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ABSTRACT

Lithium niobate presents a good choice for integrated optics in optical communications
and networks applications. Titanium diffused waveguides in lithium niobate are low loss
and have a high coupling efficiency with single mode optical fibers at 1.55um

wavelength.

Lithium niobate has also been extensively used to fabricate modulators owing to its high
electro-optic coefficients. The modulators fabricated in lithium niobate suffer primarily
from large device footprint which makes it difficult to integrate variety of devices on a

single chip.

To help overcome this limitation, two device design configurations for electro-
absorption modulation is studied. The first architecture consists of a stack of Indium Tin
Oxide (ITO)/SIO,/Au films on the lithium niobate waveguide. The second device
configuration also consists of ITO/SiO,/Au stack but includes an additional extended
TiO; film over the waveguide. TiO, film having a refractive index higher than lithium
niobate shifts the optical field towards the surface of the waveguide. This helps to

enhance light matter interaction with ITO which serves as the active material.

Simulation of the device architecture predicts 5.24dB extinction ratio for the first
configuration on a 100um device length, and 3.75dB extinction ratio for the second
architecture with a 20pm modulator length. These are highest reported extinction ratio in

lithium niobate based modulators for such a small device footprint.
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CHAPTER |

INTRODUCTION

1.1 Motivation

The ever increasing demand for higher rate data transmission has made photonics one of
the foremost choices. The inherent capability of light to support terahertz regime
bandwidths is a highly desirable characteristic. A communications system basically has
three main components namely transmitter, signal processing unit and a receiver. In case
of optical communication system a coherent light source such as a laser typically acts as
a transmitter, and a photo-detector acts as a receiver. Signal processing units can have
variety of functions like modulation, wavelength selection etc. Digital transmission
requires conversion of data from analog domain to digital domain which in turn requires

a modulation mechanism.

Varieties of device architecture have been proposed in literature and are commercially
available which can modulate an incoming light signal both in phase and intensity. Most
of the commercially available devices have a very large footprint which limits the
integration density of devices on a single chip. Thus, in order to enhance the
functionality of photonic integrated circuits there is a need to integrate more and more

devices on a single chip. This can only be accomplished if the size of each device can be



reduced significantly. Currently, only few integrated optical devices can be integrated on

a single chip and thus restricting optical signal processing capabilities.

1.2 Lithium Niobate Modulators

Lithium niobate modulators have provided an excellent means for external modulation
mechanism. One of the main advantages is that lithium niobate technology is well
established and provides stable operation over a wide temperature range. Moreover
lithium niobate based devices have a very efficient coupling with optical fibers which
makes it a suitable technology for optical communications [1]. Most modulators in
lithium niobate can be classified as

1) Mach-Zender Interferometer (MZI) type.

2) Directional Coupler kind.

In case of MZI type devices, an incident optical signal is split into two arms and then
combined back as shown in Fig. 1.1. Electro-optic property of lithium niobate allows

modifying the phase of optical signal in each arm by applying electric field across it.

Lithium niobate modulators are commercially available in packaged forms, both as
intensity modulators and phase modulators. The performance of these modulators has
been optimized for telecommunications wavelength. They are typically available with
10GHz 3dB bandwidth and optical loss of the order of 3-4dB. The RF drive voltage for

these modulators is typically in the range of 4-6V.

Although, performance of modulators in lithium niobate is good but the device footprint

is too large to integrate multiple devices on a single chip. Electro-optic properties of



lithium niobate makes it one of the best choices to fabricate integrated optical circuits.
Lithium niobate is a preferred material because many other active and passive devices
can be fabricated on lithium niobate. Phase modulators, polarization converters, intensity

modulators, couplers etc. have all been demonstrated on lithium niobate.

Ti Dif
Chann
Waveguide

Fig.1.1. MZI based electro optic modulator.



1.3 Plasmonic Modulators

Recent advances have seen a rising interest in plasmonic modulators. Plasmonics can fill
the gap between the size of modern day electronics and photonics as surface plasmon
polaritons are very tightly confined. They also enable to overcome diffraction limit and
thus, it’s a way forward for developing a new generation of nano-scale devices with

ultrafast response time.

As modulators form one of the very basic components in active optical circuitry, it
becomes paramount to explore the architecture of these devices. Indium tin oxide (ITO)
has recently emerged as a potential candidate to be used in electro-optic modulators. The
refractive index of ITO can be tuned by applying electric field across it. The applied
electric field induces accumulation of free charge carriers which in turn is responsible
for the change in refractive index. Recent study has shown that the refractive index can
be changed substantially [2]. Highly tunable refractive index offers the possibility of

using ITO as an active material in optical phase and intensity modulators.

