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ABSTRACT

DESIGN AND EXPERIMENTAL CHARACTERIZATION OF PHOTONIC
CRYSTAL BASED OPTICAL MODULATORS

Akdeniz, Onur
M.S., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Serdar Kocaman

June 2023, [65] pages

Photonic crystals are materials where the refractive index changes periodically.
Thanks to the formation of photonic bands in specific crystal directions, they are
helpful tools to control and manipulate light. The optical phase-shifter lengths can be
significantly decreased by utilizing negative refraction phenomena in photonic crys-
tal slabs to create large effective refractive index changes during band-to-band transi-
tions. In this thesis, a silicon optical modulator utilizing negative refraction phenom-
ena was analyzed for improvements in its design and experimentally characterized.
The design uses the plasma dispersion effect to create optical carrier injection in one
arm of a Mach Zehnder interferometer and achieve modulation. The analysis of the
improvements in the design entailed explorations of the impacts of photonic crystal
size and lattice structure. The photonic crystal region parameters were optimized to
minimize the width of the photonic bandgap, effectively decreasing the optical losses
and achieving the required phase changes in the on and off states of the modulator.
Moreover, photonic bandgaps were examined through an optical spectrum analyzer,

and the optical modulation operation was achieved during the experiments.



Keywords: optical communication systems, Mach Zehnder interferometer, photonic

crystals, band to band transition, plasma dispersion effect
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FOTONIK KRISTAL TABANLI OPTiK MODULATORLERIN TASARIMI
VE DENEYSEL KARAKTERIZASYONU

Akdeniz, Onur
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Dog¢. Dr. Serdar Kocaman

Haziran 2023 , [63] sayfa

U

Fotonik kristaller kiricilik indisinin periodik olarak degistigi malzemelerdir. Belirli
kristal yonlerinde olusan fotonik bant araliklar1 sayesinde, 15181n kontrolii ve yonlen-
dirilmesinde yardimci araglardir. Optik faz kaydiricilarin uzunluklari, fotonik kristal
levhalarda negatif kirilim olayini banttan banda gecisler sirasinda biiyiik efektif ki-
rilma indisi degisiklikleri olusturmak i¢in kullanarak énemli 6lciide azaltilabilir. Bu
tezde, negatif kiricilik olayini kullanan bir silikon optik modiilator, tasarimin gelisti-
rilmesi i¢in analiz edildi ve deneysel olarak karakterize edildi. Tasarim, Mach Zenh-
der interferometresinin bir koluna optik tasiyicilarin enjeksiyonu ve modiilasyonun
gerceklestirilmesi i¢in plazma dagilim etkisini kullaniyor. Tasarimdaki gelistirilme-
lere yonelik analiz, fotonik kristal boyutunun ve orgii yapisinin etkilerinin incelen-
mesini gerektirdi. Fotonik kristal bolgesi parametreleri bant aralik genigliginin azal-
tilmasi, bunun sonucunda optik kayiplarin azalmasi ve modiilatoriin agik ve kapali
durumlan icin gereken faz farklarina ulagmak i¢in optimize edildi. Ayrica, fotonik
bant araliklar1 optik spektrum analizorii ile incelendi ve deneyler esnasinda optik mo-

diillasyon operasyonu gerceklestirildi.
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CHAPTER 1

INTRODUCTION

Photonic crystals are materials with periodically changing refractive indices. Similar
to the formation of electronic bands in crystalline materials, photonic crystals give
rise to the formation of photonic bands. By engineering these photonic bands, light

propagation can be manipulated for photonic applications.

The negative refraction phenomena can be utilized in photonic crystal slabs to create
significant effective refractive index changes during band-to-band transitions, consid-
erably reducing the phase-shifter length. This master’s thesis focuses on improving
the design of active photonic crystal regions of a silicon optical modulator by explor-
ing the band structures of photonic crystals and experimental characterization of the

designed modulator.

The thesis is organized into five chapters as follows: In Chapter (1| the basics of
communication systems and modulators are introduced. In Chapter [2] the formation
of photonic bandgaps in photonic crystal structures is analyzed. In Chapter [3] the
design of the photonic crystal based optical modulator is explained. In Chapter 4} the
experimental characterization of the designed modulator is presented. In Chapter [5]

the thesis concludes with discussions on further studies.

1.1 Optical Communication Systems

The increasing growth of internet-based applications, social networking, cloud ser-
vices, and the latest emerging 5" generation (5G) wireless systems lead to the need

for advancements in the transmission capacity of communication systems, data cen-



ters, computers, and smartphones [[1, 2, 3,4, 15,16]. The international bandwidth usage
between 2015 and 2022 is illustrated in Figure[L. T} which raised from 156 terabits per
second in 2015 to 1230 terabits per second in 2022 [7, [8], and it is expected to reach

1941 terabits per second in 2024 at its current increase rate.
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Figure 1.1: The international bandwidth usage from 2017 to 2022 [7, 8], and its

projection for the next two years.

The majority of communication systems depended on electrical cables for the trans-
mission of information till the advancements in compact and efficient light sources
and low-loss optical fibers in the late 1970s [1}, 2]. Over the last five decades, silicon-
based microelectronic technology has developed as the speed and size of the transis-
tors improved per Moore’s law [6, 9]. However, as Moore’s law and the copper-based
traditional transmission technology approach their limit, the increasing demands for
high speed and large bandwidth cannot be satisfied [6} 9]. Thanks to their high speed,
large bandwidth, and low noise properties, photonic devices are expected to provide

low-cost, high-performance solutions to communication systems [6, 9, [10].
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1.1.1 Properties of Silicon As An Optical Material

The maturity of the silicon based complementary metal oxide semiconductor (CMOS)
industry makes silicon an ideal material for photonic devices and more suitable for
massive and low-cost production of the photonic and electronic integrated systems

compared to other semiconductors [3, 16, 10} [11].
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Figure 1.2: The attenuation coefficient a(dB/km) and the dispersion coefficient

Dy (ps/km — nm) of fused silica glass fibers [2].

The attenuation and dispersion coefficients of fused silica glass fibers are given in
Figure [I.2]for a spectrum ranging from 700 nm to 1700 nm. In this figure, the labels
O,E, S, C, L, and U stand for original, extended, short, conventional, long, and ultra-
long bands, respectively. The dark-shaded regions represent the telecommunications
bands. The first telecommunication systems used the band centered at 870 nm. The
O band is centered at 1310 nm, where the dispersion is lowest, while the C band is
centered at 1550 nm, where the attenuation is lowest. The other bands (E, S, L, and

U) are used in various wavelength division multiplexing (WDM) systems [2].

Based on the attenuation and dispersion characteristics of the silicon, 1.31 and 1.55

um are the most commonly used bands in fiber optic communication systems [3. 6, 9].



1.1.2 Components of Optical Communication Systems

The purpose of communication systems is to transmit a signal from an information
source (computer, telephone, video device, etc.) to the destination through a transmis-
sion medium with a high degree of accuracy and reliability. Such a system consists of
a transmitter or a modulator on the information source side and a receiver or demod-
ulator at the destination point [[1,12]. A simple diagram for a general communication

system is given in Figure

Communication System

! . Transmission . ..
Source —> Transmitter —> —> Receiver Destination

Medium

Figure 1.3: A simple diagram for an optical communication system. Redrawn after

[12].

In electrical communication systems, the information source feeds an electrical signal
to an electronic transmitter. The transmitter transforms the signal to a proper form
by modulating a carrier which then propagates over the transmission medium. The
transmitting medium could be a pair of wires, a coaxial cable, or a radio link through
free space. In the case of long-haul systems, it is necessary to install repeaters and
line amplifiers at intervals to cope with attenuation and distortion. The propagated
signal is demodulated at the receiver end to form the original electrical signal and

delivered to the destination [12]].

