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Abstract

Silicon-organic hybrid (SOH) modulators [1] offer fast and efficient electro-optic modulation
with very small footprints. Traditional SOH modulators suffer from bandwidth limitation
due to the higher RC time constant that originates from the resistive coupling of the
RF signal. In the current thesis, we propose a new modulator concept establishing a
capacitive coupling of the RF signal as opposed to the resistive one in the conventional
SOH modulators and hence the name capacitively coupled SOH (CC-SOH) modulator. A
high-x dielectric, BaTiOs is characterized in optical and in RF regime and later used to
design capacitively coupled SOH modulator. The fabicated CCSOH is characterized to
have a flat frequency response up to 65 GHz indicating that the 3-dB bandwidth is at least
3 times higher than the SOH modulators.
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Chapter 1
Introduction

Data traffic is growing exponentially in communication networks across the world. Fiber
optic communication networks currently handle more than 50% of the traffic form the back-
bone for global communication. To keep up with the current demands, it is imperative to
increase the capacity of the optical communication links [2]. One of the key elements that
decides the data rate of a fiber-optic link is an electro-optic (EO) modulator that encodes

the digital bit stream onto an optical signal [3,4].

Modern electro-optic modulators exploit second-order nonlinearities of different electro-
optic materials. Nonlinear crystalline materials like di-deuterium phosphate (KD*P) [5,6],
potassium titanyl phosphate (KTP) [7], lithium niobate (LiNbOs3) [8] etc. are used to
fabricate different electro-optic modulators. Due to poor electro-optic properties of these
materials, these modulators have large footprints and are bulky [9, 10]. Such modulators
are not still commercially available in smaller size sand are difficult to co-integrate them
with electronics which is completely built on silicon. Hence silicon photonics has gained
great interest in the recent years which allows a seamless integration of optics and elec-

tronics on the same platform.

Different EO effects such as the Kerr effect & the Franz-Keldysh effect are poor in sil-
icon and the Pockels effect is absent in bulk silicon [11]. Silicon modulators based on the
plasma dispersion effect, by which both the real and the imaginary parts of the refract-
ive index could be manipulated by changing the free career concentration are used for
optical modulation [12]. These modulators are known as the carrier accumulation mod-

ulators (well known as the p-n modulators). The p-n modulator is CMOS compatible
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and a good candidate to make photonic-electronic co-integration possible. However, the
signal is distorted during the modulation due the amplitude-phase coupling. Moreover,
these modulators consume relatively high amount of energy (~5000 £J/bit) [13]. So a new

architecture of silicon modulator was needed to be introduced.

Stronger EO properties have been observed in engineered organic polymers [14, 15] which
opened new possibilities for the electro-optic modulation in silicon photonics. Silicon-
organic hybrid (SOH) [16] and plasmonic-organic hybrid (POH) [17] modulators have been
already demonstrated using different EO polymers. Though the POH modulators have
higher modulation bandwidth, the SOH modulators show better performance in terms of
power efficiency and insertion loss [18]. But the SOH modulators suffer from bandwidth
limitation for the RC time constant which results from the resistive coupling of the RF
signal [19,20]. Though the bandwidth can be enhanced significantly by applying a very
high gate voltage [21], this might not be a feasible solution in practice. So this master
thesis aims on a new architecture of SOH modulator, named as the capacitively coupled
SOH (CC-SOH) modulator, which is expected to improve its bandwidth significantly.

This thesis is organized in several chapters. In Chapter 2, the concept of SOH modu-
lators that forms the basis for the new architecture of CC-SOH is presented. Additionally,
this chapter contains a literature review on the thin films with high dielectric constant
(high-x) material (BaTiO3) and the dielectric constant extraction process. Chapter 3 ex-
plains the sputtering of BaT'tOs thin films and shows experimental results of the optical
& RF characterization of the sputtered BaT'iO3 thin films. Afterwards, the optical & RF
simulations for designing the CC-SOH modulators and the device fabrication procedure
is presented in Chapter 4. Later on, the transmission measurements and the bandwidth

measurements of the fabricated modulators is presented in Chapter 5.




Chapter 2

Theoretical Background

The chapter starts with Section 2.1 which briefly discuss the second order nonlinearit-
ies required for EO modulation. An overview of the SOH modulator and its bandwidth
limitations is explained in Section 2.2. Afterwards, the operating principle of CC-SOH
modulator is explained in Section 2.3. A short literature review on the BaT'iOs thin films,
which is used as a high-x dielectric, is presented in Section 2.4. Finally, the theory of

dielectric constant extraction procedure of these thin films is discussed in Section 2.5.

2.1 Nonlinear Optics and EO Effects

The SOH modulators modulate the light exploiting the Pockels effect in highly nonlinear
EO chromophores. The field of nonlinear optics has to be explained in order to understand
the background of the thesis. The linear & nonlinear polarization, the Pockels effect and
the principles of EO modulation have been discussed briefly in this section. For a detailed
description of nonlinear optics and the EO effects in optical media, the reader is suggested
to go through the textbook of R. W. Boyd [22].

2.1.1 Linear and Nonlinear Polarization

When an electromagnetic wave with a time and space dependent electric field E(r,t)
propagates through an optical medium, the bound charges in the medium (nuclei and

the electrons) gets separated slightly. This induces a local electric dipole moment. Then

3
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the electric field displacement, D(r,t) can be defined as,

D(r,t) = ¢E(r,t) + P(r,t) (2.1)

The vacuum permittivity is ¢g = 8.854 x 107!2 As/Vm. P(r,t) is the time dependent
electric polarization which is actually the response of the optical medium as a result of the
electromagnetic wave propagation through it. The relation between E(r,t) and P(r,t) can

be expresses by a Volterra series.

P(r,1) = e / (.t — )E(r,t)at’
0
+€0// t —t,,t —t”) : E(r7t,)E(r7t//)dtldt”
0 0 (2.2)
T €0 / / / r,t —t',t ="t —t")E(, t)E(r, t")E(r, t")dt' dt" dt"
0O 0 O
+ ..

The possible temporal memory effects of the nonlinear optical medium is described by the
causal influence function, X(”)(t’ 7, - t)) which is known as the electric susceptibility
tensor of rank n+1. Due to causality, X(”) (/" - "))y =0fort', '), ™) < 0 which is also
confirmed by the lower boundaries of Equation 2.2. The electric susceptibility with rank 2,
K(l) is normally several orders of magnitude than the higher order electric susceptibilities.

Hence the polarization term can be split into two parts, P(r,t) can be defined as,
P(r,t) = PY(r,t) + PNV (r, ) (2.3)

The linear polarization and the nonlinear polarizations take the form of Equation 2.4 and

2.5 respectively.

PL(r ) — e / W) (e, — ¢YB(x, )dt (2.4)
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PN (r, 1) ZP(”)(r t)
n=2
= € / /X(2)<r’t _ t/,t . t//) : E(I‘, t/)E(I', t”)dt/dt//
" (2.5)
o [ [ [0ttt B OB B ¢
0O 0 O
+ ..