ITO permittivity can be tuned in such a way that the real part of the permittivity
approaches zero. This state has been called epsilon near zero (ENZ). Experimental
results have shown that modulation is very effective around ENZ regime. Apart from
ITO, other materials such as Aluminum zinc oxide (AZO) also exhibit tunability of

refractive index with applied voltage bias.
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Fig. 1.2 Modulator configuration reported by A.P. Vasudev et al. [4] Reprinted by
permission from “Electro-optical modulation of a silicon waveguide with an
“epsilon near-zero” material,” by A. P. Vasudev, J. Kang, J. Park, X. Liu &
M.L. Brongersma, 2013, Optics Express 21, 26387-26397., Copyright 2013
by Optical Society of America.

Recently, few research groups have reported plasmonic based modulators but very few
have experimentally demonstrated actual device operation. Moreover, most of the
devices are on silicon substrate. Plasmonic modulators are predominantly of two types of
architectures. One of the architectures is based on metal-oxide-semiconductor (MOS)
stack, which is a hybrid plasmonic-photonic architecture. The second type is metal-
insulator-metal (MIM) structure. The MOS type devices are easy to fabricate and
integrate with silicon ridge waveguides. Their size is also comparable to silicon
waveguide and thus insertion loss is relatively low. Whereas, in MIM type of design

insertion loss is very high as coupling from photonic mode to a plasmonic mode is very



inefficient. MIM structures can confine light at nanometer scale and could show a very

high extinction ratio and thus enables modulators with nanometer scale size.

(@) (b)

Fig. 1.3 Modulator proposed by Melikyan et al. [5] (a) MIM configuration (b) Proof of
principle configuration. Reprinted by permission from “Surface plasmon
polariton absorption modulator,” by A. Melikyan, N. Lindenmann, S. Walheim,
P. Leufke, S. Ulrich, J. Ye, P. Vincze, H. Hahn, T. Schimmel, C. Koos, W.
Freude, and J. Leuthold, 2011, Opt. Express 19, 8855-8869., Copyright 2011
by Optical Society of America.

Atwater and group demonstrated unity order index change in ITO for visible wavelength
in case of MOS structure [3]. Ellipsometric measurement showed that an accumulation
layer of about 5nm in thickness was formed under a voltage bias. A.P. Vasudev et al.
proposed MOS design as illustrated in Fig. 1.2, based on silicon on insulator waveguide
with HfO, and ITO films [4]. A proof of principle experimental demonstration was
reported by Melikyan et al. [5]. Although, the architecture proposed was an MIM

configuration, the proof of principle experiment was demonstrated on a silicon nanowire



with multilayer stack of silicon nitride, ITO and silver. The proposed configuration and
proof of principle configuration can be seen in Fig. 1.3. The extinction ratio achieved in
this experiment was very low (~1.5x107 dB) [5]. Sorger group experimentally
demonstrated a modulator design as depicted in Fig. 1.4. The device structure is
integrated with a silicon ridge waveguide where an extinction ratio of 1dB/um was
achieved [2]. Babicheva et al. analytically discussed few modulator architectures based
in transparent conductive oxides [6]. Performance of various investigated modulator

architectures is presented in Table 1.

Fig. 1.4 Modulator integrated with SOI waveguide proposed by Sorger group [2].
Reprinted by permission from “Ultra-compact silicon nanophotonic modulator
with broadband response,” by V. J. Sorger, N. D. Lanzillotti-Kimura, R. M.
Ma, and X. Zhang, 2012, Nanophotonics, 1, 17-22., Copyright 2012 by Walter
De Gruyter.



] Extinction Insertion Loss Reference
Device Type )
Ratio (dB/um) (dB/um)
Hybrid plasmonic waveguide 1 0.04 2
Si ridge waveguide (HfO,/ITO) 0.11 0.003 4
Ag/ITO/SIO,/Ag, MIM plasmonic 0.5 Not reported 5
Plasmonic (ITO patterned layer) 3.2 0.8 6

Table 1: Performance of various reported modulator architectures.

1.4 Organization of the Thesis

This thesis is divided into 4 chapters. Chapter 1 introduces the topic and discusses the
recent research that has been conducted in the field of plasmonic modulators. Chapter 2
describes the theoretical background of waveguides. It includes discussions on the Eigen
mode analysis of planar and rectangular waveguides. Chapter 3 contains design and
modeling for the devices examined in this investigation. It describes in detail two
proposed device architectures and their analysis. Chapter 4 provides a summary of the

thesis.




CHAPTER II

THEORETICAL BACKGROUND

In this chapter the principal of Eigen modal analysis for various waveguide
configurations is outlined. Analytical methods for slab waveguides, diffused waveguides

and rectangular waveguides are described in detail.

