this channel. The FSRs for
the modes are 49.56 GHz for high Q mode, 48.8 GHz and 47.7 GHz for the other

modes around 1550 nm respectively.

The Quality Factors were measured by curve fitting the transmittance as men-
tioned in section 2.3. We fitted the transmission curve with the equation described
in equation (2.21). It is notable that for our calculation of Q, we actually set some

threshold for Extinction Ratio. Only the resonances with more than 3 dB extinction
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ratio are counted. The reason for that is we have found from our previous experience
that comb generation is very very difficult from resonances with less than 3 dB ex-
tinction ratio. For this chip we got some good quality factors for polarization 2. The
intrinsic and loaded quality factors for all the resonances are shown in Fig. 5.4. Some
of the good Quality Factors are also shown in table 5.1 along with some of the fitted

curves in Fig. 5.5:
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Fig. 5.4. The Intrinsic and Loaded Quality Factors along with the
transmission spectrum for Polarization 2 of channel 12 of the designed
chip titled ND03042016.



Table 5.2
Quality Factors For Channel 12 of ND03042016 Chip

Wavelength  Intrinsic Q Loaded Q Extinction Ratio

(nm) (Millions)  (Millions) (dB)
1553.3562 2.536 1.78 7.4
1554.1546 2.22 1.80 4.0
1552.9575 2.20 1.45 9.7
1561.3881 2.16 1.70 4.5
1560.5788 2.10 1.43 8.0
1553.7552 2.01 1.58 4.6
1571.1398 2.01 1.46 6.7
1570.3202 1.98 1.45 6.3
1.5 == 15 - - - - —
2 z
195205 1552954 1552958 1552962 193335 1553352 1553354 1553356 1553358 1553.36 1553362
Wavelength (nm) Wavelength (nm)

(a) Curve fitting at A=1552.9575 nm (b) Curve fitting at A=1553.3562 nm
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(¢) Curve fitting at A=1554.1546 nm (d) Curve fitting at A=1560.5788 nm

Fig. 5.5. Fitted curve for calculating quality factors of few resonances.
These figure shows that our curve fitting was pretty accurate, thus the
calculated quality factors are pretty close to their actual values.
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5.3 Dispersion Measurement
We measured the dispersion of the chip following the procedure and the set up
described in section 3.4. We gathered data from Oscilloscope using our MATLAB
code and then we measured dispersion using the algorithm described in section 3.4.2.
There were 3 modes from the transmission spectrum and we calculated dispersion
for all the modes by doing linear fit of the FSR evolution as mentioned in section
3.3. Using the coefficients from linear fitting and all other parameters needed we
calculated dispersion using equation (3.21). The FSR plot with linear fit is shown in

Fig. 5.6, Fig. 5.7 and Fig. 5.8 for mode 1, mode 2 and mode 3 respectively:

During the dispersion measurement, we can match the polarization with the trans-

mission spectrum by tuning the polarization controller in our set up to get the same

mode families. Again, we were able to extract the FSR for the modes from the FSR
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Fig. 5.6. Linear fitting for calculating Dispersion from FSR evolution
for high Q mode. The calculated dispersion is around 273 ps/nm-km.
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evolution plot and the FSRs are very close to the ones we measured from transmission

spectrum. All the dispersion measurement data for the chip are shown in Table 5.3:

Table 5.3
Dispersion Measurement Data

Mode number FSR (GHz) Dispersion Co-efficient, D (in ps/nm-km)

1 49.56 273
2 48.86 -53
3 47.75 -2

5.4 Comb Generation

After getting the Quality factors transmission spectrum as shown in table 5.2
we tried to generate some frequency comb from some of those resonances. For comb
generation, we actually wanted some resonances between 1540 nm-1560 nm because
in this range our EDFA works well. We found several resonances that gave us good
quality factors in this range along with some good extinction ratio. We were able
to generate frequency combs from a few resonances, but the frequency combs were
multiple FSRs away and comb spectrum wasn’t that good. But from the resonance
at 1552.9575 nm, which has a moderately good quality factor (2.20 million intrinsic
Q and 1.45 million loaded Q) and good extinction ratio (around 9.7 dB), we were
able to generate single FSR comb with 2W power from EDFA. The OSA spectrum
and zoomed in version of the frequency comb that we generated from the resonance

at 1552.9575 nm are shown in Fig 5.9:

This comb was type 2 comb because initially the comb lines were spaced multiple

FSRs away. And when we cranked up the power more comb lines filled in the middle
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Fig. 5.9. Optical frequency comb generated from channel 12 of the
chip ND03042016 at A=1552.9575 nm. The first figure shows the OSA
spectrum of the frequency comb and the second figure shows a zoomed
in view of the spectrum.

and produced single FSR frequency comb. Also we could see the comb extends for a

long span of wavelength, so it has broadband nature. But from the ESA spectrum,
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we didn’t get any noise, which may be due to the fact that the noise is actually out of

the detection level for the current set up. The ESA spectrum for the comb is shown

in Fig. 5.10.