Since the background of the thesis stands on the second order nonlinearity, P (r,t), from
now the discussion will be restricted to the second order nonlinear effects (X(”) = 0 for
n > 2). Considering that the input electric field has a frequency spectrum composed of
discrete angular frequencies wy, ws, ..., w, the Fourier transform of Equation 2.5 (only for

second order nonlinearity) becomes [22],

PP (wp+wim) =0 D D X (@n + s W, i) B (wn) B (W) (2.6)
jk (nm)

For the sake of readability, the spatial dependence has been eliminated in the quantities of
Equation 2.6. Y® is the second order nonlinear electric susceptibility. The notation (nm)
means that, the summation over the indices n and m includes only those sets of frequencies
Wn, Wy Which result in a frequency w, + w,,. The indices i, j, k = 1,2,3 indicate the three

orthogonal coordinates of the nonlinear optical medium.

2.1.2 Pockels Effect

The Pockels effect is a special type of second-order nonlinear effect. This is the linear
EQO effect which denotes the change of refractive index of the optical medium by means of
applying a slowly varying electric field. The applied electric field is supposed to be slowly
varying when it has a sufficiently low frequency, w,, (couple of tens or hundreds of GHz)
than the high frequency (w.) optical carrier field (the optical communication frequency of
~ 193 THz). Then the change of refractive index occurs due to the interaction of the low
frequency applied electric filed and the high frequency optical field in a material having a

X® tensor. Then Equation 2.6 can be re-written as,

PP (we 4 wn & w,) = 26 Z )NCEJQ; (We + Wnn; Wey Win ) B (we) B (wm) (2.7)
ik
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The factor of 2 in Equation 2.7 comes as a result of the permutation symmetry of the input

electric fields. This causes a permutation symmetry of the susceptibility tensor.

T (e + W We, W) = Ko (@e + W Wiy we) (28)

Applying the Einstein notation for sums and using the Equation 2.7 the electric field

displacement, D;(w,) spectrum can be written as,
D; (we) = €0 ((52-]- + )?Z(.]l.)(wc)) + 260)?5,1(% + Wi Wey wm)Ej(wC)Ek(wm) (2.9)
d;; is known as the Kronecker delta.

1, ifi=y
5 = / (2.10)
0, otherwise
The low frequency applied electric field dependent electric permittivity of the second order
nonlinear optical medium can be defined as,

QFWM%+%y+aﬁEm%»:m@w+Aqm (2.11)

The change of permittivity of the nonlinear optical medium upon applying a low frequency
electric field,Ae, ;; is,

Ae, = 2 Ey(win) (2.12)
A special case is considered for the Equation 2.12 where both the applied low frequency
electric field and the electric field of the optical field are polarized along the axis-3. )Z%)g
is assumed to be the dominant component of the electric permittivity tensor. In such case

the change of permittivity is given by,
A€, = 2052 Es(wp) (2.13)

If the refractive index of the medium before applying the low frequency electric field is n

and the change of the optical medium is An then,
& + Ae, = (n+ An)® =~ n® + 2nlAn (2.14)

Comparing Equation 2.13 and 2.14 the expression for Pockels effect is found.

Ae 55(2) ~
Anp — — — A333 o " 2.15
" 2n n 3(w ) ( )

According to the Equation 2.15, the change of refractive index of the optical medium is

linearly proportional to the low frequency applied electric field. That is why the Pockels

6
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effect is also known as the linear EO effect. The EO coefficient, 7;j; is preferred over the
second order susceptibility tensor, 21(]2,1 while dealing with the EO modulation of the optical

field. The change of the refractive index in terms of EO coefficient matrix is defined by [23],
1 5 =~
A?’Lij = —énomjkEk(wm =~ O) (216)

By comparing the Equation 2.15 and 2.16 a relation between the EO coefficient and the

electric permittivity can be established.

7@
Fije = —2 7;1’“ (2.17)

Considering the permutation symmetry of the input fields, the number of independent

component of 555]2;1 and 7 is reduced to 18 from 27. The tensors 5552;1 and r;;;, are expressed
by contracted notations 5{2(,21) and r;, respectively where,

p

, for jk =11
, for jk =22
, for jk =33

(2.18)
for jk = 23 or 32

for jk =13 or 31
for jk =12 or 21

I B N N A

r

2.1.3 Silicon Slot Waveguide

The conventional waveguides confine the optical field in optical media with higher refractive
indices. Silicon slot waveguide is a special waveguide where the optical field is confined
rather in a low-refractive index medium [24]. A silicon slot waveguide consists of two
silicon rails (Figure 2.1). The gap between the two silicon rails is called the slot which
can be as small as 100 nm. The material in the slot is known as the cladding material
which has a lower refractive index than silicon (n. < ng;). If the normal components of
the electric fields in the silicon rails and the cladding are Eé]lv) and EY) then according to
the boundary condition,

n2,EL) = n2EM) (2.19)

[

From the Equation 2.19 it is clearly visible that, there is an electric field discontinuity at

the silicon-cladding interface. EMN 5> Eéiv) since n. < ng;. S0 a very high electric field

7
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: (c) Slot WG

Polymer  Rails

o

¥ 500 nm
0 ; |

Figure 2.1: Cross-section of silicon slot waveguide [20]

confinement is achieved in the slot region which is also visible in the Figure 2.1. In an
SOH modulator the cladding material is an organic EO polymer exhibiting second order

nonlinearity.

2.1.4 EO Modulation

EO modulators exploit the second order nonlinearity of the optical medium upon applic-
ation of a low frequency (w,,) electric field, E,,. Depending upon the direction of £,
with respect to the direction of propagation of the optical signal, there exist two types
of EO modulators longitudinal modulator and transverse modulator. For a longitudinal
modulator FE,, is applied parallel to the propagation direction of the optical field having a
frequency of w., whereas for the transverse modulator the direction of FE,, is perpendicular
to the propagation direction of the optical field. This section will be restricted to the

discussion of the transverse modulator.

For a transverse modulator shown in Figure 2.2(a) the propagation direction of the optical

field is considered along the z-axis (axis-3). So the field induced refractive index change

8
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.=

BV P

Cross section

(a) (b) v
i Waveguide ///]
nput )
light / e Electrodes 0 /»'
i : o V_/

Modulated
light

Figure 2.2: Transverse EO modulator. (a) Modulation of light propagating in the z-
direction by applying electric field perpendicular to it. (b) A phase modulator [25]

can be given by,
1

An = —§n2r33Em (2.20)
The corresponding phase shift, A® accumulated along the propagation distance, L can be
expressed by,
T

3 n3rss By, L (2.21)

1 1w,
AD = —koAnL = ndrssEpkoL = §w—nir33EmL -
C

The modulating electric field F,, depends upon the externally applied voltage, V' and the
separation between the electrodes, d (Figure 2.2(a)).

v
E, =— 2.22
- (222)
This leads to a half-wave voltage, V,,
d A\
Vie=——— 2.23
L 7127"33 ( )

Since this modulator is changing the phase of the optical field, it is called a phase modulator
(Figure 2.2(b)).