2.1 Modal Analysis

Optical waveguides are the main element of any integrated optical circuit. Light waves
travel in waveguides in the form of modes which can be determined by solving

Maxwell’s equations using relevant boundary conditions. Maxwell’s equations are as

follows [7]
VXE = oH 2.1
- .uo at ( . )
VXH=]+ oF 2.2
_] SO at ( . )
V.D=p (2.3)
V.B=0 (2.4)

where E is electric field intensity vector, H is magnetic intensity field vector, J is the

current density, p is free charge density, u, and &, are magnetic permeability and electric



permittivity of free space, respectively, B and D represent magnetic and electric flux

density vectors. J and p are zero for most cases in optics as the material considered are

predominantly dielectric in nature and free of sources.

(2.5)

(2.6)

with ¢ and u being the material permittivity and permeability, respectively. Taking curl

of equation (2.1), yields the wave equation for the electric field vector. The resultant

wave equation is expressed by the following

V2E = —0%E
~ M
Similarly, we can write
V2l — —0%’H
- e

As a general solution, the electric field and magnetic field can be written as
E = E,exp(j k.r)exp(jwt)
H = H,exp(j k.r)exp(jowt)

where k is the wave propagation vector, with a magnitude

e

10

2.7)

(2.8)

(2.9)

(2.10)

(2.11)



2.2 Dielectric Slab Waveguide

The simplest optical waveguide is a planar slab waveguide as shown in Fig. 2.1. It
consists of a guiding layer of a higher refractive index, n;, than the substrate on lower
side (ns) and the cladding layer above it (n¢). Since, the waveguide is infinite in y
direction, there will be no spatial variation for the fields along y axis. For propagation
along z- axis, electric and magnetic field will vary along x-axis. Refractive indices of the

material are chosen to fulfill the following condition.

ng >ng >ng.

Cladding nc X
ﬁ —p»
d Guiding layer n; /

Substrate ns

Fig. 2.1 Dielectric slab waveguide structure.

There can be two possible polarizations, namely transverse electric (TE) and transverse

magnetic (TM). The transverse electric wave equation can be written in a scalar form as

11



VZE, = kZnlE, (2.12)

0%E
—— = (kini—p?)E, (2.13)

where g is the longitudinal phase constant along the direction of propagation of the
optical wave. The wave equation (2.13) can be solved using boundary conditions to

obtain the electric field distribution, which can be expressed by the following

I{ Aexp(—qx)
q .
E,(x) = 4 A [cos(hx) — Esm(hx)] (2.14)
LA [cos(hd) — %sin(hd)] exp[p(x + d)]

q =+ B? —nZki (2.15)

h= /n]%kg — B2 (2.16)

p =+ B?—n2kZ . (2.17)
Continuity of tangential components of electric field and magnetic field yields the
following Eigen value equation

h(p +q)

tan(hd) = =g

(2.18)

12



The Eigen value equation is a transcendental equation which can be solved numerically
or graphically. Graphical representation of the left hand side (LHS) and the right hand
side (RHS) of the equation is shown in Fig. 2.2, and reveal the presence of various

possible modes. The field distribution for the first two modes is illustrated in Fig. 2.3.

tan(hd)
LHS)

Fig. 2.2 Eigen value equation graphical plot.

13



Similarly, for the case of TM polarization, the obtained Eigen value equation is

n¢  n?
hGEp +-5q)
tan(hd) = —2 — < . (2.19)

2 f
h o, P4

cladding

Fig. 2.3 Field distribution of first two TE modes in a slab waveguide.

14



2.3 Planar Graded Index Waveguides

Diffused waveguides exhibit graded index distribution, where the refractive index varies
with depth. Most of the analyses are similar to step index waveguides as discussed in the
previous section. There are subtle differences as the boundaries in graded index
waveguides are not well defined. Thus, the refractive index is represented by a

continuous function n(x) which varies continuously between n; and ns.

Cladding nc

1 A
. ¢ nec e >n(x )

5 J n(x)

Q

Fig. 2.4 Graded index planar waveguide.

Exact analysis of waveguides having arbitrary refractive index distribution is unlikely.
Due to lack of distinct boundary between guiding film and substrate, turning points of a
propagating mode are defined. A turning point is similar to the distinct boundary in case
of step index waveguide as the mode field distribution beyond the turning point decays
exponentially. The field variation in x can be written in a similar way like the step index

waveguide, as [7] [8]

hon (%) = ke (x) = Jn%x)kg — Bm” (2.20)

15



hy,(x) = ko\/nz(x) - ng}fz : (2.21)

Turning point divides the waveguide into three regions to the right and left to the turning
point. In the vicinity of the turning point it is called a transition zone. The field
expressions far away from the turning point decay in a similar fashion to the slab

waveguide.
At the turning point

hy(x) = 0 (2.22)
and in the transition zone

An(x)

n(x) = ngpr + (x — x¢) o (2.23)
2
An(x) 5

k,(x) =k, [neff + (x —x¢) T] — Meff . (2.24)