In optical fiber communication systems, the transmitter modulates lightwave carri-
ers generated by an optical source. The transmitting medium is optical fiber cables.
Again, optical amplifiers are employed in long-distance systems to overcome the ef-
fects of attenuation and distortion. At the receiver end, the propagating optical carriers
are demodulated and transformed to electrical signals by an optical detector, which
can be a photodiode, a phototransistor, or a photoconductor [1,|12]. A simple diagram

for an optical fiber communication system is given in Figure[I.4]

The optical fibers are cylindrical dielectric waveguides providing a medium to prop-

4



Optical Communication System

Transmitter | Optical Receiver
(LEDs, Lasers) Amplifiers (Photodetectors)
|

: passive or active !

Source optical devices Destination

(Video, Audio, Data) : cabled optical (Video, Audio, Data)
: fibers :

Figure 1.4: A simple diagram for an optical communication system. Redrawn after

[LL].

agate and direct the lightwave carriers along the direction of their axis. They are
usually made of fused silica glass (S70;) and can be packed with copper wires to

energize optical amplifiers in long-haul systems [1} 2]].

The lightwave carriers are sent into the fiber by a transmitter. The possible light
sources for transmitters are semiconductor light-emitting diodes (LEDs) and laser
diodes. The output light of these sources can be modulated by changing their in-
put currents at the desired rate, which is called direct modulation. For applications

requiring rates higher than 2.5 Gb/s, an external modulation is preferred [1]].

Optical amplifiers are employed in long-distance systems to overcome the effects of
attenuation and distortion due to scattering, absorption, and dispersion of light in the
fiber. They can be used as post amplifiers after the transmitter to boost the optical
power inputted to fiber, line amplifiers to preserve the optical power through trans-
mission, and preamplifiers before the receiver to produce gain. The erbium-doped
fiber amplifiers (EDFAs), rare-earth doped fiber amplifiers (REFAs), and Raman fiber
amplifiers (RFAs) are examples of optical fiber amplifiers used in optical fiber com-

munication systems [1, 2].

A photodetector converts the optical power to an electrical signal (photocurrent) at the
receiver end. The p-i-n (PIN) photodiodes with their large bandwidth and avalanche
photodiodes (APDs) with their gain mechanism are the most common photodetectors

used in optical fiber communication systems [, 2]].
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Compared to electrical communication systems, optical fiber communication systems
have advantages such as greater bandwidth potential, immunity to electromagnetic
interference (EMI) and crosstalk, lower system size, propagation loss, and potential

cost [, 12].

1.2 Modulators

Optical modulators are essential for optical communication, thermal sensing, and
imaging systems [[11]. Their primary function is to modulate optical signals by al-
tering their amplitude, phase, or frequency to achieve amplitude modulation (AM),

phase modulation (PM), or frequency modulation (FM) [2, [13].

1.2.1 Modulation Methods

The most common modulation methods are the use of linear electro-optical effect
(Pockels effect), quadratic electro-optical effect (Kerr effect), Franz-Keldysh effect,
thermo-optical effect, and free carrier plasma dispersion effect [11} [13} [14]. These

methods are briefly explained in the following subsections.

1.2.1.1 Pockels and Kerr’s Effects

The Pockels effect and Kerr effect are based on the change in the dielectric function

of the material with the applied electric field [[11, [13].

The refractive index (n) of electro-optic mediums can be expressed as a function of

the magnitude of the applied electric field (E) as in Equation [I.T]2].

1
n(E)%n+a1E+§a2E2+... (1.1)

Here, the terms n, a1, and a, are expressed as:

_ d*n
“= IR

y W2
E=0

dn

1 (1.2)

n=mn(0),a; =

E=0

6



By rearranging the terms, we can rewrite the expression for the refractive index as in

Equation [T.3] [2].

1 1
n(E)~n-— §TH3E — §3n3E2 +... (1.3)
Here, the terms r and s are defined as:
-2 -2
P g (1.4)
n n

If the refractive index of an electro-optic medium changes linearly with the applied
electric field as in Equation the medium is called a Pockels medium, the coeffi-
cient r is called the Pockels coefficient, and the change of refractive index is called as
the Pockels effect [2]]. The intrinsic silicon exhibits a weak Pockels effect due to its

centrosymmetric structure [[11].

1 .
n(E)~n-— §rn3E (1.5)

If the refractive index of an electro-optic medium changes quadratically with the ap-
plied electric field as in Equation [I.6] the medium is called a Kerr medium, the co-
efficient s is called the Kerr coefficient, and the change of refractive index is called
as the Kerr effect [2]. The Kerr effect in silicon is not strong enough to produce high
refractive index change[13]].

1
n(E)~n— 5m3E (1.6)

1.2.1.2 Franz-Keldysh Effect

The Franz-Keldysh effect is a shift of the absorption spectrum to longer wavelengths
due to the extension of the absorption edge into the forbidden gap via an external

electrical field. It is illustrated in Figure[I.5|[2].

The Franz-Keldysh effect is not strong enough to produce a high refractive index

change in silicon [13]].

1.2.1.3 Thermal Modulation

The thermo-optical effect is based on the change in the dielectric function of the

material with the temperature variation. Although silicon has a high thermo-optic co-
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Figure 1.5: The bending of bands (a) and change of absorption coefficient (b) under

external electric field in a bulk semiconductor [2].

efficient, thermo-optic modulation has a slow response time and requires high power,

thus unsuitable for optical communication [[11} [13]].

1.2.1.4 Plasma Dispersion Effect

The free carrier plasma dispersion effect is based on the change in the dielectric func-
tion of the material with free carrier concentration. The free carrier concentration may
be adjusted via injection, depletion, or accumulation of the carriers. This modulation

method provides high spectral modulation depth and speed [11} 13} [14].

The formula describing the variation of refractive index (An) considering the con-
centration of free electrons (AN,) and holes (ANy) is given in Equation [15].

63 )\2 ANe AN}L
An = (
8n2cdepn mk,  mi,

) (1.7)

Here, the terms A, ¢, €9, m”,, m};, represent wavelength, speed of light in free space,

free space permittivity, conductivity effective mass of electrons, and conductivity ef-

fective mass of holes.

At the wavelength of 1.55 yym, Equation [I.7] can be expressed more simply, as in

Equation [16], where An, and Any, stand for the change of refractive index due

8



to free electrons and free holes, respectively.

An = An, + Any = —[8.8 % 107> AN, +8.5x 107" (AN}, )*?] (1.8)

1.2.2 Modulator Types

The Mach Zehnder interferometers (MZIs) and resonant structures are two common

modulator types.

In the MZlIs, the refractive index change at one arm creates constructive or destructive
interference at the output. The MZI structures have high speed, a broad working
spectrum, and low temperature dependency. However, they require a long interaction
length, which increases insertion loss, system area, and power consumption [[10} [13]

17,18, 119].

The resonant structures are alternatives to MZIs, where ring resonators are the most
popular resonator form for modulation purposes. Changing the refractive index in
the active region causes the resonant wavelength to change, and modulation can be
achieved. The ring resonators have lower system area and power consumption. How-
ever, they are more sensitive to variations in temperature and process due to their

narrow operation range [13, (19, 20, 21]].

Input B
light I; S

- T

" Modulated
llght [()

Figure 1.6: Simple diagram of an MZI [2].



