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Abstract

In the field of Silicon Integrated Nanophotonics it is our goal to implement nanoscale photonic circuits
using well established manufacturing process of electronics devices. Achieving this goal will allow to
integrate electrical and optical functionalities on the same chip. It will furthermore improve the yield and
reduce the costs of photonic devices.

In order to reach this goal there is a need to propagate light on chip, to confine light to nanometric scale
and to modulate data. In this respect, plasmonic waveguides are attracting growing attention in the last
decade owing to their capability to confine light at the nanoscale and the availability of “built in” metal
lines within the devices. A major drawback common to these waveguides is the high propagation loss
which is a direct result of the ohmic loss in the metal. In contrast, silicon waveguides are able to
propagate light significantly lower loss. Yet, silicon waveguides do not provide the easy contact reach

that plasmonics offers.

Our proposed waveguide structure is known as Long Range —Dielectric Loaded Surface Plasmon
Polariton Waveguide (LR-DLSPPW) because it supports a Long Range SPP mode. This is achieved by
positioning a metal strip in a symmetric-like dielectric environment which results in minimization of the
longitudinal electric field inside the metal and as result the effect of ohmic loss on the overall propagation
loss of the device is significantly reduced. Our proposed waveguide consists of a Si3N4 rib waveguide,
positioned on top of a thin metal strip, placed on oxidized Silicon on Insulator chip. The LR-DLSPPW

offers the advantages of high confinement, high propagation length and easy contact reach.

The device was designed by finite-element method approach. It was fabricated using electron beam
lithography, evaporation of aluminum, plasma enhanced chemical vapor deposition of Si3N4 and reactive
ion etching. Finally, it was tested by near field scanning optical microscopy and transmission
spectroscopy. The near-field optical microscopy characterization allowed us to verify the modes content.
Losses were characterized by measuring the output transmission of light using several different length
devices. The propagation length was ~ 1mm, which is compatible with the current state of the art in the
field (mostly polymeric structure), yet offering the important advantage of being CMOS compatible
platform. As such, the proposed device may be used as a building block in future on chip communication

and information systems.
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1. Introduction

This thesis describes the design, fabrication and measurement of a waveguide, consisting of both
plasmonic and photonic properties. In this chapter we introduce the current technologies for propagating
light on chip, provide the motivation for such a waveguide and present current waveguides that have

similar properties. Finally, a short summary of the work is provided. .

1.1 Silicon photonics and plasmonics

1.1.1 Silicon photonics

The field of silicon photonics [1-2] is the study and the development of photonic components, devices and
systems using silicon platform. In most cases, a relatively thin layer of silicon is positioned on top of a
silicon oxide layer in what is known as the silicon on insulator (SOI) platform. SOI is used in the current
semiconductor industry technology, which is Complementary Metal-Oxide-Semiconductor (CMOS),
when complete isolation between the bulk silicon and the device is needed [3] .The fact that silicon is the
main substrate in today electronics devices gives us the possibility to integrate photonic components
inside and between microchips. These chips with optical and electrical functionalities can simplify the
construction of routers and signal processors for optical communication [4-5]. As the microelectronics
industry progress towards faster and denser chips a serious problem arises, which is interconnects density
[6]. In today technology the length of interconnects per cm”2 is 6 kilometer which generates high power
density and a major heat problem [7]. Silicon photonics can offer a solution to this problem by replacing
the metal interconnects with waveguides [8-9]. Silicon has a refractive index of 3.46 which result in a sub
micron effective wavelength and high confinement. The high confinement allows us to fabricate dense
chips with multiple components. Propagating information in the form of light gives us the opportunity to
use the wide bandwidth of optical communication. We can achieve this wide bandwidth through WDM
multiplexing [10-11] and\or mode division multiplexing [12]. Besides propagating the signal from one
point to another (core to memory, core to core) there is also a need to switch and modulate the signal. In
order to switch and modulate we can use the thermo optic effect [13] or the carrier depletion effect [14]
which modifies the refractive index of silicon. Both effects require the application of voltage which in
turn requires the implementation of metal contacts. The problem with metal contacts in silicon photonics
is ohmic losses. A common solution allowing for these losses to be minimized is by distancing the
contacts from the waveguide. Unfortunately, this results in smaller tuning strength, higher power
consumption and slower operation speeds as a consequent of the contacts high resistance. A promising

technology in this respect is plasmonics [15].



1.1.2 Plasmonics

Surface Plasmons Polaritons (SPPs) are electromagnetic waves which travel along a metal-dielectric
interface. Because the SPPwave propagates at the interface between metal and dielectric material we can
apply voltage directly to the dielectric medium of the SPP resulting in lower power consumption and
faster devices. Another advantage of SPPs is related to their short effective wavelength, resulted from the
high momentum of electrons. Therefore, it is possible to confine light to the nanoscale [16], which can
result in smaller and denser devices [17-28]. The high permittivity of metals in comparison to dielectric
materials results in field enhancement in the dielectric medium, next to the interface between the metal
and the dielectric material which can be exploited for devices based on nonlinear effects [29]. Interband
excitation of non-equilibrium electrons in gold and aluminum results in changes in the imaginary part of
the metal refractive index, and these qualities have been used to fabricate ultra fast plasmonics modulators
[30-31]. Furthermore, the ability to propagate and confine light to the nanoscale made SPP a promising
platform for bio-sensing and lab on chip devices [32-33]. On the downside, SPP major drawback is that
by propagating on the surface of the metal, it is strongly influenced by the high ohmic losses and thus
propagation distances as low as tens of microns are typically achieved. As a result, it is not
straightforward to propagate a signal from one end of the chip to the other (typically several millimeters
in length) by using plasmonics waveguides and it is also difficult to achieve high Q resonators which are

needed for variety of applications such as filters, lasers and sensing to name a few.