For (x-x;)<< 1 equation 2.24 reduces to

An(x) 2
k,(x) = k,|2(x— xt)A—xneff . (2.25)
By writing

xf = x, + lim 6x (2.26)

~ 5x-0

16



equation (2.25), reduces to

1
N : An(x) z
ky(x{) = koaljlcr_r)l0 [—26x . neff] = jbk, (2.27)
1
_ : An(x) 2
k,(x7) = koal}fllo [—26xTneff] = 0k, . (2.28)

This shows that a phase shift of —m/2 occurs at the turning point. The Eigen value

integral for graded index waveguide, can be expressed as

3

0
2
2 j_xt kOJnZ(x) — Mgy dx = <2m +§)n (2.29)

with ngt, as the effective index of guided mode, and m designates the mode. If the

graded index waveguide have two turning points and no clear boundary. then Eigen

value integral is given as follows

Xt 1
f ko\/nz(x) — ng’}fzdx = (m + E) T (2.30)
_x;

2.4 Rectangular Waveguides

Rectangular waveguides are widely used in integrated optics. They can confine the light
in both directions across its cross-section. Highest refractive index region forms the core
of the waveguide. It is surrounded by lower refractive index regions on all sides. There
are several types of rectangular optical waveguides namely channel waveguide, buried

waveguide, rib waveguide and ridge waveguide as can be seen in Fig. 2.5.

17



Cladding

Cladding

e

(b)

Cladding

(© (d)

Fig. 2.5 Rectangular waveguides configuration (a) Rib waveguide (b) Ridge waveguide
(c) Diffused channel waveguide  (d) Buried waveguide.
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In this section, an analytical method to analyze rectangular waveguides proposed by
E.A.J. Marcatili is described [9]. For a rectangular waveguide as shown in Fig. 2.6,
assuming a weakly guiding condition and ignoring the fields in the corner regions, the
scalar wave equation can be written in general form as follows

0*Y(x,y) | 0*P(x,y)
0x? dy?

+ (%k2 = B )P (x,y) =0 . (2.31)

n2

< b >

Fig. 2.6 Rectangular waveguide cross section.

Using the product solution approach,

P, y) = X()Y(y) (2.32)

19



equation (2.31) can be expressed as

XII YII
<= —n;%k2 + B?% — + = —h2 . (2.33)
Similarly,
Y” 21,2 2 2 — 12
7 = —ni ko + ﬁ +hx = hy (234)
B2 =n,’ki—hZ—hZ . (2.35)

As per Marcatili’s method, a 3-D waveguide can be analyzed as the combination of two
2-D waveguides. As shown in the previous sections, the field in guiding region is
oscillatory, but it decays exponentially in surrounding regions. The field distribution in
the corner regions is ignored in this analysis based on the assumption of being very weak
to cause any significant contribution in the analysis of field distribution. The field

distribution inside the guiding region can then be written as
Y1 = C; cos(hex + @) cos(hyy + @) (2.36)
where ¢y and gy are the phase parameters.

Expressions for the field variation in each region can be defined, and by applying

boundary conditions the transverse wave vectors could be determined.

Y, = Cycos(hyy + ) 72+ (2.37)

20



Y3 =C3 cos(hyy + <py) eV (2.38)
Py = C4 cos(hyx + @) e V20~D) (2.39)
Ys = Cs cos(h,x + @) eVs? (2.40)

where y; are transverse wavenumbers, and subscript j identifies the region. The various

parameters Cj, ¢j, ¥, hx and hy which are related by the following equations

V.2 =h? + B2 —kZn} (2.41)
ys2 =h,® + B2 — k2 n} (2.42)
ya® = h’ + B> — ki nj (2.43)
ys? = hy’ + B2 — k3 nd (2.44)

can be determined using the boundary conditions along horizontal and vertical
interfaces. The boundary conditions yield the final Eigen value equations. The modes in
the rectangular waveguides can be designated as E* and E¥ modes. E* modes can be
considered as TE polarized for waveguide thickness ‘b’ and TM polarized with

waveguide thickness ‘a’. Thus Eigen value equations can be expressed as

hy ()/4 + VS)

(2.45)
hy? = YaVs

tan(hyb) =

21



2 2

hy (n% Y2 + n3 V3)

tan(h,a) = > (2.46)
x2 - n21113 Y2Y3
The phase parameters are given by following equations
nZ h,
tan(p,) = ——— 2.47
Px 27 (2.47)
Vs
tan(¢,) = - (2.48)
y

Similarly, EY modes can be considered as TE polarized for waveguide thickness ‘a’ and

TM polarized with waveguide thickness ‘4°. Eigen value equations can be described as

2

hy (5 2V5+ V4)
tan(hyb) = - o — (2.49)
hy" — e VsYs

h +
tan(h,a) = M (2.50)
hy™ —v3Y2
and phase parameters are given by,
nth
tan(<py) = ——i—y (2.51)
nivs
tan(gy) = —Z—B . (2.52)
X