NN T
\/

Intensity (a.u.)
o)
] o
T T T 7T 1 T 1 T 7T ‘
Gt

oo ey b e by R

) 0 1000 2000 3000 4000
Optical Path (nm)
(a) Constructive interference, 6 = 27n
: —wave1
L - Wave

AR A
RAVAVAVAY

A T T N S ST AT T S S AN ST ST ST MY S
0 1000 2000 3000 4000
Optical Path (nm)

Intensity (a.u.)
O

T T T

(b) Destructive interference, 6 = 2m(n — 1).

1rr|rrrlr|rrlr{rrlr[rr

L —wave1 J

— wave

VAV

1 L PN T T ISR N SN AN TS SO S S R
0 1000 2000 3000 4000
Optical Path (nm)

Intensity (a.u.)

(c) Partial interference, 6 = 27(n — 1).

Figure 1.7: Interference of two waves of equal intensity for varying phase difference.

10



A simple MZI structure with an electric field applied to one of its arms is given
in Figure [I.6] Assuming that the arms of the MZI are identical, the intensity of
light transmitted to the output port (I,) can be expressed as the function of the phase

difference (#) between its arms and the intensity of the light inputted (/;):

I, =1/2I; +1/2 I;cos(¢) = I; cos*(p/2) (1.9)

Based on Equation|[I.9] for integer n, creating a phase difference § = 2wn would lead
to a total constructive interference, while a phase difference of 6 = 27 (n — %) would
generate a total destructive interference. For other phase differences, the waves would

generate partial interference. These three cases are illustrated in Figure

In MZIs and ring resonators; PN, PIN diodes, and MOS structures embedded into the
optical region can deplete or accumulate free carriers to change the refractive index,

inducing constructive or destructive interference.

11






CHAPTER 2

PHOTONIC CRYSTALS

The photonic crystals are arrays of materials where the dielectric function of media
changes periodically. They provide a method for controlling and manipulating light
by restricting its propagation in a specific crystal direction for a range of frequencies.

These frequency ranges are called photonic bandgaps [22, 23} 24].

2.1 Electromagnetic Background

Maxwell’s equations describe the propagation of electromagnetic waves mathemati-

cally. These equations are given in Equations [2.1{2.4]in their differential forms.

V-B=0 (2.1)

. OB

E+ = = 2.2
V x +8t 0 (2.2)

V-D=p (2.3)

. 9D -

H-"2= 2.4
V x ™ J (2.4)

Here, E, E, 5, H , p, and J stand for magnetic flux density, electric field intensity,
electric flux density (electric displacement), magnetic field intensity, free charge den-

sity, and current density, respectively.

Assuming that we are working with small field strengths (linear regime) in a source-
free (p = 0 and J = 0), macroscopic and isotropic material with real, positive, and

material dispersion-free dielectric function, we have constitutive relations, given in
Equations [2.5]and [2.6] [22].

D (r) = eoe (r) E (r) (2.5)

13
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B (r) = pop (r) H (r) (2.6)

Here, r, €q, € (1), o, and p () stand for position vector, free space permittivity (equal
to 8.854 * 1072 Farad/m), relative permittivity, free space permeability (equal to

47 % 107" Henry/m), and relative permeability, respectively.

The relative permeability is close to 1 for most dielectric materials, and Equation [2.6]

can be simplified as in Equation
B (r) = poH (r) (2.7)

Inserting constitutive relations given in Equations [2.5] and [2.7] into the Maxwell’s

equations given in Equations [2.1]2.2] 2.3] and 2.4] they take the following form:

V- H(rt)=0 (2.8)

V x E (r,t) + Mo% =0 (2.9)

v. [5 (r) E (r, t)} —0 (2.10)
OE (r,1)

V x H (r,t) — gge (1) =0 (2.11)

ot

Since Maxwell’s equations are linear, the fields E and H canbe decomposed into their
time and space components and expanded into harmonic modes, and H can be de-
composed into their time and space components and expanded into harmonic modes.
These harmonic modes can be expressed as a multiplication of spatial mode profile
and a complex exponential function of frequency (w) and time (t), as in Equations
and2.13

H(rt)=H (r)e ™ (2.12)

o]l

(r,t) = E (r) e (2.13)

Inserting those field expressions into Maxwell’s equations given in Equations [2.8}

[2.T1] we reach Equations

V-H(r)=0 (2.14)
v [5 (r)E(r)} —0 (2.15)
V x E(r) —iwpeH (r) = 0 (2.16)

14
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V x H (r) + iweoe (r) E (1) = 0 (2.17)

The Equations [2.14] and [2.15| require that the fields are made up of transverse elec-
tromagnetic waves [22]. Decoupling the Equations [2.16] and [2.17]leads to Equations

.18 and 2.19}

1 — w\2 =
Vv x {%v x H(r)} - (;> i) (2.18)
VXV x E@)=e(r) (%)QE(T) (2.19)
The Equations [2.16] and can be rewritten as:
. —i N
H(r)=——VXxE 2.20
)= oV x E() 2.20)
. ; .
()= oy VX A 0) (2.21)

The E and H fields can be obtained by solving either Equations and , or
Equations [2.19]and [2.20] simultaneously.

2.2 Photonic Band Formation

ni, €1 N3, €3

Figure 2.1: Picture of reflection and refraction for a flat surface in ray optics. Redrawn
after [22]].

The reflection and refraction of light incident to a flat surface from a high dielectric

constant (¢;) medium with 6; to a low dielectric constant (¢;) medium with 0, are

15



pictured, according to ray optics, in Figure Here, kjand k£, are components of

wave vector k parallel and normal to the interface between two mediums, respectively.

According to ray optics, the incident light with an angle ; greater than the critical
angle 0, = sin™! (Z—f) leads to sin (6,) > 1. Therefore, there is no real solution, and

the incident ray is totally reflected.

1.5

/ I

Extended

states / _

n
n=1

Frequency wa/2nc

0 / 1 1 | | | | |
0 0.5 1 1.5 2 2.5 3 3.5 4

Parallel wave vector ka/2r

Figure 2.2: Parallel wave vector kj vs. frequency w, for a plane of glass with the

finite thickness (a) [22].

The electromagnetic modes in a plane of glass with the finite thickness (a) surrounded
by air are not confined to the glass region and extend into the air. These extended
waves are the superposition of plane waves with:

1/2

w = clk| = c (ki +k7) (2.22)

The w = cky line is called the light line. Since %k, can take any value for these
extended waves, the modes above the light line, i.e., modes with frequencies greater
than ck; can propagate in the air surrounding the glass. This region is called the light

cone, and the modes in this region satisfy Snell’s law. [22]

In addition to the modes in the light cone, some modes lie below the light line. The

2
perpendicular components (k; = =i (k:ﬁ — 1;’—22) ) of the wave vector of these modes

16



are imaginary, meaning they are localized in the glass region and decay exponentially
in the air surrounding it. These modes are called index guiding modes and propagate
at discrete frequencies for a given k. These index guiding modes, light line, and light

cone for a plane of glass are illustrated in Figure [2.2][22]].

Symmetries in a dielectric structure provide a suitable frame to classify electromag-
netic modes of the system. The continuous and discrete translational symmetries are

fundamental in periodic dielectric structures such as photonic crystals [22]].

A system with continuous translational symmetry remains unchanged after translating
through a particular direction for any distance. On the other hand, a system with
discrete translational symmetry remains the same after applying a translation through
a particular direction for multiples of a fixed step size. This fixed step size is called
as the lattice constant (a), and the translation vector in that specific direction with a

length of a is called as the primitive lattice vector [22].