ESA spectrum for the comb g from 12 of ND03042016 at A=1552.9575nm with EDFA power=2W |
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Fig. 5.10. ESA spectrum for the generated frequency comb. ESA
doesn’t show any intensity noise for the generated comb.

The threshold for comb generation at this resonance can be calculated from equa-
tion (4.3). Considering Q;=1.45e¢6, Q;=2.2e6, ny=2.4e-19 m?/W, A.;r=2e-12 m?,
ng=2.1,A=1550e-9 m, R=460e-6 m, we get the threshold value for the comb genera-
tion around 75 mW. From experiments, we could generate comb with power at bus

waveguide roughly around 80 mW which is close to the value we obtain from the

formula.

We could generate comb from other resonances too, but they were type 2 comb
too and probably not coherent. One of the example is shown in Fig. 5.11. An
important thing to mention here is that we actually don’t get much information
about the coherence of the generated frequency comb for this comb from this set up.

Despite our ESA shows no noise, there might still be some noise below ESA’s detection
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Comb Generation for channel 12 of NDD304201E at =1553.3562nm with EDFA power=1W
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Fig. 5.11. OSA spectrum of the frequency comb generated at 1553.3562 nm.

method. So We can use a fast photo-diode, which can measure beat notes up to 50
GHz, which can be another way to check the presence of noise for the comb that we
generated. But a better way to directly check the coherence of the generated frequency
combs is the auto-correlation measurement, which is a time domain measurement not
mentioned in this thesis. In our lab, we actually do the auto-correlation measurement

after generating frequency comb.

5.5 Simulated Results and Comparisons

In this section, we will show some of our simulation results. We actually simulated
a couple of things for this design. The first thing is we tried to calculated the effec-
tive refractive index for the chips from some previous data and we tried to measure
dispersion from that. We have used some of our previous fabrication data for effec-

tive refractive index of Silicon Nitride and the Silicon Dioxide at different wavelengths.

For calculating effective refractive index, we used MIT Photonic Bands (MPB)

software [44]. We were able to calculate different wave-vectors at different wavelengths



o6

on the basis of our previous fabrication data from where we took the refractive index
values for Silicon Nitride and Silicon Dioxide. Each wave vector corresponds to a
mode family that our microring waveguide geometry can support. From there, we

could easily calculate the effective refractive indexes by:

_ neffw
C

k (5.1)

where, k is the wavevector, w is the angular frequency, c is velocity of light, n.s is the
effective refractive index. After calculating effective refractive index, we can calculate

the group index by:
dne ff
d\

Ng = Neff — A (52)

Figure 5.12 shows us the effective refractive index vs wavelength plot, from where we

calculated our group indexes for each mode.

1.86 T T

—+—Mode 1

1.84 ——Mode 2|
Mode 3

1.82 N

1.8 b

1.78 - i

Nest
=
o
(=]

T
|

1.74 - b

1.72 - b

1.7+ i

1.68 |- b

1.66 I I I I I I
1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75

A(pzm)

Fig. 5.12. Effective refractive index of Silicon Nitride vs Wavelength
plot using the wave vectors obtained from MPB simulation. Each line
corresponds to a mode family. From this data using equation (5.2),
we calculated the group index for each mode.
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We can calculate group index from experimental transmission measurement data

using equation (2.10):
c

= FSR+L (5:3)

Ng

where, FSR=Free Spectral ranges for each mode, L is the length or perimeter of the
microring and c is the velocity of light. A comparison between the simulated group

index and experimental group index is shown in table 5.4.

Table 5.4
Simulated and Experimental Group Index Comparison

Mode number  Simulated n, Experimental n, % Error

1 2.07 2.09 0.96
2 2.103 2.125 1.04
3 2.155 2.17 0.69

We also obtained dispersion co-efficient D for all the mode families using equation
(3.8). After getting group index using MATLAB, we calculated dispersion associated
with each mode family. A comparison between simulated and experimental dispersion

data is shown in table 5.5:

So we see that our simulated and experimental values are very close. In case of
group index calculation our %error is less than 1% for mode 1 and 3 and dispersion
coefficients are not too far away. One possible reason for these differences is that we
have used some previous fabrication data for simulation. So for the current fabrication
the refractive indices for Silicon Nitride and Silicon Dioxide at different wavelengths
might not be the same. Again, the high ) resonance only comes up in certain areas in
transmission spectrum as shown in Fig. 5.13, it doesn’t exist in the whole spectrum.