1.2 Motivation for the LR-DLSPPW

Up to now we have presented two technologies. The first, silicon photonics, offers relatively long
propagation length and good confinement of electromagnetic energy, but it cannot be integrated easily
with metal contact. The second, plasmonics, offers nanoscale confinement, easy contact reach, and fast
modulation but supports very short propagation distance. It could be useful to have a technology which
combines both and allow us to navigate between nanoscale confinement and high losses to good

confinement and low losses, to enjoy both worlds with as little as possible compromises.

1.3 Current state of the art

Hybrid waveguides [34-35] follow the above mentioned motivation. Typically, the hybrid structure
consists of a high refractive index medium that is separated from a metal surface by a thin gap of low
refractive index spacer. In this configuration, the electromagnetic energy resides in both the high and the
low index materials and the guiding mechanism has characteristics of plasmonic and photonic modes
which are coupled. As a result, by controlling the dimensions of the gap and the parameters of the high

refractive index layer, the mode can be varied from photonic to plasmonic regime, allowing longer



propagation length than a plasmonic waveguide. In [22] a hybrid waveguide was used to reduce the
ohmic losses so it could be used as a laser cavity. The high confinement of hybrid waveguides with low
losses was used to design small microring resonators with high Q factors for sensing [36].Hybrid
structures can produce modes with high field intensity, consequently producing high nonlinear effects for
optical parametric amplifiers [37]. Hybrid waveguides can also be used for fast and power efficient phase
modulators [37]. Another structure that can provide easy metal connection with reasonable propagation
length is the Long Range Dielectric loaded Surface Plasmons Polaritons Waveguides [39-40]. The LR-
DLSPPW consists of dielectric ridge deposited on a thin metal strip which is placed on a dielectric slab
positioned on a lower index substrate. The goal of this structure is to create a semi-symmetrical dielectric
environment around the metal strip which allows formation of a long range SPP mode. Recently, a high
index CMOS compatible LR-DLSPPW has been proposed and analyzed [41].

1.4 Summary

In this work we experimentally demonstrate the design, fabrication and the characterization of a CMOS
compatible LR-DLSPPW. Following the fabrication process we have measured the propagation loss of
the LR-DLSPPW by measuring the transmission of light through of several devices with different sizes.
Using Near field Scanning Optical Microscope we have verified the modes content. The demonstrated
structure supports the propagation of both light, with reasonable propagation length of ~700[um], and
electrical signals. The electrical signal in the metal can be used to control the propagation of light, e.g. by
the thermo-optic effect or electro-optic effect.



2.Theoretical background

In this chapter we explain the main idea of wave guiding starting from electromagnetic waves, proceeding
to basic waveguide structures including the surface plasmons polaritons (SPP) guiding mechanism. We
also explain the method of simulation, the theory behind coupling light in to a waveguide and how near

field optics is helpful in characterizing our waveguide structures.

2.1 Electromagnetic waves

2.1.1 Wave equation

The relations between the electric current density J, the electric charge density », the magnetic field Band

the electric field Eare described by Maxwell equations [42]:

v.E=F
&
TxE-_B
1. ot
V-B=0

3.
Assuming the electric and magnetic fields propagate in vacuum, there is no charge or current density so

4. . .
we can place p=0,J=0and rewrite Maxwell equations as:

V-E=0
ﬁx(ﬁxE):—gﬁxé
s ot
= V.B=0
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8. . e .
Where y,and &, are the permeability and permittivity in vacuum. From eq.5-6, 8 we can obtain the wave

equation for the electric field:

2
Vx(VxE)=V(V-E)-VE a1,

9.
By placing eq.5 in eq.9 we get:



1 . . .
As we know &, 14, = — Wherec is the speed of light in vacuum, so eq.13 can be rewritten as
c

:

One of the solutions to eq.14is the travelling plane wave

15. E=E(k-F—ot)

By placing eq.15 to the wave equation we get that
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Which is known as the dispersion relation of a wave in free space.

We shall now examine the relationship between E, B and k, from eg.11 we receive
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Applying eg.17 and eq.18 in to eq.1-4 we get
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20.
If we neglect field constants in space integration, eq.19 will give us

21. Exézcg

E, B and k create a right hand trio. In the case of plane wave, E and B are in phase and both are
perpendicular to the wave vector k.

2.1.2 Snell law

z

., . |
ki
Incident g
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1
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Figure.1 Plane wave incident upon a plane boundary separating two materials

Consider a plane wave incident upon a plane boundary separating two materials (Figure.1). There will be
a reflected wave and a transmitted wave.

E- _ ei(ki»r—wt)

1
22 E = ei(kr-r—a)t)
E =ei(kt-r—wt)

—_

The phase in the three waves in the incident should be equal so we can deduce that:

23. ki 'r|z:0 =k 'r|z:0 =k 'r|z:0

From eq.23 we deduce

24 n;(Kix+kyy)=n; (kix+kpy)=n (kx+kiy)

y

Eq.24 is true for the entire plane so:
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If the transmitted angle is larger than 90 degrees we have the case of total internal reflection, in order for

this to occur the incident angle must be larger than the critical angle:

. n
s aumar(2
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213 Boundary conditions
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Figure.2 Interface between two materials A and B.

Consider an interface P between two media A and B (Figure.2), we first apply the Gauss’ law to a
Gaussian pill-box with cross section A, assuming the box is parallel to the interface and its sides length

close to zero we can write

22 IE-dSziJ-pdV=>(ElA—ELB)A:iaA=> E,-E, =2
& & &
S 0v 0 0

We apply the Faraday’s law to a rectangular loop C, whose sides are parallel to the interface.

0 0
28, iE-dI:—ainS:>(EA—ElB)I:—aBLA

Again we assume very small sides so A —0and



By applying Gauss’ law we get

31. IB'dS:O:>:uaHJ_A_:ubHJ_B =0
S

2.2 Waveguides

As previously mentioned, our device is dielectric loaded waveguide. In this section we will explore the

basic waveguides starting with a slab waveguide.

2.21 Slab waveguide

In order to gain basic understanding of how a waveguide works it is sufficient to consider a high index
slab sandwiched between two lower indexes slabsFigure.3). Snell’s law (26) shows us that at certain

angels we get total internal reflection:

Figure.3 lllustration of a symmetrical three layer slabs waveguide with two wave fronts propagating in it.