Iy H
I

<--" <
\\\ 1 \\J
(U Y

X

Figure 2.3: A dielectric structure with discrete translational symmetry in the y direc-

tion. Redrawn after [22].

A structure with discrete translational symmetry in the y direction is illustrated in
Figure [2.3] This structure is formed by repeating the dielectric function given in the

rectangular box. This repeating unit is called as the unit cell [22].

The electromagnetic modes in structures with discrete translational symmetry are pe-

riodic in the direction of the lattice vector. This is known as Bloch’s theorem, and it

17



can be expressed as in Equation [2.23] for the structure in Figure [2.3]
H(..py, ..)oce®™ ¥ a (y,...) (2.23)
Here, uy, is a periodic function of y with:
ug, (y +la, z) = u, (y,2) (2.24)
One result of Bloch’s theorem is the periodicity in the mode frequencies w(k,):
w(ky) = w(k, + mb) (2.25)

Here, b = by is the reciprocal lattice vector with b = %’T Thanks to the periodicity
in the mode frequencies, we can reduce the range of k, to be examined to —7/a <

ky <m /a, which is called the Brillouin zone [22].

The rotational symmetry in the lattice structure can lead to redundancies in the Bril-
louin zone, and the range of examination would further shrink to the irreducible Bril-
louin zone. The 2D square lattice and hexagonal lattice photonic crystals in the spatial
domain are given in Figure and Figure and their corresponding irreducible
Brillouin zones are highlighted in Figure 2.4b|and [2.4d] respectively. Here, the letters

I', X, M, and K represent different directions in the photonic crystal.

2.3 Photonic Crystal Slabs

The photonic crystals can be one-dimensional (1D) as in a multilayer film, two-
dimensional (2D) as in infinitely long dielectric columns, and three-dimensional (3D)
as in diamond or face-centered cubic (fcc) lattice. The fourth version of the photonic

crystals is called photonic crystal slabs, with finite thickness and 2D periodicity [22].

The photonic crystal slabs can be dielectric rods in the air, i.e., rod slab, or air holes in
a dielectric material, i.e., hole slab. The band diagrams of an example square lattice
rod slab with a rod diameter of 0.4a and thickness of 2a and hexagonal lattice hole

slab with a hole diameter of 0.6a and thickness of 0.5a are given in Figure [2.5a and
respectively.

The modes propagating in air constitute light cones, colored in gray in Figure [2.5]

The modes lying below the light cones are confined in the slab and attenuate exponen-
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(a) Square lattice in the spatial domain, (b) Brillouin zone of square lattice in momen-

i.e., real lattice. tum space, i.e., reciprocal lattice.

(c) Hexagonal lattice in the spatial do- (d) Brillouin zone of hexagonal lattice in mo-

main, i.e., real lattice. mentum space, i.e., reciprocal lattice.

Figure 2.4: The irreducible Brillouin zone for 2D photonic crystals.

tially away from the slab. It is worth noting that rod slabs have a complete bandgap
for transverse magnetic (TM) fields, while hole slabs have a complete bandgap for

transverse electric (TE) fields.

The band structures given in Figure [2.5] were obtained using MIT Photonic Bands
(MPB) [25] software. MPB is non-commercial software that can analyze waveguides
and modulators containing periodic dielectric structures, such as photonic crystals, to
compute band structures and electromagnetic modes via global plane wave expansion.

It was used in the optical modulator design, described in Chapter
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Figure 2.5: Band diagrams of photonic crystal slabs. Calculated via MPB.
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2.4 Band-to-Band Transition Mechanism

The refractive index is a fundamental optical parameter helpful in explaining the phe-
nomena such as reflection, refraction, and light propagation in a medium with dielec-
tric constant e(7). It is defined as the ratio between the speed of light in free space (c)

and in a dielectric medium (v), as described in Equation[2.26]

Cep=sf=2 (2.26)
n k
Here, )\ and f represent the wavelength and the frequency of the light in a dielectric
medium.
0.358 | I | .
-1 1520

= 2™ band §
£ 0.357 _
g/ —
= - 1530 _
2.0.356 - 1 £
> . c
Q _ ~—
5 +1540 £
& 0.355 . c
o = L,
i ] °
ko -11550 ©
8 0.354 - 1 =
T i
£ i
o 0.353 -1 1560
< 1 band J

0.352 : : ' -

I« M

Figure 2.6: TM bands for hexagonal lattice photonic crystals at the direction of I -
M.

In the case of photonic crystals, the refractive index is different than that of bulk
materials. The TM bands for hexagonal lattice photonic crystals with a period of 550
nm, hole diameter of 350 nm, and silicon refractive index of 3.48 at the direction of
I" - M are given in Figure [2.6] For these two bands, the effective refractive index can

be expressed as:

ke - for 15 band

Negf (U)) = (2.27)

% , for 2" band

Here, the second line in Equation illustrates negative refraction phenomena.
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If photons can move between the first and second bands, the corresponding effective
refractive index difference would be |Ancss| = 2%<. This large refractive index
difference could be beneficial in decreasing the length of a phase shifter, which will

be further investigated in Chapter 3
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CHAPTER 3

MODULATOR DESIGN

In this chapter, an MZI photonic crystal modulator design based on band-to-band

transition proposed in is investigated, and further improvements are explored.

3.1 Overview of Modulator Operation
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Vpe |
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B
11551 2
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®) Wavelength [nm] (©)
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2.1 = T ¢ e, 1952 1551 1550 15492 :
Ly o I .
% 1.9/ | Negy = 1.996] 1.9 _dé
E - ! =
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Figure 3.1: Summary of the operation mechanism of the modulator design [13]].
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The operation of the previously proposed modulator is briefly illustrated in Figure
When a sufficiently large bias voltage is applied to the active region of MZI at one of
its arms, the refractive index of the silicon is changed due to the plasma dispersion

effect.

The small change in the refractive index of silicon creates a shift in the bands. If
the operating wavelength is appropriately selected, the photons would be transferred
between the 1% and 2"¢ bands, corresponding to the transfer between the positive and
negative effective refractive indexes. Such a transfer can achieve a significantly large

effective index change.

This previous design was based on a silicon-on-insulator (SOI) wafer with 286 nm
silicon thickness; however, our group use SOI wafers with 260 nm silicon thickness.
Moreover, the previous experimental works on the proposed design demonstrated all-
optical modulation but failed at modulation with PIN diodes [27]. For these reasons,

the design of the modulator was reexamined, as described in this chapter.

3.2 Design of Photonic Crystal Region

3.2.1 Bandgap Optimization

The modulator operation requires a narrow bandgap between the 1°* and 2"¢ TM
bands to allow band-to-band transition under small silicon refractive index changes.
This TM bandgap should be between 1500-1630 nm to be suitable for the emission
range of lasers in our laboratory. More details of the experimental setup are given in
Chapter[4.2] Lastly, it is aimed to have a large TE bandgap at operation wavelengths
to inherently pass only TM light. To optimize the photonic bandgap’s location and
width, MPB software was used, and the band structures of the photonic crystal slabs
with hexagonal lattice on the SOI wafer with 260 nm silicon layer for varying periods

and hole diameters were obtained.

The TE and TM band structures of the photonic crystal with hexagonal lattice with

hole diameters of 350 nm and period of 550 nm are given in Figure 3.2

24



o
3y
o
3]

o o
w IS
o =
w IS

o
o
o
o

—TM-1 T™-3
——TM-2 B Light Cone

o
N
o
N

—TE-1 TE-3

Normalized Frequency [wa/(2rc)]
Normalized Frequency [wa/(27c)]

0 —TE2 -Light‘Cone 0 | |
r M K T r M K T
(a) TE bands. (b) TM bands.