Also, there are some mode interactions with the low Q mode as different regions,



58

Table 5.5
Comparison Between Simulated and Experimental Dispersion Coefficients

Mode Number Simulated Dispersion Experimental Dispersion

Coefficient (ps/nm-km) Coefficient (ps/nm-km)

1 166 273
2 -24 -53
3 -6 -2

which make it very difficult to calculate the value of dispersion in those area. So
effectively we have very small amount of points to calculate dispersion for that mode,
which may be the reason for the difference. Despite little differences our experimental

values are quite close to our simulated results, which validates our measurements.
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Fig. 5.13. Mode interaction regions between the High ) and Low Q modes
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6. SUMMARY AND CONCLUSION

In this thesis, we have tried to describe some of the basic characterization methods for
on-chip microring resonators. We showed one of our designed chip and all the char-
acterization results. We have measured transmission spectrum using our described
method and measured FSR for all the modes. We measured the quality factors as-
sociated with each resonance by curve fitting and showed the intrinsic and loaded Q
factors along with the transmission data. It is worth mentioning that we can basically
separate the mode families by their quality factors too. Usually modes of the same
family maintain the same level of quality factors and we can identify mode crossing
areas from those plots as shown in Fig. 5.13. We have reported some of the good

quality factors for the chip by showing the almost exact curve fitting for each of them.

We have introduced the modified version of dispersion measurement set up, which
has simplified the complexity of acquiring data from dispersion measurement set up
and also reduced the chances of error due to overlapping of markers. We have shown

the value of dispersion coefficient for all the modes.

We were able to generate some combs from couple of resonances using the method
and the set up described in chapter 4. We could generate a type II comb with sin-
gle FSR spacing following our set up and it was our first few attempts to generate
frequency combs at 50 GHz. So we hope to improve the comb generation in future

attempts and get broadband coherent single FSR combs.

We simulated with some of our design parameters and material properties used

for fabrication. The simulation results are pretty close to the experimental results.
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In short, we were able to characterize a Silicon Nitride microring resonator and
calculated few important parameters that are necessary for the application of the
chip. By following the same methods, we can characterize any chip. So this will be
helpful for those who needs to characterize any optical chip. But the set ups and
measurements can be further improved. For example, currently we measure FSR by
taking several resonances around 1550 nm and take average of FSR of them. But this
can be extended for the whole range the mode exists and that could give us a better
estimation of FSR. We can use some reference laser to find the FSR accurately as our
current FSR measurement is dependent on the transmission measurement. In our lab,
we have 2 stages for transmission measurements and the accuracy of measurements
are not same in both. But the data obtained by different laser sources gave us pretty
much similar data. So it is important that we have a very good tunable laser and
very good sensor along with some reference laser to accurately measure our resonant

frequencies.

For the quality factor measurement we use transmission data and curve fitting.
So again the accuracy of transmission data is important as Quality factor is a very
important parameter and it is important that we get an accurate value for it. For
high Q) devices, we can use the dispersion measurement set ups to accurately locate
resonances and find quality factors from the transmission data obtain from that set

up, but with low and moderate Quality factors, transmission data is probably enough.

We can do phase measurements to check whether the device is under-coupled or
over-coupled. We can use a phase modulator and after generating initial side-bands,
we can sweep the RF frequency of the phase modulators to create the beating note
between the generated side-band and the resonance. And from that we can get the
phase response using a Voltage Network Analyzer (VNA). If the phase response gives
us a 27 phase shift, the device is over-coupled and if the phase shift is less that

27, then the device is under-coupled. The details of this method is described in the
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supplementary section of [45]. This phase measurement method can also be used to
check the existence of Solitons and find the detuning for comb generation as shown

in [46).

After comb generation, it is necessary to check the coherence of the generated comb
and that can be done by further time domain measurements using auto-correlation.
We can also try with a photo-diode that has larger bandwidth to check the ESA
spectrum to check the coherence of the generated combs. The soliton generation
is another exciting prospect which is has very good prospect. We can check the
Dispersion compensation is another process by which we can check the shape of
output from microring resonator. If the output is a soliton, it will be a pure pulse.
So there are lot of exciting stuffs that can be explored for complete characterization

and improvement of characterization processes.
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