In order to achieve constructive interference between two wave fronts that the following condition should
be satisfied:

32. 277T(2d cosf)=2zm



This condition is fulfilled only at a certain discrete angels. These angles are given by:

A
33. cosfd=m—
2d
As can be seen, the smaller ¢,the smaller d can be. We now consider the general case of a slab

waveguide by solving the wave equation. Slab waveguide can consists of several layers of materials with

different dielectric constants and straight parallel and infinite interfaces (Figure.4).

Figure.4lllustration of a Slab wave guide consisting of multiple layers with different permittivities and different widths.

We assume a solution of a wave propagating in the z direction. This assumption will hold though the

entire thesis.

E = E(X, y)e!
5 H =H(x,y)e/“

W

Maxwell’s equations (eg.1-4)can be separated into two sets of equations that give two sets of solutions

Assuming the field does not change in the y direction we get
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From the TM side we get the following wave equation

aaH =H, (k"= 5)

And3_fg_om the TE side we get the following wave equation

y =Ey(,82—k2n2)

Assuming a general solution of:
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Every boundary gives us two equations due to the continuity of the tangents fields. For TE:
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This results in a transmission matrix:
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Assuming exponential decay in the first and last boundaries we get t,, =0

N |-
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For the simple structure of three slabs where the middle slab is with the highest refractive index
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This gives us the mode equation:
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Solving it will give us discrete propagation constants (g8 ). Applying them to our general solution will

result in specific modes with their profiles.

For %VI the tangential fields are H, E, and the transmission matrix is:
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For the simple structure of three layers:
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This gives us the mode equation:
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For the simple case of a symmetric slab eq.43 reduces to

gi = ‘9i+2 = kXI+2 k
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o d K,
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2.2.2 General wave guide

We now look at a more general case where a high refractive index region is surrounded by a low

refractive index medium.



Figure.5 lllustration of a cross section of a general waveguide that consists of a region with high refractive index surrounded by a
low refractive index medium.

wt—pfz

Assuming a wave propagating in the z direction (E = E(x,y)ej( )) and substituting the solution in the

wave equation (eg.10), we obtain:

azE(x,y)+62E(x,y)
aXZ 8y2

+(k2n2(x,y)—ﬂ2)E(x,y):O

This is an eigenvalue problem where the electric field is the eigenvector and the propagation constant is
the éfgenvalue. There are many modes that solve this problem but not all of them are guided modes. In

order for a mode to be guided we expect the evanescent field to decay exponentially so that

36, (KenZ, — 57) <0

clad

If the electric field decays exponentially in the transverse direction, it should have the maximum

amplitude inside the core, the electric field at the maximum point should satisfy the condition

[82E(x,y) azE(x,y)j 0

Ox? " oy®

max

core

47. (K°nZ,, - *)>0

As a result, we will have an oscillatory wave in the core and a decaying wave in the clad. There are also

solutions that radiate to the clad, and in such a case the above conditions (eq.46-47) do not apply.

2.2.3 SOI Waveguide

As previously mentioned, Silicon On Insulator is used in certain CMOS processes. Besides the advantage
of being compatible with microelectronics, SOI has another great advantage in the context of photonics,

namely the high refractive index of silicon. Silicon has a refractive index of 3.46, whereas silicon oxide



has a much lower refractive index of 1.46. This large index contrast results in a critical angle (eq.26) of 25
degrees for silicon —silicon oxide interface. Silicon Nitride has a refractive index of 1.98 which results in
a critical angle of 40 degrees for silicon nitride —silicon oxide interface. Equation 33 shows us that for a
given mode m the smaller the waveguide width (d), the smaller the angle needs to be. Therefore, high
index contrast is advantageous because it supports such small angles, due to the fact that its critical angle
is small. This however, does not apply for the fundamental (m=0) mode. For the fundamental mode there
is no cutoff for a symmetric slab. Yet, better mode confinement is achieved with large index contrast.
Thus, the high refractive index of silicon and silicon nitride allow us to build submicron waveguides. For
comparison, the critical angle in a standard optical fiber is 80%nd it has a core diameter of 9 microns.

2.3 Surface Plasmon Polaritons

Metallic medium can be described as a dense liquid of free electrons. As such it has vibrations which are
named plasmons. In this section we will explain Surface Plasmons Polaritons (SPP), which are
oscillations of electrons coupled to an electromagnetic wave and propagating on the surface of the metal.

In order to examine the SPP we first need to deduce the dielectric function of metals.

2.31 The dielectric function of free electron gas

The dielectric function of free electron gas can be described by the Drude model [42]. The motion of an
electron oscillating in a sea of electrons under an external force originated from an electric field E can be

explained using a simple motion equation:
48. mX+myx =—eE

—iwt

If we assume the field is in the form of E=E,e"" a solution to this equation will be x = x,e~'* which
gives that:
2. X(t)=————E(1)
m( +iye)

Using the definitions for polarization P =—nex and displacement field D = ¢,E + P one obtains:

0)2
50. D:go(l—z—”_]E
" +iyw



2
a)j - s the plasma frequency of the free electron gas. The term in the parenthesis is the dielectric
&M

function of the metal:
2
51. ¢(w)=1-————
( ) co2+|;/a)

One may observe that this is a complex function so that&(w) = & (@) +is, ().

2.3.2 Surface Plasmon polaritons at a single interface

We examine the feasibility of a metal-dielectric interface to support surface waves, by solving the mode

equation for TM. From eq.42 we obtain:

ekxi(di) (14_@&] — 0
g kK

i Xi+1

Xi+1 gi +1

From eq.38 and eq.52 we can deduce the dispersion relation of SPP propagating between two slabs:

EE,
53. ﬂ: kO _Zi%idl

&té&y,

From eq.52 we deduce that if¢ >0and Re(s,,)<0 surface waves at TM polarization are supported by the
interface. The combination of & >0and Re(s,,)<0at optical frequencies typically implies metal insulator

interface.