0.36

0.35

0.34

——TM-1 ELight Cone ]
—TM-2 I

M

Normalized Frequency [wa/(2rc)]

(c) TM bands zoomed in I' - M direction.

Figure 3.2: Band diagram for hexagonal lattice photonic crystals with hole diameters

of 350 nm and period of 550 nm.

2400 T l T T T { T T T l T T T [ T T 7T I T T T I L
1 [ ITEGap ]
C_1TMGap :
2200 [__ISuitable Range|]

*

N
o
o
o

LA L
1

)

-
o]
o
o
}/
-
I

1400 |- \

BT e s I EI AUV MR R R S
280 300 320 340 360 380 400
Diameter (nm)

Wavelength (nm)
@
[e]
o
I
11 1 l 11 1

*

Figure 3.3: TE & TM gaps for a = 550 nm at I" - M direction.

25



The information presented in band structures such as Figure [3.2] can be extracted to
determine the spectrum’s TE and TM bandgap regions. Figure [3.3]illustrates the TE
and TM bandgaps for varying hole diameters from 270 nm to 400 nm for photonic
crystals with a period of 550 nm at the direction of I' - M. The TE and TM gap
regions and regions in which our experimental setup is suitable for modulation exper-
iments are colored cyan, red and purple, respectively, for the rest of the figures in this

subsection.

The TE and TM bandgaps for varying hole diameters from 305 nm to 375 nm for
photonic crystals with periods of 540, 550, and 560 nm at the direction of [' - M are
depicted in Figure[3.4] It is seen that photonic crystals with a 550 nm period and 350
nm hole diameter have a minimal TM gap at 1550 nm, which happens to overlap with
the TE gap. Therefore, the crystal period and the hole diameter for photonic crystals

in the direction of I' - M were selected as 550 nm and 350 nm, respectively.

The analysis performed for hexagonal photonic crystal hole slabs with light propagat-
ing in the I' - M direction is repeated for the light propagating in the I' - K direction.
The TE and TM band structures of photonic crystal with hexagonal lattice with hole
diameters of 280 nm and period of 550 nm are given in Figure[3.5]

The TE and TM bandgaps for photonic crystal with a period of 550 nm at the direction
of I' - K for varying hole diameters from 170 nm to 350 nm are depicted in Figure
[3.6] It is seen that the width of the TM gap is close to zero for variations of period

and crystal diameter.

The hexagonal lattice using the same circular hole sizes possesses a Cgyy symmetry
group[28], 29]. Here, Cgy represents the cyclic symmetry of angle 7/6 around the
rotation axis with additional 6 mirror planes containing the rotation axis [30]. Due
to Csyy symmetry of the hexagonal lattice, there exists a Dirac point (cone) at the K
point (for photonic crystals with time-reversal symmetry) [29, 31} 32]. The first and
second TM bands are in contact at K point [31]].

The TE and TM bandgaps for varying hole diameters from 245 nm to 305 nm for
photonic crystals with periods of 540, 550, and 560 nm in the direction of I' - K are
depicted in Figure [3.7] Neither of them has an overlap between the TM and TE gaps.

26



1560

Wavelength (nm)

1500 |-

1540

1520

1600 (7

1580

N
A
(%]
o

Wavelength (nm

1540

1520

sl b b N b b N N N I PRI B I IR b W
320 330 340 350 360 370 320 330 340 350 360 370
Diameter (nm) Diameter (nm)

(a) a = 540 nm. (b) a = 550 nm.
1620 L o L L
=5

L _JTM Gap| |

1600 o

E F

£

E L

21580

o L

2

g L

1560

1540

320 330 340 350 360 370
Diameter (nm)

(¢) a = 560 nm.

Figure 3.4: TE & TM gaps, for photonic crystals at I" - M direction.

Actually, the overlap around 1550 nm can be achieved for periods larger than 620 nm.

However, the period of the photonic crystal was selected as 550 nm for the easiness

in the fabrication, and the hole diameter was chosen as 280 nm for photonic crystals

in the direction of I" - K.

3.2.2 Phase Difference Calculations

Another condition for successful modulation operation is to achieve destructive inter-

ference when the band-to-band transition happens. This requires careful selection of

the number of crystals in the propagation direction. Here, the phase difference created

by photonic crystal regions with a triangular lattice is examined.

The dispersion curve for a photonic crystal slab along an arbitrary crystal direction is
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depicted in Figure[3.8]

Defining N as the average number of photonic crystals in the horizontal direction for
MZISs, wy,q as the frequency at the intersection point seen in Figure[3.8] and w,, as the
operation frequency (in rad); and starting by expressing optical path difference (OPD)

as the function of photonic crystal length (L), we can write the following equations:
OPD = A(L*n)|ppe=L*An=(N—05)%V3*axAn (3.1

The condition for constructive and destructive interference can be written as follows:
mod (OPD, \)  mod (N —0.5) V3 *xax*An,\)
A a A

0, perfect constructive inter ference

(3.2)

0.5, perfect destructive inter ference
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The wavelength (\) and O% can be expressed as the function of frequency (w) as:
2
y o 2XTHC (3.3)
w
OPD (w) (N —0.5)*v3%axAn
Zmre 2xmic (3.4)
Using Equation [2.27] the effective refractive index change can be written as:
kon*C  korr*xc

AV (w0p) = Neff (Von) — Neff (Vorr) = + A 3.5

Wop Wop

Assuming k,, = k,ss at operation wavelength, we can further write the following

equations:
Kon| + |Ko
|kmia| = M 46
2
kmi
Aness (wop) = Jnial 2 e (3.7)
Wop
OPD(wop) (N_OE))*\/g*a*(%*Q)
2KTT*C = e p (38)
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Information on the amount of shift at bands can be extracted from the band structure

given in Figure [3.9). From there, |k;n;q (An)| can be calculated:

A N y21550 nm, Ang=0.01 = 3 M (3.9
An

AN (An) = — 3.10

(An) = 3nm * 001 (3.10)

Ak(An)  AX(An)  3nm An An

_ _ ~ 3.11
eael  1550nm  1550nm  0.01  5.166 G10

An
|kmia (AN)| = |kedge| — Ak (An) = |kegge| * |1 — 166 (3.12)

Finally, we reached the final equation for general phase difference calculations around
1550 nm:

OPD (|kedge| * @) An
(N -o. 9 s |Mledgel T, 1y 1
N = (V- 05) V3 *[ 2«7 | | 5.166 (3.13)
From Figure[3.10] we can write the following expressions:
kar = 0.5 G, kag] % — L~ o577 (3.14)
M 1 M 2% \/g
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Figure 3.10: The lattice diagram for position and reciprocal spaces. Redrawn after

[22].

1 1 a 2

In the case of I' - M, keqge = ks and @52 is given as:

OPD 1 An
TM—(N—0.5)*\/§*2*%* [1_5.166]

An
— (N —05)%2% |1—
(V' —0.5)« *[ 5.166]

(3.16)

According to Equation O% | y 18 close to integer values for small N numbers.
Therefore, it is not possible to achieve destructive interference at relatively small N

numbers. For the solution, I' -K direction can be used, where kcqqe = ki In this

case, O% becomes:

OPD 2 A
T2 = (N—05)xV3#2% - % {1— - }
Ak 3 5.166

A (3.17)
n
= (N —0.5)%2.3094 % |1 —

( ) * i { 5.166}

The evaluated O% based on MPB data via Equation |3.2and based on derived Equa-
tion [3.16]are tabulated in Table [3.T]and Table[3.2] respectively. Comparing the tables,
we can conclude that the derived Equation is equivalent to Equation

The evaluated O% based on the derived Equation are tabulated in Table (3.3
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Table 3.1: The optical path difference/wavelength calculated using Equation for
a = 550 nm and D = 350 nm.