2.2 Silicon-Organic Hybrid (SOH) Electro-optic Mod-

ulator

The silicon-organic hybrid (SOH) platform is a powerful technology where silicon photonics

is combined with organic polymers to perform electro-optic modulation. The SOH platform

9
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(a) | | Upoling
] EO Organic Cladding

T : E= Upulingftzwslot)

s G | =1 ¥ 5 | =1 l . G, |
| - i — e
Sio, RF=Fisld Metal —
K : Uga e
7 Si Substrate "
(b) EO Organic Cladding 1
Stripload
% au

Optical E, Field

RF E,Field

Figure 2.3: (a) Cross-section of a SOH Mach-Zehnder modulator, (b) optical field, (¢) RF
electric field [20]

has been successfully used to fabricate phase modulator [26], Mach-Zehnder modulator [27]
and optical IQ modulator [28]. In this section, the working principle of SOH electro-optic

modulator and its bandwidth limitations will be discussed.

2.2.1 Working Principle

The SOH modulator relies on CMOS technology for fabricating silicon slot waveguides and
exploits nonlinear organic material in the slot region. The cross-sectional view of an SOH
Mach-Zehnder electro-optic modulator is shown in Figure 2.3(a). Figure 2.3(b) clearly
shows that the optical field confined within the slot region where the organic electro-optic
material is deposited by spin coating. The RF electric filed is fed through a coplanar
waveguide. The RF field is coupled to the slot region by the silicon striploads (n* Si).
Normally the dipoles of the organic material are randomly oriented. So a poling field has

to be applied to orient the dipoles to a desired direction with respect to the applied mod-

10
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ulating field in order to maximize the electro-optic response.

The phase shift of the optical field confined within the slot in one arm of the SOH MZM
after applying an RF electric field, F,, having an angular frequency, w,, can be expressed
by Equation 2.24.

1 1w, s
A(I) = §n%or33FslotEmk0L = §?n%OT33FSZOtEmL = )\—n%ory,gfslotEmL (224)

ngo is the refractive index of the organic EO polymer and I'y,; is the field interaction

factor.

ceongo [[ | Eg, |? dody
Dslot

Tyor = (2.25)

“+00

JJ Re[Eo(w,y) x Hi(x,y)].c.dedy

Here, Ej , is the x-component of the optical field. In Equation 2.25, the area integral of the
numerator extends only over the slot region Dy, and the denominator is the area integral
of the real part of the poynting vector over the whole surface normal to the propagation
direction of the optical signal. If the slot width is wg,; and the external applied voltage is
V then,

Ad = __n%OTBSFslotL (226)
Then half-wave voltage, resulting in a phase shift of w, V} is,

Acwslot

V, = (2.27)

3
NEo T33FslotL

This is the expression for the V. for a phase modulator. The orientation of the dipoles the
direction of the applied RF filed are same in the left arm and are opposite in the right arm
of the SOH MZM. As a consequence, the phase shifts of the optical fields in the two arms of
the SOH MZM will hold opposite signs. Thus by a push-pull mechanism the electro-optic

modulation is performed. For an MZM the V, becomes half of the phase modulator.

)\cwslot

v, (2.28)

= 3—
2nEOTSZSFslotL

2.2.2 Bandwidth Limitation of SOH Modulator

The performance of an SOH modulator highly depends on the overlap of the optical field
and the modulation electric field (RF field) in the organic electro-optic material. As de-

scribed in Section 2.2.1, in the SOH modulator the optical field is confined in a narrow slot

11
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filled with organic electro-optic material and the confinement of the optical field depends
upon the refractive index contrast of the silicon waveguide. The confinement of the RF
field depends on the resistive coupling of the silicon rails through the doped silicon slabs.
The finite conductance of the doped silicon slabs combined with the slot capacitance (Fig-
ure 2.3(c)) limit the bandwidth of the SOH modulator (fssp o< 1/RC). The resistances
(R/2) and the capacitance (C) in the equivalent circuit come from the silicon striploads
and electro-optic organic material respectively. For these reasons, this modulator might
also be called as Resistively Coupled SOH Modulator.

2.3 Capacitively Coupled SOH (CC-SOH) Electro-optic
Modulator

To overcome the bandwidth limitations of the conventional SOH modulator as explained in
Section 2.2, a new coupling concept has been presented in the current work which replaces
the resistive coupling of the RF field through a capacitively coupled RF field. This can be
done by replacing the silicon slabs of the conventional SOH (resistively coupled) modulator
by high-x dielectric material. The new modulator is named as capacitively coupled SOH
(CC-SOH) modulator. The cross-section of a CC-SOH Mach-Zehnder modulator is shown
in Figure 2.4(a).

Silimilar to an SOH modulator, a CC-SOH modulator has a silicon slot waveguide fab-
ricated on SOI platform. The buried oxide (Si03) layer and the organic electro-optic
material define the lower cladding and the upper cladding respectively. Each silicon slot
waveguide that form a Mach-Zehnder modulator is positioned between metal electrodes
arranged in a ground-signal-ground (GSG) configuration. The high-x material thin films
are deposited in the gap between the electrodes and the rails that form the silicon slot
waveguides. The high-x material has to be chosen in such a way that, it has a very high
dielectric constant at microwave frequency range (0.3-300 GHz) but has refractive indices
lower than silicon core (silicon rails) at wavelengths around 1550 nm. The refractive index
contrast at the interface of silicon and EO polymer causes electric field discontinuity of
the hybrid TE mode leading to a E-field enhancement that is confined within slot (Figure
2.4(b)). If we consider the whole arrangement as lumped components then the high-x ma-
terial thin film will lead to a capacitance Cj;gp—,, and the EO polymer in the slot will lead

to another capacitance Cy; (Figure 2.4(c)). If the material has sufficiently high dielectric
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Figure 2.4: (a) Cross-section of a CC-SOH Mach-Zehnder modulator, (b) optical field, (c)
RF electric field

constant at RF frequencies then Cp;g,—, can be neglected which will maximize the RF
electric field intensity in the slot. Thus the bandwidth of the modulator can be improved
significantly.

13
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Figure 2.5: BaT'iOj3 crystals, (a) Cubic lattice & (b) Tetragonal lattice

2.4 Choice of High-+x Dielectric Material

As discussed in section 2.3, a thin film of a material will be needed which has a very high
dielectric constant in the microwave frequencies. The material should also have a lower
refractive index at 1550 nm wavelength than silicon to fulfil the guiding mode condition of
slot waveguide. For the current work Barium Titanate, BaTiO3 (BTO) has been used as a
high-x dielectric material. In this section, the characteristics of BaTiO3 will be discussed

briefly.

2.4.1 Barium Titanate (BaTiO;)

Thin films of Barium Titanate (BaT'iO3 or BTO) have received enormous attention in re-
cent years for its uses in capacitors and its ferroelectric [29], piezoelectric [30] and EO [31]
properties. BTO is a fundamental perovskite oxide with high dielectric constant and low
loss in the microwave frequency regime. So various applications of BTO thin films have

been possible in microelectronics and integrated optics technologies.