22



These equations can then be solved to find the mode field distribution. Field profiles for

first two EX and E¥ modes are shown in Fig. 2.7.

y(um)
y(Hm)

y(Km)

y(um)

(©) (d)

Fig. 2.7 Mode field profiles in rectangular waveguide for (a) Eq* mode (b) E1¢* mode (c)
Eoo’ mode (d) E1¢” mode.
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CHAPTER IlI

DEVICE ARCHITECTURE AND SIMULATION

The goal of this effort is to develop an efficient electro-absorption modulator in lithium
niobate. Modeling of the titanium diffused lithium niobate waveguides is discussed in
detail in section 3.1. The proposed device architectures are described in section 3.2.
Modeling of the optical properties of ITO which acts as an active material in the device
is covered in section 3.3. Coupling to the TiO, film which is an important aspect in the
proposed device operation is presented in section 3.4. Finally, the results and device

performance are detailed out in section 3.5.

3.1 Diffused Channel Waveguide Modeling

Optical waveguides in lithium niobate (LN) are predominantly formed by titanium in-
diffusion. To begin with, a titanium film is deposited over a certain width on lithium
niobate substrate. The width and thickness of the film define the modes that the
waveguide will allow. The sample is then kept at elevated temperature of around a
1000°C for several hours. Heating facilitates the thermal diffusion of titanium atoms into

the lithium niobate substrate to form a diffused channel waveguide.

Thus, the formed waveguide shows a graded index distribution with refractive index

variation along both lateral direction and depth. In order to model the phenomenon, the

24



diffused titanium atom concentration variation is described in terms of spatial

coordinates [10], [11].

The refractive index change is brought about by the diffusion of titanium atoms.
Concentration profile can be described based on the diffusion model. Using c(x,z) for the
titanium concentration profile in lithium niobate for a given set of coordinate axes as

shown in Fig. 3.1, it can be defined using following set of equations

c(x,2) = cof (2)g(x) (3.1)
=5t el (-3 e
o= o) =

where ¢, is surface concentration, w is the width of waveguide Dy, D, are diffusion

lengths along horizontal and vertical directions, respectively.

The concentration profile can further be used to estimate the refractive index profile in
the diffused waveguide. The overall Ti diffused channel waveguide refractive index can

then be expressed as

Noe(Ax,2) =Ny e(1) + Angy (4, x,2) (3.4)

Noe(Z) 1S the bulk LN refractive index at the operating wavelength 4, and Ange(4,x,z) IS
the induced refractive index change due to titanium in-diffusion. Subscript ‘0’ represents

ordinary refractive index and ‘e’ denotes extra-ordinary refractive index.

25



Ti Diffused
Channel <
Waveguide

Fig. 3.1 Ti diffused channel waveguide in lithium niobate substrate.

The ordinary and extra-ordinary refractive index of lithium niobate depends on the

operating wavelength and can be computed using Sellemeier’s dispersion equations [12].

0.11768

2 _ _ _ 2

n2 = 4.9048 0IE — 0.027169 1 (3.5)
2 = 4582 0.099169 0.02195 A2 3.6
e = % 0.044432 — 12 ' (3:6)
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The induced refractive index changes are given by the product of dispersion factor and

distribution function which depends on the titanium concentration profile [11]

Ang (A, x,2) = dye(Dhyo(x,2) . (3.7)

The dispersion factor for ordinary and extra-ordinary refractive indices are given by

different equations as described below

4 0.6712 18
0 A2 —-0.13 (38)
() = 0.83942 -
€ A%2 —0.0645 (39)

The distribution function is given by
h,.(x,z) = (Fo,ec(x, Z))Yo,e (3.10)

where F, is the distribution constant and y, e is the power distribution factor . Typically,

Fo=1.3x10%° cm?, Fe=1.2x10"% cm?®, y,=0.55, y.=1 for titanium diffusion in LN.

Another important parameter which defines the refractive index profile of the diffused
waveguide is the thickness of the deposited titanium film before diffusion. Film
thickness ¢’ and width ‘w’, shown in Fig. 3.2, dictates the number of modes a
waveguide can support. The surface concentration constant ‘C,* and Ti film thickness ‘t’,

can be related by the following equations

t C,
VD,

(3.11)

o
Q
I
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C, = (3.12)

where p and A are the density and the atomic mass of titanium respectively, and Na is the

Avogadro number (p = 4.51 glcm®, A = 47.9 g/mol, C, = 5.67 - 10 cm).

<V

R

LiNbO;

Fig. 3.2 Cross sectional view of diffused channel waveguide with titanium film.