Similarly, we can check is such surface waves are supported by the interface also in TE polarization, by

trying to solve the mode equation for TE. from eq.40 on obtains

0

i+l —

gka (@) (ﬁﬂj =0=>k, +k

Xi+1

Since exponential decay requires Re(k,),Re(k,,,)>0the only solution for TE polarization is the trivial

Xi+1

solution of zero amplitude, so TE polarized surface waves are not supported by this single interface

geometry.



2.3.3 IMI

After considering the simple case of a single interface, we now examine the structure of a metal slab
sandwiched between two dielectrics materials. If the middle slab width, d, is very large eq.43 reduced to:

ce& K. K

T+ X+ Xi+2

) (g.k +Kqé, )"‘ Kyi1€is (kxi+15i + kxigi+l) =0

i+1 X+l Xi i+l

+&

11 KsiKsi 2810 T &1 oKy 6Ky + 610K 6Ky =0

i+2

(gi Kyia + kxi5i+1)(€i+1kxi+2 + kxi+1gi+2) =0

In order for this last equation to be satisfied, either the first term or the second term must vanish. This
indicates the possibility of supporting two separated surface plasmon modes, localized on the surface
between the metal and the dielectric. Numerical solution of eg.43allows to extract the effective refractive
index of the modes. The mode equation can be simplified by assuming symmetric structure, i.e. the same
dielectric material from both sides of the metallic layer. In such a case, on goes back to eq.44. A specific
interest is that of a thin metallic slab. For such a case, the two plasmonic modes are coupled. An example
for such a case is shown schematically in Figure.6, where a thin (20 nm) aluminum slab is sandwiched

between two silicon oxide slabs

Figure.6 lllustration of an IMI structure with S;0, as the dielectric material and aluminum as the metal.
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Figure.7 The absolute value of the Magnetic field distribution along the x axis for an IMI structure. a) Symmetrical solution (low
losses), (b) anti-symmetrical solution (high losses).

234 Long Range SPP

For the case of a thin metallic slab, we obtain two modes, one with losses (N, =1.472+i-1.107),

known as the Long Range SPP [43], and has an effective refractive index similar to the oxide, and another

mode having the real part of its refractive index closer to that of the metal and its losses are higher. Ohmic
losses can be explained as currents, and as such they are proportional to J - E. Currents are the result of

the electric field in the propagation direction (z) which is proportional to the derivation of H, in x. In

Figure.7.a we present a symmetrical solution which results in close to zero E, on the metal and a mode

with low losses. We focused on this long range SPP. Specifically, we explore the properties of this mode
when the symmetry is broken, e.g. by replacing one of the oxide dielectric slabs with a new dielectric slab

consists of SizN,.

We now replace one of the oxide slabs withSi;N, and re-solve the mode equation (43). Again, two modes

are obtained, but both of them exhibit higher losses compare with the mode in the symmetric case (

Ny =1.482+i-1-10°and ny =2+i-1-107). In order to achieve a mode with lower losses we can add

additional slabs with different refractive indexes in order to generate a more symmetric-like dielectric
environment and a result to improve the symmetry of the mode. We consider the case of six slabs
consisting of: oxide-silicon-thermal oxide-Al-nitride-air(Figure.8) for different width of thermal oxide
(tox).We assume that the Al is sandwiched between a 500nm SizN,slab and a 340nm oxidized silicon slab
which in turn is placed on an infinite oxide slab (a structure similar to our device). We gradually change
tox from 0.29um to 0.34pm and the silicon slab from 0.195um to 0.17pum respectively. The ratio between

the change in tox and the thickness of the silicon is determined by the physical process of oxidation, the



stoichiometric ratios and volume densities of silicon and silicon dioxide. Specifically, an addition of 2 nm
of oxide consumes about 1 nm of silicon. For each of these cases we solve the mode equation with Matlab

by using the algorithm showed in eg.40.

Air

Si3N4

Figure.8 lllustration of a multiple slab IMI structure with an infinite slabs S;0,, silicon slab, S0, slab, Al slab, SiN,slab and air
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Figure.9 The LR-SPP mode solution for an ox-Si-tox-Al-Ni-air structure for different tox width as function of the real and

imaginary effective refractive index. The image is the absolute value of the mode equation and the solution is obtained
when the value is zero.

We can see in Figure.9 that changing the dimensions of the slab can result in a mode that will propagate

longer (lower imaginary neff) and we can see that there is an optimum solution at 300nm implying
symmetry around that point.

2.4 Loss mechanisms in waveguides

One of the goals when we design and manufacture a waveguide is to minimize the losses. There are three
major loss mechanisms for light propagating within a waveguide:

24.1 Scattering loss

When we design a waveguide we assume smooth walls. In practice, this is never the case, and some

roughness is always present. In the presence of roughness one should look on the reflection from the



interface of the core and the clad differently compare with the standard analysis of specular reflection, as
shown in Figure.10

Wavefront 1

I/Vidlh

Wavefront 2

Figure.10 Reflection from a graded interface of two rays.

This means that even at total internal reflection the power returning from the surface according to the
Rayleigh criterion [44] will be:

The power flow of the mode is
| ~ E*cosy - W

idth

This will result in attenuation of light propagating within the slab waveguide:
oo (@T siny | 1
A cosy ) Wige,

This calculation does not take in to account the density of the grating but it shows us that the losses are

larger for higher modes (bigger angle) and smaller waveguides.