The high dielectric constant of BTO basically comes from its crystal structure. Gener-
ally the perovskite structure of BaT'iO5 exists in two crystallographic forms [32] - cubic
lattice (Figure 2.5(a)) and tetragonal lattice (Figure 2.5(a)). Such crystalline thin films
can be deposited by only epitaxial growth [33] or partial epitaxial growth followed by other
deposition method such as, sputtering [34]. These films when grown epitaxially also have

interesting electro-optic properties. BTO thin films can also be deposited by other methods

14
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such as hydrothermal synthesis [35], pulsed lased deposition [36,37] and sputtering [38,39].
Such films are normally distorted crystalline, polycrystalline or amorphous depending on
the deposition conditions. So the dielectric constant and the loss of the thin film vary
depending upon the deposition method and different deposition parameters as well as the
film thickness. The deposition method and the dielectric properties of BT O thin film which

is used in our experiments will be discussed in chapter 3.

2.5 Extraction of Dielectric Constant of Thin Films

Thin films often show different dielectric properties from the bulk materials. Again as men-
tioned in section 2.4, the dielectric constant and the loss of the thin film depends on the
deposition method and deposition parameters. Besides thin films show different dielectric

properties for different thicknesses.

There are a number of methods which can be used to determine the dielectric proper-

ties of a thin film. The most common methods are-

Parallel plate method,
e Transmission line method,

e Transmission free space method and

Resonant cavity method

The parallel plate method uses a parallel plate capacitor where the thin film is sandwiched
between two electrodes (Figure 2.6). This method requires an impedance analyzer. The
dielectric constant is measured from the capacitance measured by the impedance analyzer.
But precision measurements are difficult for high frequencies and low loss materials using
this method because of the measurement errors like the fringing capacitance [10]. So this

method is suitable for low frequencies (lower than 1 GHz).

The transmission line method (Figure 2.7(b)) uses different types of transmission lines
(Figure 2.7(a)) such as slotlines, coplanar waveguides, and microstrips etc. which are
fabricated on top of the thin films. A vector network analyzer (VNA) measures the trans-

mission and reflection of the transmission line which is eventually used to determine the
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Figure 2.6: Parallel plate method
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Figure 2.7: Transmission line method, (a) transmission line (coplanar waveguide), (b) the

setup

dielectric properties of the thin film using different algorithms. The accuracy of measured
dielectric property is not very precise but this method is quite useful for a very broad

frequency range.

The transmission free space method [11] is similar to the transmission line method. This
method uses two antennas and the thin film is placed between them as shown in Figure 2.8.
The transmission and reflection are measured using a VNA and thus dielectric constant is
measured. Similar kind of algorithms which are applied in transmission line method can
be applied to this method as well to calculate the dielectric constant from the transmission

and reflection spectra.

A resonant cavity (Figure 2.9(a)) is used to determine the dielectric constant of a thin

film in the resonant cavity method [12]. If a microwave signal is applied to the cavity a
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Figure 2.8: Transmission free space method
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Figure 2.9: Resonant Cavity Method (a) The cavity and (b) the resonant frequencies of an

empty cavity and a sample loaded cavity

resonance occurs. The resonant frequencies are different for an empty cavity and a sample
loaded cavity. From the quality factors (Figure 2.9(b)) and the difference between the two
resonant frequencies (empty cavity and thin film loaded cavity) the dielectric constant of
the thin film is calculated. The dimensions of the cavity determine the frequency for which
the dielectric constant is calculated. This method is very helpful for precise calculation of
dielectric constant of thin film. But this method is not suitable for broadband frequency

measurement.

2.5.1 Coplanar Waveguide (CPW)

Coplanar Waveguide is a kind of planar transmission line and was invented by Cheng P.
Wen in 1969 [43]. A conventional CPW consists of a center conductor that carries the RF
signal and is sandwiched between a pair of ground conductors, as shown in the Figure 2.10.
The cut-off frequency of the CPW transmission line is given by the width (s) of the signal
conductor, gap (g) between the signal and the ground lines and the dielectric constant of
the substrate on which CPW is fabricated (Figure 2.11) [44].
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Ground planes

Conductor strip

Figure 2.10: Coplanar waveguide structure

Figure 2.11: Cross-sectional view of a CPW

2.5.1.1 Quasi-static Analysis by Conformal Mapping Technique

CPW structure does not support the TEM (Transverse Electromagnetic) mode. In TEM
mode both Electric and Magnetic fields are transverse (perpendicular) to the direction of
propagation. That means, there are nonzero electric and magnetic field components along
the propagation direction for an electromagnetic wave propagating through the CPW.
These modes are known as quasi-TEM modes (hybrid modes) which are good enough to
represent characteristic properties of a CPW. The cross-sectional view of a CPW is shown
in Figure 2.11. The center strip has width of 2s, the gap between center strip & ground
plane is g and the dielectric constant of the substrate is €g. Now with the help of conformal
mapping technique an analytical expression can be derived for effective dielectric constant
of the RF mode and characteristic impedance of the transmission line [45]. In the current
analysis, ground planes are assumed to have infinite width and all the conductors are as-

sumed to have a zero thickness.

The analytical equation is based on partial capacitance technique [46]. The effective

dielectric constant and characteristics impedance of such a structure (Figure 2.11) can
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be expressed by Equation 2.29 and 2.30 respectively [47].
€erf =1+ q(e—1) (2.29)

_ 30 K(K)
c = Jegs K(ho) (2.30)

¢, is called the filling factor (Equation 2.31) and K is the complete elliptical integral of
the first kind (Equation 2.32).

LK (2.31)

M= 9KE) K (ko) '
_ _ 2.32
/0 V1 — k2sin?60 ( )

The factors ko, /{;['), k1 and k’l are given by Equation 2.33, 2.34, 2.35 and 2.36 respectively.

s
S+gq

kg = 1/1 — k2 (2.34)
- smh((s )
smh(

ko =

(2.33)

)) (2.35)
ky =1/1— k2 (2.36)

2.5.1.2 Coplanar Waveguide with Multilayer Substrate

In order to find the dielectric constant of thin film of high-x dielectric deposited on a
substrate, it is important to extend the conformal mapping technique to a multi layer sub-
strate. The cross-sectional view of a CPW structure of with multilayer dielectric is shown

in Figure 2.12.

In Figure 2.12 the layers with dielectric constant ¢; and €5 can be considered as the thin
film of high-x dielectric material and the substrate respectively. The effective permittivity

of such CPW structure is given by [47],

€eff =1+ q(er —€) + qea — 1) (2.37)
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Figure 2.12: Cross-sectional view of a multilayer substrate CPW

Where the filling factors, ¢; and the factors k; & k; are,

0= ( k ko) (2.38)
ky = Smh( p ) (2.39)
ki = /1 — k2 (2.40)

If the substrate consists of n different layers then the equation will be,

eeff—l‘i‘zéb € — €is1) (2.41)

2.5.2 Effective Dielectric Constant from S-parameters

The analytical expression of the effective dielectric constant of CPW as explained ion the
Section 2.5.1 when compared with the measured effective dielectric constant of the fabric-
ated CPW gives the dielectric constant of the high-x dielectric thin film. The following
section elucidates the procedure to calculate the e.¢; of a coplanar waveguide transmission

line from a broadband S-parameter measurement.