NS5 0n 3.47 3.46 3.45 3.44 3.43

Ang; 001 |002 |003 |004 |005
a 550 | 550 | 550 |550 | 550
Aosrang | 3251 | 3241 |3.233 | 3223 | 3212
Aag 1551.4 | 1550.8 | 1549.9 | 1548 | 1546

6.0 | 10.978 | 10.950 | 10.928 | 10.907 | 10.886
7.0 | 12.974 | 12.941 | 12.915 | 12.890 | 12.865
8.0 | 14971 | 14.932 | 14.902 | 14.873 | 14.844
9.0 | 16.967 | 16.923 | 16.889 | 16.856 | 16.823 | O
10.0 | 18.963 | 18.913 | 18.876 | 18.839 | 18.802 | P
11.0 | 20.959 | 20.904 | 20.863 | 20.823 | 20.782 | D
N | 12.0 | 22.955 | 22.895 | 22.850 | 22.806 | 22.761
13.0 | 24.951 | 24.886 | 24.837 | 24.789 | 24.740 | /
14.0 | 26.947 | 26.877 | 26.824 | 26.772 | 26.719
15.0 | 28.943 | 28.868 | 28.811 | 28.755 | 28.698 | A
16.0 | 30.939 | 30.859 | 30.798 | 30.738 | 30.678
17.0 | 32.935 | 32.850 | 32.785 | 32.721 | 32.657
18.0 | 34.931 | 34.841 | 34.771 | 34.704 | 34.636

Table 3.2: The optical path difference/wavelength calculated using Equation|3.16

NSs,0n 3.47 | 3.46 3.45 3.44 3.43

Ang; 0.01 0.02 0.03 0.04 0.05

6.0 | 10979 10.957 | 10.936 | 10.915 | 10.894
7.0 | 12.975 12950 | 12.925 | 12.899 | 12.874
8.0 | 14971 14.942 | 14913 | 14.884 | 14.855
9.0 | 16967 16.934 | 16.901 | 16.868 | 16.835 | O
10.0 | 18.963 18.926 | 18.890 | 18.853 | 18.816 | P
11.0 | 20.959 | 20.919 | 20.878 | 20.837 | 20.797 | D
N | 12.0 | 22.955 22911 | 22.866 | 22.822 | 22.777
13.0 | 24.952 24.903 | 24.855 | 24.806 | 24.758 | /
14.0 | 26.948 26.895 | 26.843 | 26.791 | 26.739
15.0 | 28.944 28.888 | 28.832 | 28.775 | 28.719 | A
16.0 | 30.940 30.880 | 30.820 | 30.760 | 30.700
17.0 | 32.936 | 32.872 | 32.808 | 32.744 | 32.681
18.0 | 34.932 34.864 | 34.797 | 34.729 | 34.661
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Table 3.3: The optical path difference/wavelength calculated using Equation [3.17

NSi.on 3.47 3.46 3.45 3.44 3.43

Ang; 0.01 0.02 0.03 0.04 0.05

6 12.677 | 12.653 | 12.628 | 12.603 | 12.579
6.5 | 13.830 | 13.803 | 13.776 | 13.749 13.722
7 14.982 | 14.953 | 14.924 | 14.895 14.866
7.5 | 16.135 | 16.103 | 16.072 | 16.041 16.009
8 17.287 | 17.253 | 17.220 | 17.186 | 17.153 | P
8.5 | 18.439 | 18.404 | 18.368 | 18.332 | 18.296 | D
N |9 19.592 | 19.554 | 19.516 | 19.478 19.440
9.5 | 20.744 | 20.704 | 20.664 | 20.624 20.583 | /
10 | 21.897 | 21.854 | 21.812 | 21.769 21.727
10.5 | 23.049 | 23.005 | 22.960 | 22.915 22.870 | A
11 24.202 | 24.155 | 24.108 | 24.061 | 24.014
11.5 | 25.354 | 25.305 | 25.256 | 25.207 | 25.158
12 | 26.507 | 26.455 | 26.404 | 26.352 26.301

.

Considering the results, the number of crystals in the propagation direction was se-

lected as N = 8.5, corresponding to a phase shifter length of 4.4 pm.

3.3 Design of PIN Diode

The PIN diode is designed to provide sufficient electron and hole concentration. The
carrier’s behavior in the active region of the MZI was investigated via a commercial
semiconductor simulation software, Sentaurus TCAD [33l]. The cross-section of the

MZI active region and PIN diode is given in Figure[3.11]

Based on the experimental doping characteristics (40 nanometers of junction depth
and peak concentration of 5 x 10'® ¢m~?), the concentration of boron and phosphorus
doped regions for varying silicon depth is estimated as in Figure [3.12] This shallow
doping profile was sufficient to deplete and inject the carriers inside the optically

active region, allowing the desired refractive index to change [15].

The carrier concentrations under no bias voltage, and electron concentration and hole

concentration, when a current of 85 p A is injected, are provided in Figures 3.15]

34



apIXO
821Ae(]
1
1
uono9S-X
ERIVETN

p - dope
region

000000000
0000Jo0O0O0

n - doped
region

uonoes-xX
[eJore
1
]
uonoes-x
ESITETN

Figure 3.11: PIN diode, MZI active region, and their cross-section.
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Figure 3.12: Doping concentration for varying silicon depths.
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respectively.
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Figure 3.13: Carrier concentrations under no bias voltage in the active region for

silicon depth varying from 10 nm to 250 nm.
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Figure 3.14: Electron concentration under bias voltage in the active region for silicon

depth varying from 10 nm to 250 nm when 85 ;1A current passes through the diode.
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When carrier concentration along the junction is investigated, carrier densities on the
order of 10*> ¢m ™ can be observed, as shown in Figure[3.13] This is the unintentional
doping density of the SOI wafer. The number of carriers can be increased to the
order of 10*® ¢m =3, as shown in Figure and Figure when a current of 85
1A is injected at 290 K. Moreover, carriers were distributed inside the active region

homogeneously, independent of the depth.

Based on the results given in Figures [3.13}{3.15] the evaluation of Equation [I.8]leads
to a refractive index change of 2.7 * 1073 in the active region, as illustrated in Figure

3.16]
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Fabrication and SEM Imaging

The fabrication of the waveguides and MZIs with photonic crystal regions, as de-
scribed in Chapter 3, was completed in two steps. In the first step, the etching of
the silicon layer of the SOI wafer was performed at Sabanci University by Dr. Cenk
Yanik using reactive ion etching (RIE). At this step, structures such as ridge waveg-
uides, MZIs, and air holes that constitute photonic crystals were created. In the second
step, the chip was processed in Quantum Devices and Nanophotonics Research Lab-
oratory (KANAL) at METU by Alper Sahin to form lateral PIN diodes on the arms of
the MZIs. P and N doping and metal (M) layers were deposited during this process.

Our previous experiences showed us that the diameters of the air holes etched on
the silicon tend to enlarge by 30-60 nm. Considering this, we fabricated waveguides
and MZIs with varying photonic crystal dimensions. Later, the dimensions of the
fabricated photonic crystals were measured using a scanning electron microscope

(SEM).