24.2 Absorption losses

There are three types of absorption loss that are relevant to our waveguide. The first, free carrier
absorption, was discussed in the dielectric function of electron gas (2.3.1) and SPP. The second is
interband absorption. If a photon has sufficient energy to transfer an electron from the valance to the
conduction band it can be absorbed by the material. Silicon has a gap of 1.12ev and the standard
wavelength of optical communication (1550nm) is 0.8ev, so the linear absorption loss in silicon is
negligible. The third absorption mechanisms comes from the Si-H bond .In the deposition process of
SisN, imperfections of Si-H bond are created. These bonds have a vibration level at 4650nm. The
vibration level third harmonic is 1550nm which is our operating wavelength and it have been shown that
SizN4 waveguides can suffer from losses due to bond absorption [45, 46]

2.4.3 Radiation losses

In a bended waveguide the wave front inside the waveguide needs to move as fast as the wave front at the

side of the waveguide, both wave fronts need to have the same angular phase velocity:

Figure.11 lllustration of Waveguide bending and the electric field that propagate in the waveguide

do Wiore

do
55. ﬁclad(R+W)E=ﬂcore(R)E=>Rzﬂ iy
core clad



If eq.55 is not held light will radiate away from the waveguide to the clad. In order to fabricate dense
devices it is necessary that we will be able to fabricate bended waveguides, e€g.55 shows us that a

waveguide with high index contrast and confined modes can have sharp bends.

2.5 Finite Element Method

While analytic solutions of the wave equation can be found for slab waveguides and other 1-D layered
structures, this is not the case for the general 2-D case. Solutions can be found either using
approximations or by applying numerical solutions. In order to calculate the mode in our waveguide we
used Finite element method [47] simulation. In finite element method we divide our waveguide into a grid

of triangular elements (Figure.12.a).

(b}

L}

3 ;

Figure.12 a) Mesh of the waveguide as it calculated by Comsol, b) computational unit of the mesh.

For each triangle (Figure.12.b) were present the field as the sum the field in its vertexes.

E(x,y):Zj:uiNi(x,y)

N (x,y)=a,x+by+c,

Instead of solving the wave equation, the simulation solves a variational problem that can be represented
in a matrix form.



_ Kll K12 K13 ul dl
Vx(VxE)-guw’E=d=>|K,, K,, K, u,|=|d,
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We get a matrix that represents the field in that triangle. Assembling all the matrix elements into one
global matrix generates an eigenvalue problem and its solution allows us to find the electric field and
effective index of each mode.

[E]=Kd

2.6 NSOM measurements

NSOM stands for Near field Scanning Optical Microscope. Near field Microscope detects EM fields from
a distance which is less than a wavelength from the source. Its major advantage is resolution. Being based
on near field imaging it can detect light with resolution much better than the diffraction limit. Consider an
object of limited size with transmittance of f (x,y,0) . Its spatial frequency spectrum F(u,v)can be written

as [48]:

0

56. Fuv

'—a

J'f X y JZ;r(ux+vy)dXdy
This spectrum is a collection of plane waves. At plane z each plane wave accumulates a phase term and

thus it can be written as:
57. F(u,v,z)zF(wV)ejkW

For high spatial frequencies we obtain [141242 7\/42] < 0and thus these frequency components decay as

they propagate so when we look at sources from the far field we lose resolution. Yet, if we look from
close range we can still capture the higher frequencies and as a result higher resolution beyond the
diffraction limit is obtained. In order to exploit this possibility we need a very small detector in close
proximity to the sample. Our NSOM plays the role of this detector. Essentially, our NSOM is an Atomic
Force Microscope, it which that standard AFM probe is replace by a pulled fiber which is coated with

metal except for a small opening at the apex of the probe. The evanescent waves are coupled into the



probe and are able to be transmitted through its100-300nm aperture. These waves continue to propagate
in the fiber (Figure.13) towards a photodetector. The tip is scanning the sample using a piezo stage and

generates up to 30x30 xm?images.
b :
(b) NSOM tip

Propagating
wave

Evanescent
wave

sample

Figure.13 a) NSOM tip, b) NSOM operating scheme

2.7 Coupling of light between waveguide and a lensed fiber

Once a waveguide is ready, one needs to characterize its properties by launching light from an external
fiber into the waveguide and by collecting the light emendated from the waveguide into another fiber.
Calculating the power transmission from one mode in a waveguide to another mode in can be done using

the overlap integral between the two modes.

U EE, dxdy‘2
58. n=
= T IE axay[[E. axay

In the case of silicon photonics most of the waveguides dimensions are sub micron, but the standard
single mode fiber has a diameter of 9um which results in a mode overlap of less than 1%. Standard

solution for increasing the coupling efficiency is by using lensed fibers.
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Figure.14 lllustration of a Lensed fiber

The lensed fiber (Figure.14) is manufactured by polishing the end face of the fiber to a specific radius and
taper angle, forming a lens. The lensed fiber confines the beam to a 2.5um spot diameter, still larger than
the cross section of our device. In order to get better matching one can use an adiabatic taper (Figure.15)

at the end of the waveguide.

Figure.15 lllustration of a taper for improvement of the coupling between the lensed fiber

and the waveguide.

The slow gradient change in the taper maintains high overlap between the modes and results in better

coupling.

2.8 Signal improvement

Detecting a high quality NSOM signal can be difficult in cases of small signal and high noise. To

overcome this challenge we have used the following two approaches.



28.1 Erbium doped fiber amplifier

An erbium doped fiber amplifier (EDFA) is used to amplify the signal around 1550 nm wavelength. The

basic operation of erbium doped fiber is explained in Figure.16

Level 3 'y Tp~1ps
980 nm Rapid decay ;

‘/1., ~10ms

~— 1460 nm

Level 2
~—— 1540 nm

Energy

1480 nm
AN+ Stimulated emission

(1500 - 1600 nm)

Level 1

Figure.16 Erbium amplification scheme

A 980 nm laser excites the erbium ions from level 1 to level 3 where they rapidly decay to level 2. A

1550nm photon that is interacting with an ion in level 2 will cause the ion to drop to level 1 while

emitting a 1550nm photon.

2.8.2 Lock in amplifier

Another approach to increase the signal to noise ratio of the measurement is by using a lock in amplifier.
This device filters out most of the noise by modulating the signal at a specific frequency and performing

detection at this frequency only. In order to use the lock in amplifier we first need to modulate our signal.