At first the S-parameters are converted to ABCD matrix. When the coplanar waveguide is
represented by a two port system and tested in a controlled microwave system (Zy = 50 )
then the relationship between S-parameters and ABCD matrix can be expressed by [18],

1+ 8511 — S —AS

A f—
259

(2.42)
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(1 4+ S11+ Sae + AS)Zy

B = 2.43

(1 — 511 — Soa + AS)
= 2.44
¢ 25212 (244)

(1 — 511 -+ SQQ — AS)
D= 2.45
25, (2.45)

where,

AS = 51152 — S21512 (2.46)

Again, the ABCD matrix can be expressed in terms of complex propagation constant, ~y
and the characteristic impedance of the coplanar waveguide, Z-. The ABCD matrix of a

coplanar waveguide having a length [ is [48],

A B cosh(yl)  Zgsinh(H1)
= | sinh(+l) (2.47)
C D —————=  cosh(yl)
Zc

When Equations 2.42 - 2.47 are combined the expression for complex propagation constant

can be found,

Q2 2 -1
e — {%12?521 + X} (2.48)
where,
1
2 Q2 1 2 2 2Y 5
X — {(Sl]. S21 _2'—52) ( Sll) }2 (249)
21

The real and the imaginary terms of the complex propagation constant, v are known as
the attenuation constant, o and the phase constant, 5. Then the phase constant is used

to express the effective dielectric constant.

y=a+jb (2.50)

2
B = Tw/«feff (251)
If the dielectric permitivitty of the substrate is known then the dielectric permitivitty of

the high-x dielectric thin film can be determined using the Equations 2.41 and 2.51.

2.5.3 Dielectric Loss

The total loss of the coplanar waveguide can also be estimated from the S-parameters.

An estimation of the total loss of a CPW can be extracted from the real part («) of the
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complex propagation constant, 7.

The coplanar waveguide has different types of losses. The most three important losses

are the conductor loss, the dielectric loss and the radiation loss.
a4 =oac+ap+ag (2.52)

Normally, the radiation loss is dominant over 200 GHz of an RF signal. So the radiation

loss, ag is considered to be zero. So the total loss becomes,
oa=ac+ap (2.53)
The conductor loss, a¢ is expressed by [19] Equation 2.54 (in dB/m).
R.b? 1 2ab—a 1 2bb—a
—8.68 d (S ) () 2.54
e 16ZCK2(k)(b2—a2)(an Abvra) 3"\ Abta (2:54)

Here, a, b & A are defined as,

a=s (2.55)
b=s+g (2.56)
t
A = 2.57
4mre™ ( )
R, is the surface resistance of the metal. If the conductivity of the metal is ¢ then,
1
Ry,=— (2.58)
500

0 is the skin depth of the metal which is expressed by,

[ 2
= (2.59)
Whoo ¢

After the calculation of o the dielectric loss, ap can be easily calculated from Equation
2.53. This gives the effective loss tangent (in dB/cm).

ap = 0.91\/e.;r f(GHz)tanbeyy (2.60)

If the losses from the substrate layers are neglected then the loss tangent of the high-x
dielectric thin film can be measured using Equation 2.61 [19]. If the layer-1 of Figure 2.12
is considered as the high-x dielectric thin film then the loss tangent of the high-x thin film

will be,
eefftanéeff

q1€1

(2.61)

tand, =
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Chapter 3

Deposition and Characterization of
High-x Material Thin Film

In this chapter, the deposition technique of high-« thin film and its characterization is dis-
cussed. In current thesis, the use of BTO was investigates as a high-x dielectric material for
the CC-SOH. The dielectric constant of sputtered BTO thin film is ~30 in the microwave
frequencies [50]. The dielectric constant of BTO thin films in the microwave frequencies
are even higher which are grown epitaxially (~500) [51]. In Section 3.1, the deposition
technique of BTO and post deposition annealing process is explained. The optical and the

RF characteristics of these thin films are analyzed in Section 3.2.

3.1 Deposition of BaTiO3; (BTO)

There are a number of techniques to deposit thin films. Some of the deposition techniques
are mentioned in Section 2.4.1. We are mainly relying on a physical thin film deposition
technique - RF magnetron sputtering. As mentioned in the previous chapter, BTO has
been selected as the high-x dielectric material. In this section, the BTO thin film depos-

ition procedure will be discussed.

The BTO thin films are deposited by RF magnetron sputtering on two different substrates
- silicon substrates and silicon substrates with 2 ym thermal oxide. The sputtering facility
of the Institute of Nanotechnology (INT) of Karlsruhe Institute of Technology (KIT) is

used for the depositions.
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Figure 3.1: Schematic diagram of the sputtering setup

A deposition rate of 320 nm/hr is determined for the sputtered film. The film thick-
ness varied within £50 nm of the mean thickness across the length of the 40 mm x 40
mm sample. However, the uniformity of the deposited film can be improved by employing
sample rotation during sputtering. But, in order to fabricate CC-SOH devices, the BTO
films are needed to be lifted-off using a PMMA mask. Sample rotation in this case results
in unwanted sidewall depositions that make the lift-off process difficult. Hence, in order
to keep the process consistent, the samples are always deposited with no smaple rotation.
Instead rotating the sample holder the manipulator rod of the sputtering chamber is ad-
justed to get a better uniformity of the BTO film (Figure 3.2). The BTO films are always
deposited at a constant RF power of 100 W. The base pressure is ~ 1.7 x 10~® mbar and
the working pressure is ~ 5 x 1072 mbar. The sputtering was done in presence of Ar with
a flowrate of 30 scem.

The presence of Oy during BTO sputtering helps maintaining the stoichiometry of BTO
thin film. Since the BTO is sputtered in absence of O; the thin films are stoichiometrically
different. Moreover, high substrate temperature was avoided due to the presence of PMMA
on the actual devices. As a result, the sputtered BTO thin films are amorphous in nature.
The thin films deposited in this way has a low dielectric constant and high dielectric loss.
So post-deposition annealing is done to crystallize the amorphous film. The environment

is in O, in order to also compensate the stoichiometry.
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Figure 3.2: 650 nm BTO thin film (a) as deposited and (b) after annealing at 650 °C for

2 hours with temperature ramp down rate of 31.25 °C/min

Figure 3.3: 650 nm BTO thin film after annealing at 550 °C for 20 mins with temperature

ramp down rate of 2.5 °C/min

The BTO thin film shows polycrystallinity after annealing at a temperature of 650 °C [52].
During the initial tests, 650 nm thick BTO thin that were films deposited on Si substrates
were annealed at 650 °C for 2 hrs with ramp down rate of 31.25 °C/min. As can be seen
in the Figure 3.1(b), the film cracked (Figure 3.2(b)) due to the high thermal expansion
coefficient mismatch between BTO and Si [53]. BTO (~ 10x107% K1) has almost five
times higher thermal expansion coefficient than that of Si (2.6 x107% K™'). For subsequent
annealing procedures, the annealing temperature, the annealing time and the temperature
ramp down rate were reduced to 550 °C, 20 mins and 2.5 °C/min respectively. This im-
proved the annealing process but could not avoid the cracking of the film (Figure 3.3).