The diffusion lengths (vertical and lateral) depend upon the temperature at which the
diffusion is being carried out and the time required for diffusion [13]. Thus they can be

defined as follows,

(3.13)

(3.14)



where 7 is the diffusion time, T is the temperature at which diffusion is carried out, D,°
and Dy’ are the diffusion constant in vertical and lateral directions, T, is the temperature
coefficient (T, is typically of the order of 2.9 x 10* K). Diffusion constant is specific to a
given substrate, dopant and axis of the crystal. Since lithium niobate is anisotropic, the

values of diffusion coefficient along lateral and vertical directions are different.

It is evident from the above analysis that titanium concentration profile is a Gaussian
function with depth. Refractive index profile along the depth depends on the power
distribution factor as well. Fig. 3.3 illustrates the refractive index changes and profile for

an X-cut lithium niobate substrate and y propagating ordinary wave.
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Fig. 3.3 Refractive index change due to Ti diffusion (a) along depth (b) along lateral
direction (c) 2-D profile.
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3.2 Proposed Modulator Architecture

In this section, two modulator architectures integrated with a Ti diffused lithium niobate
waveguide are described. ITO is used as an active material for modulation. Refractive
index of ITO changes in the presence of electric field owing to increased free charge

carriers density. Thus, it can be effectively used for electro-absorption modulation.

Architecture 1 as depicted in Fig. 3.4 consists of a stack of ITO, SiO, and Au deposited
over the diffused waveguide. SiO, film provides insulation and thus forms a metal oxide
semiconductor (MOS) capacitor. ITO and SiO; films are 10nm each and Au acts as a
gate, with electric field applied between Au and ITO. A device based on this architecture
is very easy to fabricate but it suffers from low modulation. Mode size in titanium
diffused waveguides is of the order of 7-8um, which leads to low light matter interaction

with the active material [14].

Change in material refractive index doesn’t necessarily ensure high modulation
efficiency. For efficient modulation, a large change in effective index of the propagating
mode is required. This requires a well confined modal field near the surface of
waveguide and a strong light matter interaction (LMI) of the mode with ITO. Although,
Ti diffused waveguides are one of the best choices for optical communications as they
have very low loss and very high coupling efficiency with optical fiber, their large modal
size becomes a major challenge to achieve strong LMI with ITO, thus leading to low

modulation efficiency.
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A novel alternative configuration (Architecture 2) for enhancing LMI is also proposed,
which can overcome this limiting factor and produce high modulation efficiency. The
modulator design is simple and easy to integrate with titanium diffused waveguides on
lithium niobate. It consists of a stack of ITO/SiO,/Au and includes a TiO, film extended
partially over the waveguide. The film thickness for TiO, over ITO is 350nm and over
the rest of waveguide is 380nm. ITO, SiO, and Au are 10nm thick each, L;=20um and
L,= 65um as shown in Fig. 3.5. ITO acts as the active material and the added TiO, film
enhances the light matter interaction for the propagating mode. Au is used as an
electrode to provide electric field across the stack with ITO serving as a ground terminal.
ITO changes refractive index under application of voltage bias across the stack, similar
to Architecturel. A detailed description of the optical properties of ITO is given in later

sections.

Since, without a high LMI, an efficient modulator is not possible. TiO, film is employed
to enhance LMI. TiO; has a higher refractive index than the overall refractive index of
titanium diffused channel waveguide. Thus, TiO; film which is deposited over the
waveguide will shift the optical field closer to the surface of the waveguide. Thickness
of the film is optimized to achieve high field density near the surface of the waveguide.
Due to the introduction of the TiO, film, effective mode index changes occur and thus
the coupling length becomes an important parameter. Placement of the modulator
structure (ITO/SiO,/Au stack) with respect to the TiO, film will depend on the coupling

length. An optimized placement will give the best performance.
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Since the modulator structure is on the surface of the titanium diffused waveguide, only
TM mode will interact with ITO and exhibit optical intensity modulation. TE mode will
show minimal interaction. Thus, analysis of only the TM mode is discussed for device
performance in later sections. The coupling characteristics of the waveguide mode with

TiO, film will be detailed in section 3.4.

Ti Diffused
Channel
Waveguide

Fig. 3.4 Architecture 1: Modulator configuration integrated with Ti diffused waveguide.
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Fig. 3.5 Architecture 2 modulator configuration (a) Perspective view (b) Cross sectional
view.
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3.3 Optical Properties of Indium Tin Oxide (ITO)

Recent research suggests the potential benefits ITO offers for use in active photonic
devices. It has unique electro-optic properties which are highly tunable. Atwater and
group have showed experimentally that refractive index of ITO can show a unity order
refractive index change by applying sufficient voltage bias [3]. ITO can also function in
epsilon near zero (ENZ) regime, which makes it an attractive choice to be used for

electro-optic modulators.

As the refractive index of ITO can be tuned, it can effectively be used to change the
effective mode index of the propagating mode. It has the possibility of using it for both
optical intensity and phase modulators. The permittivity of the ITO can be tuned by
changing the free charge carriers concentration by means of applying a voltage bias. The
deposition conditions can also be altered to get a desired initial carriers concentration.