The modulated output, \/Sig , is then multiplied with a reference modulated signal, V, resulting in:

59. V=V, V. sin(mt+0,,)sin(o, +0,)

sig V'L

Where @, and @, are the frequencies of modulation of the signal and the reference signal

and &, are the phases of the signal and the reference signal respectively,

ref

respectively, 6,

Applying a low pass filter will usually result in nothing, except for the case where . = w_ . In such a case,

the output of the low pass filter is:

60. Vx = %VsigVL cos (esig o eref )



We receive an amplified signal that reaches a maximum value when the phases of the signal and the

reference signal are equal. In our amplifier there is a second detector that detects with a ref of 90° offset

resulting in a second output of v, = %VsigVL sin (64 — ¢ ) @nd a total output of:

6L V, = V2 +V, =%vsing

Our final output has no dependence on the reference phase.



3. Proposal :LR-DLSPPW

In this chapter | will explain our device design concept and present the simulations we preformed in order

to deduce the device sensitivity to fabrication errors and its modal content.

3.1 Device explanation

Our first goal was to design a CMOS compatible LR-DLSPPW. SOl is used in certain CMOS process
and is compatible with our need for a low index box with higher dielectric material above it in order to
achieve mode confinement. Our selection for ridge material is SisN, that can be deposited by PECVD
with high quality. Unfortunately silicon and Silicon Nitride have refractive indexes of 3.47 and 1.98
respectively, and thus cannot be used for creating a symmetric dielectric environment with respect to the
metal between them, as required for the long range SPP. The solution to this problem is achieved by
partially oxidizing the silicon, creating a thermally grown silicon oxide layer on top of it. The parameters
of the oxide-silicone-oxide layer stack can be tuned to create effective refractive index which is similar to
that of the silicon nitride and by doing so to generate a symmetric-like environment for the metal. The

basic LR-DLSPPW as it was proposed in [30] is presented in Figure.17.

(b)

Si3N4




Figure.17 a) Electromagnetic simulation showing the intensity profile of the modes in the “old” LR-DLSPPW (b)
Schematic cross section of the device

Due to the high refractive index of silicon the mode expands to the silicon slab waveguide. In order to
achieve higher confinement we need to etch through the silicon. Our device mostly support the mode
presented in Figure.18

Figure.18 a) Electromagnetic simulation showing the intensity profile of the mode and the absolute value of the electric field in the
propagation direction at a cross section taken in the middle of the waveguide. b) Electromagnetic simulation showing the
intensity profile of the mode and the absolute value of the electric field perpendicular to the metal strip at a cross section
taken in the middle of the waveguide.

We can notice certain symmetry of E, around the metal that result in minimum point for E, on the metal

and low loss mode.

3.2 Simulations
3.21 Device sensitivity

Our LR-DLSPPW (Figure.19) consists of Si3N4 ridge deposited on top of a thin aluminum strip which is
supported by an oxidized SOI wafer. The Si3N4 and SiO2 width were determined in an effort to create a
symmetric-like environment, in which, a LR-SPP mode will develop with minimal ohmic losses. Using
Finite Element Mode solver (FEM) we calculated the propagation length of the fundamental mode as a
function of various design parameters. These simulations are essential for the purpose of determining the
device parameters as well as for estimating the sensitivity to unavoidable deviation that occurs in the
fabrication process. The simulation results are plotted in Figure.20. As a starting point we have assumed

rib height and width of 500 nm and 1 micron, respectively, metal height and width of 15 nm and 500 nm,



respectively, and perfect alignment between the nitride rib and the metal. All calculations were performed

based on the real device configuration, shown in Figure.19.b.

As can be seen in Figure.20, propagation length of nearly 2.5 mm is achievable. Furthermore, modifying
the rib width and height by few tens of nm has a moderate effect on the propagation length. Misalignment
of up to 40 nm between the metal and the rib is still acceptable. The only crucial parameter is the oxide
thickness. Indeed, even a slight deviation of ~20 nm in the oxide thickness results in a drastic decrease in
the propagation length, towards values of ~1 mm. Nowadays, controlling the oxide thickness within 20
nm accuracy is more than reasonable and thus long propagation length should be possible to be

maintained

(a) (b)

Si3N4 Si3N4

Figure.19 Schematics showing the cross section of an ideal device. (b) Schematics showing the cross section of our fabricated device,
taking into account the fabrication constrains.
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Figure.20 Propagation length dependence in thermal oxide height, b) Propagation length dependence in SiN Rib height,
c) Propagation length dependence in SiN Rib width d) Propagation length dependence in Aluminum strip
deviation from center.

3.2.2 Supported modes

We calculated the profiles and the properties of the modes that are theoretically supported by the device.
Figure.21 shows the 5 modes that are supported by our device at the wavelength of 1550 nm. Yet, by
calculating the overlap integral of these modes with a TM polarized Gaussian beam(Figure.22) we came
to a conclusion that only the mode which is launched into the waveguide from an external fiber has a non
negligible coupling coefficients only to the first and the second modes (Figure.21), and thus only these
modes will be excited. According to our simulations the first mode has an effective insex of

1.78+i-5-10"° and the second has an effective insex of 1.5+i-8-10™.



Si3N4
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Figure.21 a) Schematic cross section of the device (b,c,d,e,f) Electromagnetic simulation showing the intensity profile of the
modes in the LR-DLSPPW
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4. Fabrication

(m)

Figure.23 Schematic description of the fabrication process. a) Planar substrate b) oxidation of the SOI; c) resist spun; d) ebeam
lithography ; e)development of the resist; f) evaporation of aluminum; g) removal of the resist; h) deposition of SizN,; i)resist
spun; j)ebeam lithography ; k) development of the resist; I)evaporation of aluminum; m) removal of the resist; n) RIE of SizN, ;
0) RIE of SiOx; p) RIE of Si