In order to ease the stress in the films during annealing, Si substrates with 2 pm SiO2
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Figure 3.4: 650 nm BTO thin film (a) as deposited and (b) after annealing at 650 °C for
20 mins with temperature ramp down rate of 2.5 °C/min

on top are used for further experiments. Si0O, has a higher thermal expansion coefficient
(5.6 x107% k1) than that of Si which is almost half of the thermal expansion coefficient
of BTO. As can be seen in the Figure 3.4 (b), a 300 nm BTO film after annealing for
about 20 min at 650 °C (ramp down rate of 2.5 °C/min) did not show any cracks in the
thin film asserting the fact that the stress in the film is greatly reduced. So later on, BTO
thin films were always deposited on Si substrates passivated with thick SiOs for thin film
characterization purpose.
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3.2 Characterization of High-x Thin Film

The optical and electrical properties of thin films often vary from bulk materials. Addi-
tionally, the properties of the dielectric thin films depend upon the thickness, deposition
technique and the deposition parameters. In this section different characteristics of our
sputter deposited BTO thin films will be presented.

3.2.1 Optical Characterization

The complex refractive indices (optical characteristics) of the thin films were measured
in the cleanroom of the Institute of Microstructure Technology (IMT) of KIT using a
SENTECH SES850 Ellipsometer. The procedure of determining the refractive index from
the data (amplitude component, ¥ and the phase difference, A) measured by an ellipso-
meter is explained in Appendix A. The ellipsometer can measure the ¥ and A values for
a wavelength range of 285-850 nm. To get the ¥ and A values for higher wavelengths
(850-1700 nm) an Agilent Cary 640 FTIR Spectrometer was integrated to the setup. So
we have the refractive indices and extinction coefficients of the thin films for a very broad

optical frequency range.

For BTO the complex refractive index measurement was carried out for thin films of two
different thicknesses (300 nm & 400 nm) which were deposited by sputtering on 2 um
SiO4/Si substrates. The refractive index and the extinction coefficient curves are shown
in Figure 3.5. The refractive index of the 400 nm thick BTO thin film has slightly higher
refractive index than that of BTO thin film of 300 nm thickness. But the extinction coef-
ficients of both films are almost the same. The refractive indices of the thin films (300
nm 400 nm) at a wavelength of 1550 nm are approximately 1.74 1.754 respectively. The
extinction coefficient of both the thin films is around 0.011 at 1550 nm wavelength. Later

these values were used to design the slot waveguides of CC-SOH modulators (Section 4.1.1).

The complex refractive index measurement was also carried out for an annealed BTO
thin films. Figure 3.6 shows that, the refractive index and the extinction coefficient were
almost unchanged after the post deposition annealing of BTO. Both the as deposited and
the annealed thin films shown in Figure 3.6 have a BTO thickness of 400 nm.
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Figure 3.7: Coplanar waveguide structure (a) on bare substrate (optimized to 50 ) and
(b) the BTO thin film

3.2.2 RF Characterization

The BTO thin films were also characterized in the RF regime. As described in Section
2.5, for the RF characterization (complex dielectric constant) of the BTO thin films for a
broad RF microwave frequency range (0-65 GHz) coplanar waveguide structures need to be
fabricated on the BTO thin films. The S-parameters of the coplanar waveguides fabricated
on BTO thin films on Si substrates passivated with 2 pym Si0O, substrates are measured.
From the S-parameters the complex permittivity of BTO is determined. Normally, if the
width of the ground electrode is more than or equal to the width of center (signal) electrode
then the coplanar waveguide can be considered as a conventional coplanar waveguide (with
infinite ground width) [54]. So the ground electrode width was always kept at least 5 times
of the center electrode. The metal (Au) thickness of the coplanar waveguide is around
150 nm and hence the effect of the metal thickness can be ignored in the calculation of
the dielectric constant. But it has to be considered in order to accurately calculate the
dielectric loss (Section 2.5.3). Reference structures with 50 € impedance are designed on
2 pm SiOs on Si using commercially available software CST MWS. The same coplanar
waveguide geometry is fabricated also on BTO thin films so that the influence of unknown
quantities (dielectric constant of substrate etc.) is eliminated by referencing. The cross-
section of the coplanar waveguides on both the bare substrate and the BTO thin film are

shown in Figure 3.7.

Coplanar waveguides of different lengths were fabricated on both as deposited and an-
nealed BTO thin films (both having a thickness of 300 nm). The extracted dielectric
constant curves are shown in Figure 3.8. From Figure 3.8 it can be decided that, the
dielectric constant of the annealed film is slightly better than the as deposited thin films in
the higher frequency region (more than 30 GHz). For higher length of coplanar waveguides
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Figure 3.8: Dielectric constant curves for both as deposited an annealed thin films

the dielectric constant is always lower.

The loss tangents of same film is also extracted using the measured S-parameters. Though
the dielectric constant did not improved too much after the annealing, the loss tangent
showed quite an improvement. Figure 3.9 shows the loss tangents for both the as depos-
ited and the annealed thin films.
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Figure 3.9: Loss tangent curves for both as deposited an annealed thin films
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Chapter 4

Design and Fabrication of CC-SOH
Modulators

After the characterization of the optical and RF properties of BTO thin films the CC-SOH
modulators are designed and fabricated which will be discussed in this chapter. In Section
4.1, the simulations to design a CC-SOH Mach-Zehnder modulator are discussed. The

fabrication steps to realize a CC-SOH modulator is outlined in Section 4.2.

4.1 Simulations

Based on the optical and RF characteristics of the BTO thin films the Mach-Zehnder
modulators are designed using CST MWS. These simulations can be divided into two
sections - optical simulations to design a slot waveguide structure and RF simulations in

order to design a coplanar waveguide transmission line.

4.1.1 Optical Simulations

As presented in the Section 3.2.1, a refractive index of 1.74 (at 1550 nm) is considered for
modeling the BTO thin films in CST. The cross-sectional schematic diagram of the Si slot
waveguide is shown in Figure 4.1 (a). An EO polymer with a refractive index 1.67 fills the
slot between the Si rails and BTO thin films are placed on the other side of the Si rails.

The structural parameters such as hpro, WpTo, Wrei are varied with a fixed wg,; in order

32



CHAPTER 4. DESIGN AND FABRICATION OF CC-SOH MODULATORS
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Figure 4.1: (a) Schematic diagram for Si slot waveguide design. (b) Optical field (|E|)
distribution of a single moded Si slot waveguide with a wg, = 100 nm, wg; = 200 nm,

wpro = 1 pm and hpro = 300 nm

to attain a single mode condition in the slot waveguide structure (Figure 4.1 (b)). The
effective group refractive indices of the fundamental quasi-TE mode within the range of
1500-1600 nm wavelengths must be more than the refractive index of the outer cladding
material (BTO). If the higher order modes have smaller effective group refractive indices

than the refractive index of BTO then the single mode condition is fulfilled.