Permittivity of ITO can be effectively described using the Drude model [4]

2

P
€=, ,— — 3.15
w? + iwy (315)
2 — ne” 3.16

where €,= 3.9 is the high frequency dielectric constant, y= 1.8x 10* is the electron
scattering rate, ey, is the plasma frequency, and w is the frequency of light. m*= 0.35 me
is the electron effective mass, n, e, €, are the free carriers density, fundamental charge

and the permittivity of free space, respectively. The plots in Fig. 3.6 illustrate the
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permittivity and refractive index variation of the ITO as predicted by the Drude model

with free charge carriers density as a parameter.
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Fig. 3.6 Optical properties of ITO as a function of wavelength (a) Permittivity real part
(b) Permittivity imaginary part (c) Refractive index real part (d) Refractive
index imaginary part.
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Fig. 3.7 ITO refractive index vs. carriers concentration.

The device architectures described in previous sections are designed to operate at
telecommunications wavelength (1.55um). Fig. 3.7 illustrates refractive index variation
(real and imaginary part) with free change carriers density for 1.55um wavelength. ITO
films can be integrated with a diffused waveguide type device design and it is possible to
achieve optical intensity modulation. However, it is not necessary that modulation will
be very efficient but it can be significantly enhanced by the careful design of device
architecture. The device design should be such that with the change in refractive index of
ITO, effective mode index of the propagating mode can also be changed significantly.
This requires very high light matter interaction of propagating mode with ITO or else
there will be a minimal change. In case of plasmonic and slot waveguides, light can be

confined in a sub-wavelength region and thus achieve high optical intensity modulation.
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The proposed alternative device design configuration (Architecture 2) presented in this

investigation is aimed at enhancing the mode field response.

3.4 Coupling to TiO;

Hybrid waveguide (Ti Diffused and TiO; film) as shown in Fig. 3.8, was simulated using
the finite difference time domain (FDTD) algorithm (Lumerical FDTD solutions).
Refractive index of TiO, film is larger than the overall index of Ti diffused waveguide
[15]. This enables shifting the electric field of the guided optical mode towards the
surface of the waveguide. After maximum coupling from Ti diffused waveguide to
hybrid waveguide, the optical field of the guided mode appears predominantly near the

surface.

7um
«— >

-

LiNbO;

Fig. 3.8 Cross section of the hybrid TiO, and Ti diffused waveguide.

As such, the TiO, film enables higher interaction between the optical field and ITO film
and ultimately improves the modulation efficiency of the device. Fig. 3.9 shows the
power coupling from Ti diffused waveguide to 380 nm TiO; film. Due to the coupling

characteristics of the hybrid waveguide, positioning of the modulator layered stack
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becomes a relevant parameter. The effect of TiO, film on the propagating guided mode
saturates after traversing 65um of travel length. This makes it an optimized position to
integrate the modulator with the waveguide. Since, field density in the hybrid waveguide
is highest at the surface of LN; ITO/SiO,/Au stack should be placed right above the

surface of Ti diffused waveguide as in the case of Architecture 2.
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Fig. 3.9 Electric field distribution for LN-TiO, hybrid waveguide with propagation
distance (a) lateral cross-section (b) at LN waveguide surface.
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3.5 Results and Discussion

The optical intensity is modulated by changing the free carriers concentration in ITO
under applied voltage bias. The applied voltage induces an accumulation of free charge
carriers at the SiO,-ITO interface which in turn changes the effective index of the

propagating mode.

Firstly, the performance of modulator architecture without TiO, film (Architecture 1) as
depicted in Fig. 3.4 is discussed. TM polarized light is launched into the Ti diffused LN
waveguide which excites fundamental TM mode, as illustrated in Fig. 3.10. The TM
mode then interacts with the modulator stack. Modal analysis for the modulator
configuration is carried out to search for an optimized performance of the device. The
modes of modulator stack are observed for the maximum and the minimum absorption

with varying accumulated charge carriers density as the parameter.

X (um)

-14 -9 -4 1 6 11
z (um)

Fig. 3.10 Fundamental TM mode of Ti diffused waveguide.
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ON and OFF states of the modulator were identified where the modulator shows the
maximum difference between modal absorption. ON state of the modulator is when the
modal absorption is the minimum and optical intensity is the maximum at the output.
OFF state corresponds to the maximum modal absorption and minimum optical intensity
at the output end of the waveguide. The accumulated charge carriers density

corresponding to ON and OFF states for both device architectures is illustrated in Fig.