SEM is a method to image nanostructures and is used to check the quality of the
fabrication process. Example SEM images of the fabricated ridge waveguides with
photonic crystal regions in the I' - M and I" - K directions, MZI active region with
photonic crystals in the I' - M and I' - K directions with each side covered with

photonic crystals in the I' - M direction are given in Figures 4.114.4] respectively.

In this section, the results obtained on our two latest samples (labeled as Sample 1 and

Sample 2) were examined. Based on the measurements on SEM images of Sample 1,
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Figure 4.1: Waveguide with PhCs at I" - M direction.
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Figure 4.2: Waveguide with PhCs at I' - K direction.
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Figure 4.3: MZI active region with PhCs at I' - M direction.
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Figure 4.4: MZI active region with PhCs at [' - K direction with side holes at I' - M

direction.
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Figure 4.5: SEM imaging of photonic crystals with 310 nm design diameter at [' - M

direction (Sample 1).

we observed that the diameters of the fabricated photonic crystals are larger than the
actual layout diameters, as seen in Figure[d.5] This broadening is illustrated in Figure
4.6, where the diameters of the fabricated photonic crystals are given with the error
bars representing the standard deviation of the dimensions in fabrication. Similarly,

the broadening of the crystal lattice period is illustrated in Figure {.7]

The broadening of the photonic crystals causes a shift at the center wavelength of
the band gap. Based on the MPB simulation results given in Chapter 3, the expected
bandgaps (BGs) and the bandgap widths (BGWs) for the photonic crystals with ' -
M direction and I - K direction are given in Table 4.1 and Table[4.2] respectively.

As illustrated in Figure[d.6] and tabulated Table[.T|and Tabled.2] the diameters of the
photonic crystals broadened by 30-40 nm, corresponding to a bandgap shift of 30-
50 nm. The effects of these shifts were considered in Section [4.2] while interpreting
the results of the optical and electrical measurements. Moreover, there is approxi-

mately 5 nm broadening in the crystal lattice period, which has an insignificant effect
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Figure 4.7: Photonic crystal period: design vs. fabrication (Sample 1).

on the band structures of the photonic crystals of interest, considering the bandgap

information illustrated in Figure [3.3] and Figure[3.6
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Table 4.1: Bandgap centers (BGCs) and bandgap widths (BGWs) of photonic crystals

with [' - M direction at designed and fabricated sizes, based on MPB simulations.

Design Fabrication
Dppe BGC BGW Dpre BGC BGW
(nm) (nm) (nm) (nm) (nm) (nm)
270 1639.3 24.8 309.2 1599.2 14.9
290 1619.7 20.3 327.0 1578.1 9.1
310 1598.3 14.6 352.7 1544.9 0.9

Table 4.2: Bandgap centers and bandgap widths of photonic crystals with I' - K di-

rection at designed and fabricated sizes, based on MPB simulations.

Design Fabrication
Dppc (nm) BGC (nm) Dppc (nm) BGC (nm)
190 1619.1 222.8 1595.5
210 1604.7 235.0 1586.7
230 1590.3 260.0 1568.7
250 1575.9 287.8 1548.0
270 1561.5 309.2 1529.8

4.2 Experimental Characterization of Modulator

Following the design and fabrication, the finished products were tested by optical
and electrical measurements. The optical measurements were done by observing in-
put and output optical powers and analyzing optical output via an optical spectrum
analyzer (OSA) to observe the photonic crystal bandgaps. The electrical measure-
ments were done by supplying electric current or voltage at electrical input ports and
observing optical output ports via an oscilloscope or OSA to observe the modulator

operation or shift at the output spectrum.

The photo and the simple diagram of the experimental setup are given in Figure [4.§]

and Figure respectively. The details of the setup for different measurement cases
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will be described in the following subsections.
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Figure 4.8: The photo of the experimental setup.
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Figure 4.9: The diagram of the experimental setup.
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4.2.1 Photonic Bandgap Measurements

In the experimental setup for the photonic bandgap observations, the light source
Thorlabs ASE730 provides C-band and L-band light. Alternatively, the light source
NKT SuperK Compact provides broadband light from 450 to 2400 nm. The input
light passes through an in-line fiber polarizer (Thorlabs ILP1550SM-FC) and a three-
paddle polarization controller (Thorlabs PLC-900) to adjust its polarization to TM. A
single-paddle polarization controller (Thorlabs FPC031) is also used as an alternative
to the three-paddle polarization controller. The TM polarized light is inputted to and
outputted from the fabricated samples with tapered lensed fibers. The output light is
then given to the power meter (Thorlabs S154C) or optical spectrum analyzer (Anritsu

MS9740B) for optical power and transmission spectrum measurements, respectively.

The results of the bandgap measurements for photonic crystal waveguides employing

120 holes in a row with varying diameters along the I' - M and I' - K directions are

given in Figure d.10]and Figure {.T1] respectively.

Table 4.3: The measured bandgap centers and bandgap widths of photonic crystals

with [' - M direction with varying hole sizes.

Layout 270 290 310
Dpnc(nm)

SEM, Sample 1 | 309.2 | 327.0 | 352.7

MPB Simulation | 1599.2 | 1578.1 | 1544.9
BGC(nm) | Sample 1 1634 | 1616 | 1587

Sample 2 1583 1563 1539

MPB Simulation | 14.9 9.1 0.9
BGW (nm) | Sample 1 34 42 54

Sample 2 46 46 50

The layout and fabricated dimensions of the photonic crystal diameters, as well as
bandgap centers and the bandgap widths of both samples for I' - M case, obtained
by MPB simulations (based on SEM measurement of Sample 1) and experimental

measurements of both samples, are tabulated in Table d.3]

Examining Table 4.3] the first observation is the shift of bandgap centers by approx-
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Figure 4.10: The normalized spectrum of I' - M photonic crystal waveguides with
N=120.
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Figure 4.11: The normalized spectrum of I' - K photonic crystal waveguides with
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imately 35-45 nm from the bandgap centers estimated by the MPB simulation. This
might be due to computational errors of MPB, deviations in dielectric constants due
to temperature differences, or errors in length measurements based on SEM images.
The second observation is that there is a major uniformity problem between different
samples. Although Sample 2 was not observed by SEM, an approximately 50 nm
difference between measured bandgap centers indicates an approximately 40 nm dif-
ference in hole diameters between the two samples. The third observation is that the

bandgap width estimation of MPB significantly deviated from the measurements.

In the case of I' - K photonic crystals, there is no obvious bandgap in the spectrums
given in Figure [d.T1] Given the fact that hexagonal lattice with identical circular hole
sizes have a Dirac point (cone) at the K point [29] 31} 32], not seeing a gap conforms
with our expectations. Moreover, the spectrums of the I' - K photonic crystals are
highly oscillatory, and the losses at the photonic crystal regions are higher than that
of I' - M photonic crystals.

4.2.2 Verification of P-I-N Diode Operation

The current-voltage (I-V) characteristics of two of the processed PIN diodes from
Sample 2 are given in Figure where the solid line represents measured data and
the dashed line represents its extrapolation. Device 1 stands for the MZI with 210 nm
diameter (in layout) I' - K photonic crystals, and Device 2 stands for the MZI with
290 nm (in layout) I' - M photonic crystals.

Based on the I-V characteristics of the PIN diodes, it is estimated that the required 85

(A current can be achieved at around 3.5 V for both diodes.