Sticking to a slot width, wg, of 100 nm, the Si rail width, wg; is optimized for single
mode condition. The simulations are done for different widths (wpro = 0.5-1 pum) and
thicknesses (hpro = 300-500 nm) of BTO thin films. It is observed that, the single mode
(Figure 4.1 (b)) condition is always satisfied for wg; in the range of 160-220 nm. Si rail
width of 200 nm is chosen for the final design. Figure 4.2 shows the effective group re-
fractive indices of the unguided higher order modes of the slot waveguide structure that

are below the refractive index of BTO.

4.1.2 RF Simulations

The next step in the design of CCSOH modulator is the design of a RF transmission
line. As discussed in the previous section, the wgy,; and wg; was fixed to 100 nm and
200 nm respectively. A coplanar waveguide (GSG transmission line) is designed to feed
RF signal to the Mach-Zehnder modulator. Depending upon the BTO thickness (hpro)
& width (wpro) the signal conductor width (wsigna) varies in order to design a 50 €
GSG transmission line. The ground conductor width, wg,ouna is always kept more than
five times of the signal width, ws;gna so that the condition for a conventional coplanar

waveguide with infinite ground width is fulfilled. The RF simulations are done using CST
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Figure 4.2: Effective group refractive index, ng,eff of different modes for a Si slot waveguide

for wye = 100 nm, wg; = 200 nm, wgro = 1 m and hgro = 300 nm

MWS to 50 © transmission lines for different BTO widths (wpro) & thicknesses (hpro).
The same complex dielectric constant of BTO showed in Section 3.2.2 is used for this
optimization purpose. The schematic diagram of such a structure is shown in Figure 4.3.
The change of signal conductor width, ws;gne With respect to the change of BTO width
for different BTO thickness is shown in Figure 4.4 (a). The characteristic impedance, Z¢

of the transmission line having wgro = 1 pum and hgro = 300 nm is shown in Figure 4.4

(b).
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Figure 4.3: Schematic diagram for GSG transmission line optimization for 50 €2
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Figure 4.4: (a) Change of wg;gnu with respect to wpro for different hpro and (b) Z, of an
optimized GSG transmission line

4.2 Fabrication of CC-SOH MZM

The current sections discusses the steps required for fabrication of CC-SOH modulator.

4.2.1 Fabrication Process Flow

The fabrication process flow of the CC-SOH modulators is developed at the Institute
of Microstructure Technology (IMT) and the Institute of Nanotechnology (INT) of KIT.
Electron beam lithography is used for patterning the structures. The fabrication process
involves 4 lithography steps and is shown in Figure 4.5. Gold structures on the corners

of the chip serve as alignment markers between subsequent lithography steps. An SOI
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substrate having a top Si layer of 220 nm and a 2 pm thick buried oxide (Si0s) is used. In
the first lithography step, a positive tone photoresist (PMMA) is spin coated which defines
the regions for partially etched grating couplers. After that, Si layer is etched partially to a
depth of 70 nm by reactive ion etching (RIE). Then PMMA layer is stripped by O, plasma
etching. In the second lithography step, a negative tone photoresist, HSQ is spincoated
followed by the area definition for the Si rails of the slot waveguide. After development of
HSQ in 25% TMAH solution, the top Si layer is completely etched by a Cryo etch process.
In the third lithography step on PMMA mask, 150 nm thick metal layer (Au) is deposited
by thermal evaporation followed by a lift-off process. A final exposure on PMMA defines
the structures in which BTO thin film is sputtered between the Au electrodes and the Si
rails. A final lift-off step after BTO deposition realizes a CC-SOH modulator. The thermal
evaporation of Au and the sputtering of BTO are performed at INT while the rest of the
fabrication processes are carried out at IMT. Thus fabricated device is ready for operation
after spin coating of an EO polymer, which will be discussed in the next chapter (Chapter
5).

4.2.2 Fabricational Challenges in Sputtering

The BTO MZMs are designed for 4 different thicknesses of BTO thin films - 300 nm, 400
nm, 500 nm & 1 um. Some fabrication challenges are faced during the sputtering of BTO.
The BTO target was removed from the sputtering chamber after the deposition of thin
films which was used for the characterization purpose (Section 3.1). So before sputtering
the BTO thin films on the actual devices the deposition rate of the BTO sputtering is
measured and the lift-off experiment of BTO is done again. Two dummy chips with MZM
structures are placed on the sample holder to do the lift-off experiment and at the same
time a test chip (Si substrate) is placed to measure the deposition rate (Figure 4.6). It
is observed that, the deposition rate was 430 nm/hr. This is different from the previous
deposition rate (320 nm/hr). The sputtering is done for 30 min (215 nm of BTO thin film).
A sputtering cycle of 15 min deposition followed by 15 min pause is used to avoid deform-
ation of PMMA mask due to excessive sample heating during the sputtering process. But
the lift-off still failed which is shown in Figure 4.7.

To get a proper lift-off of BTO the film thickness is reduced. The deposition time is
reduced to 5 min maintaining a pause time to 15 min for each cycle. This procedure

resulted in better lift-off process as can be seen in Figure 4.8.
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(b)

Si SiO; PMMA HSQ Au BaTiOs

Figure 4.5: Fabrication process flow of a CC-SOH MZM with BTO as high-K dielectric.
(a) SOI substrate with 220 nm thick device layer. (b) Spincoating of PMMA. (c¢) Definition
of the region for partially etched grating coupler. (d) Partial etch of Si (70 nm) by RIE.
(e) Removal of PMMA by O, plasma etching. (f) Spincoating of HSQ. (g) Definition of
the region for Si rails of the slot waveguide. (h) Complete etch of Si by RIE. (i) Deposition
of Au by thermal evaporation followed by a lift-off process. (j) Deposition of BTO by
sputtering followed by a lift-off process.
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Figure 4.6: (a) Schematic diagram of the sputtering setup and (b) the arrangement of the
chips on the sample holder

Figure 4.7: Failed strip-off of BTO
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Figure 4.8: BTO MZMs having BTO thickness of (a) 50 nm, (b) 100 nm and (c) 150 nm
with proper lift-off
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Chapter 5

Characterization of CC-SOH
Modulators

After fabrication, the CC-SOH MZMs (BTO MZMs) are characterized for transmission
losses before performing modulation experiments. In Section 5.1, the measurements of
optical transmissions of the BTO MZMs with different lengths and different BTO widths
& thicknesses is presented. After that, the BTO MZMs went through the poling procedure
which is described in Section 5.2. Finally, Section 5.3 presents the modulation bandwidth
experiments of BTO MZM devices.