3.11.
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Fig. 3.11 Charge carriers concentration corresponding to the ON and the OFF states for
Architecture 1 and Architecture 2.
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ON state of Architecture 1 corresponds to accumulation charge density of 9.1x10%/cm®
and OFF state corresponds to charge density of 3.4 x 10%/cm® The mode field
distributions corresponding to ON and OFF state of the modulator structure are shown in
Fig. 3.12. Eigen mode analysis shows modal absorption of 0.05dB/um in the OFF state
and the ON state practically shows zero absorption. The mode size in lithium niobate
waveguide is of the order of 6-7um, limiting the interaction of the propagating mode
with ITO. This leads to low extinction ratio in case of Architecture 1. Device
configuration corresponding to Architecture 1 was simulated with modulator
(ITO/SIO,/Au stack) length being 100um. The extinction ratio predicted by the
simulation was 5.24dB which is consistent with the Eigen mode analysis. The
modulation efficiency in this configuration is low, and for 3dB modulation depth the

modulator length will have to be of the order of 60um.

To overcome this deficiency, Architecture 2 was proposed which enhances the
interaction of propagating mode with ITO. Eigen mode analysis of this device structure
(Architecture 2) reveals that a change in carrier concentration from 1.6x10" to
6.7x10%°/cm® corresponds to the maximum modulation depth. ON and OFF state field
distribution profiles are shown in Fig. 3.13. OFF state occurs at epsilon near zero (ENZ)
point and the mode excited is a hybrid photonic-plasmonic mode. The maximum optical
field density in the OFF state occurs in ITO accumulation layer region which accounts

for the high absorption of the propagating mode.
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Fig. 3.12 Field profile for Modulator Architecture 1 (a) OFF state (b) ON state.
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Fig. 3.13 Field profile for Modulator Architecture 2 (a) OFF state (b) ON state.
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Absorption in the ON state is practically negligible because ITO acts as a lossless
dielectric. In ON state maximum optical field density occurs in SiO, region and the
optical field appears predominantly in the LN waveguide region, thus exhibiting very
low propagation loss. Simulation of modulator (ITO/SiO,/Au stack) of length 20pum was
carried out and it predicted an extinction ratio of 3.75dB, which is a significant

improvement over Architecture 1.

Another important performance parameter is the insertion loss of the modulator.
Insertion loss primarily arises from the propagation loss in ON state of the modulator.
Propagation loss is estimated to be 0.03dB and 0.04dB for Architecture 1 and

Architecture 2, respectively.

Power coupling efficiency from waveguide to modulator is given by

— 4ﬁ1ﬁ2 IIEIEZ dAlz
1= B+ Bo)? [IELIZ dA [|E;|? dA

(3.17)

where £ and £, are propagation phase constants, E; and E; are electric field distributions
in waveguide and modulator respectively and dA is the differential area element.
Coupling efficiency for Architecture 1 is estimated to be approximately 99%, and 64%
between hybrid waveguide and modulator for Architecture 2. The device performance of

both device architectures is summarized in Table 2.
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Architecture 1 (100pm)

Architecture 2 (20pm)

Insertion loss

0.03dB

0.04 dB

Extinction ratio

5.24 dB (0.05 dB/um)

3.75 dB (0.19 dB/um)

Coupling efficiency

99%

64%

Table 2: Performance comparison between Architecture 1 and Architecture 2.
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CHAPTER IV

CONCLUSION

Photonics provides most effective means for high data rate communications. One of the
major devices for communications is the modulator. Lithium niobate is used frequently
for developing electro-optic modulators owing to its high electro-optic coefficients and
compatibility with optical fiber. Although, the present lithium niobate modulators are

very effective, they suffer from a large device footprint of the order of few millimeters.

The main objective of this thesis was to propose and investigate novel modulator
architecture that can substantially reduce the device footprint. This was done following
reported approaches of tunable plasmonic materials, ITO in this case. ITO owing to its
high tunability of refractive index and ability to support plasmonic modes makes it a
viable choice. In this investigation, ITO is used in an MOS configuration to make a
modulator structure. One of the architectures proposed has stack of ITO, SiO, and Au
over a Ti diffused waveguide. This configuration has a shortcoming because of limited
interaction of the waveguide mode with ITO. To overcome this shortcoming
‘Architecture 2’ was proposed. Architecture 2 had an added TiO, film over the stack.
TiO, having an overall index greater than the lithium niobate waveguide causes the

mode to shift towards the surface of the waveguide and lead to increased LMI with ITO.
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Mode analysis and FDTD analysis shows that Architecture 1 yields extinction ratio of
0.05dB/um whereas Architecture 2 shows extinction ration of 0.19dB/um. This indicates

that inclusion of TiO; film enhances the modulator performance.

The results presented in this thesis lay the groundwork for developing plasmonic based
modulators in lithium niobate. This work can be easily expanded to develop hybrid
architecture consisting of tunable refractive index properties of lithium niobate and ITO

to achieve better performing modulators and reduce the device footprint significantly.
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