The fabrication process is depicted in Figure.23. We used a SOI (SOITEC) substrate consisting of
340nm-thick crystalline silicon layer on top of a 2um thick buried oxide (BOX). The BOX functions not
only as a lower index cladding but also as a boundary between the waveguide and the lower silicon
substrate. If the box is too thin the mode will leak in to silicon substrate. The wafer is sawed in to 2x2 cm
chips. The chip is oxidized in a wet process in a furnace at temperature of 920° for 190 minutes, as a
result, a 310nm thick silicon oxide layer (SiO,) was thermally grown. Silicon molecular density is twice
the one of SiO, so 155nm of Si is consumed leaving us with 185 nm of Si. PMMA ebeam resist is spun
on the top of the chip and then baked to evaporate the solvent. The patterns are transferred to the resist by
using a RAITH ebeam lithography system. The chip is then placed in the evaporator where a 15 nm thick
aluminum layer is evaporated on the chip. The sample is placed in front of a crucible holding the
aluminum while an ebeam liquidize the metal which is evaporated on the sample. The chip in then
washed in N-Methyl-2-pyrrolidone (NMP)at 80°degrees that removes the resist that was not exposed to
the electron beam with the metal covering it resulting in a metal strip positioned on the oxidized SOI.
This procedure of lithography followed by evaporation and removal of the resist is called “lift off”. The
chip is then moved into a plasma enhanced chemical vapor deposition (PECVD (Oxford Instruments
Plasma lab System 100)) machine where a 500 nm thick SisN, layer is deposited on it. Deposition is
achieved by flowing reactant gases between parallel electrodes, a grounded electrode and an RF-
energized electrode.SiH, at 20 Standard Cubic Centimeters per Minute (SCCM), NHz at 20 SCCM and N,
at 980 SCCM are flown in to the chamber where the capacitive coupling between the electrodes excites
the gases into plasma, which induces a chemical reaction and results in SizN,deposited on the substrate.
The substrate, which is placed on the grounded electrode, is heated to 300°C. In comparison, CVD
requires much higher temperatures, in the range of 600°C to 800°C, such high temperature cannot be used

in our process as it will damage the aluminum strip.

When the SizN, is deposited at high frequency of 13.6 MHz it is not dense enough consequently creating
a tensile stress (Figure.24).When the SisN, is deposited at low frequency of kHz the ion can react and
bombard the sample and create a denser layer consequently creating a compressive stress. The stress can
result in cracks in the device and scattering losses. We have used both frequencies in our deposition
process. Each cycle was composed of 25 seconds of high frequency deposition and 20 second of low
frequency deposition. The second step compensates the stress caused by the previous step for the purpose

of achieving a low stress layer.



Tensile stress

Compressive stress

Figure.24 Tensile and compressive stress examples

Next, the metal mask defining the optical structure consisting of the LR-DLSPPW, the input/output
photonic waveguides and a 100um length tapered couplers was patterned using standard lift-off procedure
of 120 nm thick aluminum. Finally, we used reactive ion etching (RIE (CORIAL)) to etch the SisN,, SiO,
and Si. Etching is achieved by introducing reactive gasses to strong RF field. The RF field ionizes the
gases creating ions and free electrons. The electron oscillates in the chamber and hit the sample and the
sidewalls. Due to absorption of electron, the surface starts to accumulate negative charge, the positive
ions then drift to the surface and bombard the sample. The combination of chemical reaction with the
sample and the physical bombarding of the sample, at a nearly vertical angle, results in an anisotropic
etching. In order to etch the Si3N4 we ionized 100 SCCM of CHF;, 8 SCCM of 02 and 2 SCCM of He
using 170 [watt] RF powers. In order to etch the SiO, we ionized 100 SCCM of CHF;, 4 SCCM of O, and
2 SCCM of He using 170 [watt] RF powers. In order to etch the Si we ionized 10 SCCM of CHF;, 25
SCCM of SFg and 5 SCCM of He using 65 [watt] RF powers. To achieve optimal results the device is
fabricated in the middle of the chip, and thus we need to cut the chip around the beginning of the tapered

waveguide structure. Unfortunately, the sawing procedure may result in a rough facet (Figure.25).



Figure.25 SEM images of the sawed tapers

To verify the quality of the fabrication process we captured a scanning-electron microscope (SEM) image
of a typical cross section of LR-DLSPPW prior the metal etching, as shown in Figure.26. One can
observe the nice profile of the silicon nitride. Yet, the oxide and the silicon etch should be further
optimized.

Figure.26 SEM image of the LR-DLSPPW with highlighted different material layers.



5. Measurements

5.1 Measurement setup

In order to measure the device we used the setup that can be seen in Figure.27

NSOM head

Patch cord PM fibers

Laser source and power meter

Figure.27 measurement setup

Light generated by a tunable laser (Agilent 81680A), with wavelength range of 1460nm to 1580nm and
maximum power of 6dBm, is launched into the waveguides using a polarization maintaining lensed
fiber with a mode size of 2.5um.The light from the output facet of the waveguide was collected with a
similar fiber and detected by an InGaAs photodetector (Agilent 81634A), with wavelength range of
800nm to 1650 nm and with power range of 10dBm to -80dBm. The device is mounted on a vacuum
chuck holder for mechanical stability. Optimization of the coupling was done using two 3 axes
translation stages, which the lensed fibers are placed upon, simply by looking for maximum
transmission. After optimum coupling is achieved the NSOM tip is placed on the waveguide and we
can start taking NSOM measurements. .Unfortunately, the NSOM signal is typically not strong,
especially in this case where the majority of the mode is placed in the oxide, far away from the NSOM



probe. As previously mentioned, in order to enhance the input signal we have used an EDFA and in

order to separate our signal from the noise we used a lock in amplifier.