4.2.3 Modulation Experiments

In the case of modulation experiments, the light source Santec TSL-550, which can
provide single wavelength output in the wavelength range from 1500 nm to 1630 nm,
is used as the light source. The waveform generator (Agilent 3322A) provides AC
and DC voltage to the PIN diodes. The output light is given to a detector (Thorlabs
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Figure 4.12: Current-voltage characteristics of PIN diodes.
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DET10N/M), and the output of the detector is then provided to the oscilloscope (Tele-
dyne Waverunner 8404) to observe the variation of the output light intensity with time

i.e. modulation operation.
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(a) 20 kHz impulse signal. (b) Rise and fall of the signal.
Figure 4.13: Thorlabs DET10N/M, response to 20kHz impulse.
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(a) 20 kHz impulse signal. (b) Rise and fall of the signal.

Figure 4.14: Thorlabs DXM30AF, response to 20kHz impulse.

Due to current conditions in our laboratory, the detector (Thorlabs DET10N/M) is
used in photovoltaic (zero-bias) mode, which suppresses the dark current but also has
lower bandwidth compared to the photoconductive (reverse bias) mode [34]. The re-
sponses of our detector for time-varying input powers (a pulse signal) are given in
Figure 4.13] It is seen that our detector in photovoltaic mode has rise and fall times

of 0.6 and 47.9 us, respectively. The response of another faster detector (Thorlabs
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DXM30AF) is given in Figure 4.14] for comparison. For the given pulse signal, the
second detector has rise and fall times of 26 and 34 ns, respectively. Unfortunately,
the typical output powers of the MZIs (approximately -35 dBm) are not high enough
to create a response for this detector, therefore it wasn’t used in the modulation ex-
periments. These low output powers are not expected in design and are attributed to

imperfections in the fabrication steps.

Despite the bandwidth limitation of our setup, the modulation experiments were con-
ducted to observe modulation at relatively lower frequencies. Observed waveforms
on the oscilloscope for Device 1 (with photonic crystals of 210 nm diameter in layout

along I' - K direction) at the wavelength of 1551 nm are given in Figure 4.15]

Comparing Figure and Figure [4.15b] it is seen that the modulation depth de-
creases as the frequency of the applied voltage increases. This might be related to
the slow speed of the detector (Thorlabs DET10N/M) employed in the setup, as il-
lustrated in Figure {.13] Since thermal modulation also has a slow speed, it was
necessary to find a way to observe waveforms at larger frequencies to eliminate the

role of thermal modulation.

The examination of power spectral densities (PSDs) of waveforms observed in the
oscilloscope was helpful to extend the observable frequency range. The PSDs given
here were calculated by applying fast Fourier transform (FFT) to the time domain

signals and converting them to frequency domain signals [35].

The single-sided PSDs of the waveforms observed on the oscilloscope for Device 1
while applying £ 5 V square wave to the one arm of the modulator at 10 kHz and 100

kHz are given in Figure and Figure respectively. Similar to Figure

the modulation depth is lower at higher frequencies. Moreover, there is a clear peak

at 1550 nm for the 100 kHz case.

Based on our SEM analysis and the difference between Sample 1 and Sample 2, we
would expect Device 1 to have a bandgap of around 1575 nm. The 25 nm difference

can be explained by non-uniformities in the fabrication process.

Although the analysis of the phase accumulation in Section shows that modula-

tion is not expected in the MZIs with photonic crystals along I' - M direction, the same
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Figure 4.15: Modulation at 1550 nm, for Device 1.
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procedures were followed for Device 2 (with photonic crystals of 290 nm diameter
in the layout along I' - M direction). When a bias voltage of 10 V DC was applied,
the spectrum changed to create a minima of approximately 9 dB around 1588 nm, as
seen in Figure[d.17] Here, the data corresponding to the bias case is normalized to the
no-bias case. The 9 dB minima is significantly larger than all other extremum points,
which correspond to less than 3 dB change. The waveguide with photonic crystals
having the same dimensions has a bandgap between 1540 - 1586 nm, meaning we

observed modulation at the band edge as expected.

Considering this observation, it is possible that the analysis of phase accumulation
is not accurate for large bandgap photonic crystals. It should also be noted that the
analysis didn’t account for the effects of nonuniformities in fabrication on the band

structures of photonic crystals.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

This thesis describes the design and experimental characterization of a photonic crys-
tal based silicon optical modulator. Photonic crystals are useful materials employed
in photonic devices thanks to the formation of photonic band structures. The oper-
ation of the designed modulator is based on the band-to-band transition to benefit
from the negative refraction phenomenon and achieve large refractive index changes
in comparably shorter phase shifter lengths. The band-to-band transition is achieved
by utilizing PIN diodes to accumulate charges at the active photonic crystal region,
changing the silicon refractive index by the plasma dispersion effect and causing a

shift in the band structure.

The design steps include carefully examining photonic band structures and selecting
photonic crystal parameters based on bandgap locations and widths. Moreover, an
analysis of phase accumulation is provided, concluding that complete destructive in-
terference cannot be achieved for photonic crystals at the [' - M direction, and they
are unsuitable for modulation purposes; instead, photonic crystals at I' - K direction
can be used. Based on the analysis, the number of photonic crystals in the propaga-
tion direction is selected to be 8.5, which corresponds to 4.4 pm phase shifter length.
Lastly, a PIN diode design is proposed to provide a silicon refractive index change of
approximately 2.7+ 1073 via plasma dispersion effect when a current of 85 p A passes

through the diode.

The experimental work entails SEM imaging of the fabricated samples, photonic
bandgap measurements via observing the transmission spectrums of photonic crys-
tal slab waveguides, and modulation experiments via applying AC and DC voltage to

the diodes at the arms of the MZIs. Although there were bandwidth limitations in the
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experimental setup induced by the detector operating at the photovoltaic mode, the
modulation operation was observed in MZI modulators using photonic crystal at both

I'-Kand I' - M directions.

Future studies may include improvements in the bandwidth of the experimental setup
and repeating the modulation experiments at higher frequencies. Moreover, the mod-
ulation experiments can be repeated for more MZI modulators with varying photonic
crystal parameters to better estimate the accuracy of the derived Equation [3.16] and
Equation 3.17|on different scenarios. The design can be further improved by includ-
ing a polarization selective device on the input side of the MZI, possibly another
photonic crystal with a large TE bandgap covering the entire operation range and no
TM bandgap in the operation range. Such a device would take the role of the in-line
polarizer and polarization controller and simplify our experimental setup. Moreover,
the proposed modulator design can be used as the building block of the design of a

multiple-input and multiple-output photonic switch.

Another perspective to be considered is photonic integration, specifically the inte-
gration of III-V materials with silicon photonics. Silicon is a suitable material for
electronic and passive photonic devices; however, it is indirect bandgap material and
cannot effectively be used for active photonic devices. Instead, the III-V materials
are efficiently used in active photonic devices. Using active III-V and passive silicon
devices separately with optical interconnects leads to higher packaging costs, a larger
system area, and lower power efficiency. On the other hand, the integration of sili-
con and III-V material systems offers a solution to these problems while bringing the

benefits of the two systems together [9, 136, 37,138,139, 40, 41].

Our research group previously presented studies on photonic devices such as band-
to-band transition based photonic crystal modulators [[13} 26, 42], fano-like rod-type
photonic crystal structures on bio-sensing applications [27, 43]], one-dimensional slot
mode photonic crystals nanobeam cavities [44, 45], amorphous photonic structures
[46l 47], and nBn type InGaAs photodetectors [48, 49, 50]. Also, there is an ongo-
ing project where the bi-functional quantum cascade lasers and photodetectors are
modeled, and performance parameters for lasing and photodetection operations are

evaluated. The modulator study described in this thesis and the other mentioned stud-
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ies of our research group can be used as the foundation of future photonic integration

studies.
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