5.2 Loss measurements

To characterize the propagation loss of the device we have fabricated several devices with different
lengths, and launched a TM (out of plane) polarized light generated by a diode laser operating in the 1.54-
1.56pum wavelength regime. The light was launched into the waveguides using a polarization maintaining
lensed fiber with a mode size of 2.5um. Similarly, light was collected from the output facet of the
waveguide by another tapered fiber and detected by an InGaAs photodetector (HP 81634A). To remove
the effect of Fabry-Perot oscillations (Figure.28), each measurement was performed by scanning the
above mentioned wavelength range and extracting the mean value of transmission. Furthermore, in order
to differentiate between inherent absorption losses (occurred in the metal strip) and additional losses that
originate from absorption and scattering by the silicon nitride rib waveguide and were neglected in the
simulation, we have repeated the same measurement using a reference sample consisting of a similar
structure, albeit without the metal layer. The measured transmission results for the two sets of samples are

presented in fig.26.We added a 10 dB error bar due to rough and crooked cutting of the tapers.
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Figure.29 a) input -output ratio for devices with different length without the metal strip, b) Input-
output ratio for devices with different length with the metal strip, c) schematic of the
measured devices.

Before discussing the loss of the actual plasmonic device, we should consider the loss of the reference
sample, i.e., without metal, shown in fig.26 (b). By performing a linear fit to the measured data, we found
the propagation loss of this structure to be ~ 2 dB/mm. The reason for the relatively high loss becomes
clear by observing the rib surface (Figure.30), in which noticeable surface roughness is evident. We
measured the amplitude of the surface roughness to be in the range of 20-40 nm. Indeed, a propagation
loss of ~2db/mm is an acceptable number for such values of roughness, as calculated e.g. by Payne and
Lacey [49].
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Figure.30 SEM image of the side walls of the LR-DLSPPW

After establishing the origin of propagation loss in the reference sample, we can now analyze the
propagation loss in the plasmonic sample. For a given waveguide length 2L, each sample consists of a
hybrid plasmonic waveguide of length L which is butt coupled to a reference waveguide of length L.
Thus, we first subtract the loss (2 dB/mm) of the reference waveguide. The remaining loss is that of the
plasmonic waveguide. This obtained loss is presented in Figure.29 (a) as a function of the waveguide
length L. By performing a linear fit to the obtained data the propagation loss of the hybrid plasmonic
waveguide was found to be ~6db/mm. Keeping in mind that ~2dB/mm loss is originated from the surface
roughness of the dielectric structure, we conclude that the loss originated from the damping in the metal is
in the order of 4dB/mm, i.e. corresponding to a propagation length of about 0.7 mm. Comparing to our
computer simulations (Figure.20), such a value of propagation length can be explained, e.g. by a ~50 nm
misalignment of the Al strip with respect to the nitride ridge. Other reasons can be related to roughness in
the Al strip, slight deviation in the thickness of the oxide layer, or combination of all the above. In order
to improve the propagation length of the waveguide we should reduce the roughness. The high roughness
can be reduced by optimizing the etching process by changing the RF power and gas ratio. The roughness

can also be reduced by smoothing the metal mask.



5.3 NSOM measurements

Finally, in order to confirm that our waveguide supports two modes, we performed near-field scanning
optical microscopy measurement (NSOM, Nanonics MultiView 4000), in which our metal-coated NSOM
probe, with aperture of 250 nm, scanned the top of the hybrid plasmonic waveguide.Figure.31(a) presents
a near field optical intensity distribution on top of the silicon nitride (256x256 pixels). The obtained result
shows a clear trace of interference between the two modes, as evident by the periodic structure along the
propagation direction. The periodicity was measured to be ~5.5 micros, corresponding to a difference of
0.28 in the effective index of the two modes. This is in excellent agreement with the predicted effective
index values of 1.78 and 1.5 as can be seen in the mode propagation simulation and the good fit to the
NSOM cross section (Figure.31(c)).

{c)

Figure.31 a) NSOM image b) mode propagation simulation c) NSOM cross section

As previously mentioned, the loss of the two modes is very different.According to our simulations the
first mode has an effective index of 1.78+i-5-10° and the second has an effective index of 1.5+i-8-10™.

As a result,the contrast of the beating decays as the modes propagte along the waveguide.



6. Results Discussion

Our measured device shows losses of ~60dB/cm (~0.7 mm PL). Taking in to account only the ohmic
losses we reach a propagation loss of only 40db/cm (~1mm PL). Yet, these value is not as good as the
optimum results of 2.5 PL (17dB/cm), predicted by the computer simulations (Figure.20). If we consider
the fact that a 15-30 nm misalignment between the metal and the rib can result in 4-15 dB/cm losses and
that a 10 nm misalignment in the tox can result in 20dB/cm losses, our results are acceptable. It should be
noticed that all the simulation assumes smooth metal surface which is not always the case and additional
metal roughness can result in more losses. Furthermore, the simulation assumes text blood values for the
metal permittivity, whereas in reality the metal loss is typically higher. This parameter can be checked
separately, e.g. using elipsometry. The losses can be reduced by optimizing the fabrication process and
reducing the roughness. Optimization can be achieved by modifying the etching process or smoothing of
the metal mask.

7.Conclusion

In summary, we designed, simulated and experimentally demonstrated the fabrication and the
measurements of a CMOS compatible LR-DLSPPW. We characterized the propagation length of the
device and found it to be ~ 0.7mm. Owing to its promising characteristics of easy contact reach and good
propagation length, the LR-DLSPPW can potentially become an important building block in future on-

chip optoelectronic circuitry.

8. Future work

Our upcoming goals are to design, to fabricate and to characterize a thermo optic modulator based on the
inherent ability to apply a current in the metal strip of the device, consequently heating the dielectric
waveguide and change its effective refractive index. The phase modulator can be used in amplitude
modulators such as Mach-zender and ring resonator. Another promising applications of plasmonic
waveguide platform, is to perform an all optical modulation using 780nmFemtosecond pulsed laser
illuminating the waveguide, resulting in an increase of the free carrier concentration inside the aluminum

strip and the silicon. We want to illuminate the waveguide from the top, exploiting the fact that SisN, is



transparent at780nm wavelength, allowing to illuminate the Al and the silicon. It should be mentioned
that there are two opposite effects in play, the increase of the free carrier concentration inside the
aluminum will result in the amplification of the SPP [30-31] while the increase of the free carrier

concentration inside the silicon will result in higher losses for the photons.
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