5.1 Optical Transmission Measurements

After the fabrication, 1 um thick PMMA layer was spincoated on the BTO MZMs as a
protective layer. The optical transmission spectra of different BTO MZMs are measured
using the setup shown in Figure 5.1. The light from ANDO AQ4321A tunable laser source
(TLS) is coupled to BTO MZM through an on-chip grating coupler. The polarization of the
incoming light is altered using a polarzation controller to optimize the coupling efficiency
of the on-chip TE grating couplers. The output signal is coupled back to a fiber using
another on-chip grating coupler and the spectrum of the output optical signal is measured
by an ANDO AQG6317 optical spectrum analyzer (OSA).

A false colored SEM image of a BTO MZM with a successful lift-off of BTO is shown

in Figure 5.2 (a). The transmission spectra of such two modulators have been shown in
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Figure 5.1: Transmission experiment setup
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Figure 5.2: (a) SEM image of a BTO MZM with a proper lift-off. (b) Transmission
spectrum of BTO MZMs of different length. The blue curve represents the transmission
spectrum of the modulator BTOMZMG1 C1C B4 (Chip name: BTOMZMG1 C1C; mod-
ulator parameters: length = 0.5 mm, BTO width = 1 pm, BTO thickness = 50 nm). The
red curve represents the transmission spectrum of the modulator BTOMZMG1 C1C D2
(Chip name: BTOMZMG1 C1C; modulator parameters: length = 1.5 mm, BTO width =
2 um, BTO thickness = 50 nm).

Figure 5.2 (b). Better transmission was observed for the modulators having a shorter
length.

The optical signal is carried to the modulator by strip waveguide which has a width of
500 nm. A multi-mode interference (MMI) coupler splits the light equally between the two
arms of the Mach-Zehnder modulator. A strip-to-slot mode converter [55] is needed before
feeding the optical signal to the modulator. After systematic measurements, the insertion
losses from each of the on-chip components is evaluated. The strip waveguide and the slot
waveguide have a loss of 0.7 dB/mm and 7 dB/mm respectively. The grating coupler loss is

shown in Figure 5.3 (a). The measured strip-to-slot mode converter loss and the MMI loss
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Figure 5.3: (a) Grating coupler loss. SEM images of (b) a partially etched grating coupler
and (c) a strip-to-slot mode converter

at 1550 nm wavelength are 1 dB and 0.43 dB respectively. The SEM images of a partially
etched grating coupler and a strip-to-slot mode converter are shown in Figure 5.3 (b) and
5.3 (c) respectively.

5.2 Poling

The electro-optic (EO) polymer is spincoated on the modulators. Yoko-2.1 is used as an
EO polymer which has a glass transition temperature, Tz of 166 °C. Several MZMs are
poled by 3 pin poling procedure (Figure 5.4). A poling voltage, V,ne of 200 V is applied
on each of the arms of a BTO MZM. Two Keysight B2902A precision sources are used
for applying the poling voltage. The highest voltage that can be applied by each precision
source is 210 V and hence higher poling voltages could not be applied. The gap between
the signal conductor and the ground conductor is 2.5 um which gives a poling electric field

of 80 V/um. The peak poling current, I, is observed around 390 nA. The poling curves
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Figure 5.5: V; measurement setup

are shown in Figure 5.6 (a).

The half-wave voltage, V, of the poled modulators is measured using a setup shown in
Figure 5.5. A tunable laser sources couples the light in and out of the BTO MZM using
on-chip grating couplers. A Philips PM5133 function generator is used to generate a trian-
gular signal having a frequency of 1 kHz and a peak to peak voltage, V,, of 20 V which is
applied to the BTO MZM. The modulated optical signal from the BTO MZM goes to an
optical power meter (OPM). Using a digital storage oscilloscope both the input electrical
signal and the modulated signal coming from the output of the OPM are observed. The
V.. of the longest modulator (2 mm) measured is around 11 V (Figure 5.6 (b)) at 1543 nm.
The BTO width and thickness of the modulator are 1 gm and 50 nm respectively.
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Figure 5.6: (a) Poling curves, (b) V; measurement

5.3 Bandwidth Measurement of CC-SOH Modulator

The poled modulator is used for bandwidth measurement. A setup shown in Figure 5.7
is used for the bandwidth measurement. An Anritsu 37397C Vector Network Analyzer
(VNA) is used as a source of RF signal that can generate signals from 40 MHz until 67
GHz. Since the V. of the modulator was comparatively high, the RF signal is amplified by
a Centellax UA1L65VM 3-stage broadband RF Amplifier before feeding it to the modu-
lator. One end of the modulator is fed with an RF signal and the other end is terminated
using a termination impedance, R; = 50 2. The equivalent circuit is shown in Figure 5.9
(a). RF signals in the range of 5-65 GHz is applied at a 5 GHz interval. All the signals
are launched from the VNA with 0 dBm power (only 60 GHz RF signal with 8 dBm and
65 GHz RF signal with 10 dBm). After amplifying with the RF amplifier the RF signals
show different output power for different frequencies which is measured by a power meter
(Figure 5.8). Here, it should be mentioned that, this measured power also considers the
loss in the coaxial cable which connects the RF amplifier with the picoprobe. the loss in
the picoprobe is considered from the datasheet provided by the supplier GGB Industries
Inc. ANDO AQ4321A TLS is used to generate light at of 1547.3 nm which is coupled to
the modulator through a KEOPSYS C-band Erbium Doped Fiber Amplifier (EDFA) and

a polarization controller with an optical power of 18 dBm. Optical carrier signal of 1547.3
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Figure 5.7: Bandwidth measurement setup
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Figure 5.8: (a) Power curve after amplification of the RF amplifier

nm wavelength because of the 3 dB difference from the peak transmission power (Figure
5.1 (b)). The input power of the RF signals with higher frequencies are very low. As a
result, in the higher frequency RF signals the modulated output optical signal have a very
low power as well. So, the output optical signal was amplified again by a Manlight EDFA.
After the amplification, the spectrum of the modulated optical signal is analyzed with an
APEX AP2050 high precision Optical Spectrum Analyzer (OSA) with 20 MHz resolution.

As mentioned before, light is modulated by 5-65 GHz RF signals with an interval of 5
GHz. For each frequency there will be two modulation sidebands at ¢/Appt £ frr. Aopt
= 1547.3 nm and frp is the frequency of the RF signals. The spectrum of all modulated
output optical signals are shown in Figure 5.9 (b) where the modulation sidebands can be

seen clearly until 65 GHz of RF signal. RF frequencies with higher than 65 GHz are not
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Figure 5.9: (a) Equivalent circuit of the BTO MZM, (b) Transmission spectrum of the

modulated optical signal

accessible due the unavailability of the equipment.

The calculated V,; and the rs33 using the transmission spectrum of the modulated optical
signal are shown in Figure 5.10. The calculation procedure of V, and the r33 are discussed
in Appendix C. The V is approximately 13 V over the whole frequency range of the RF
signal which is very close to the value (~11 V) that was measured before. The 733 is around
5 pm/V which is comparatively low. Normally, for SOH devices an r33 of ~90 pm/V is
expected [56]. So, the poling is sub-optimal. This may happen because of insufficient
poling electrical field which is around 80 V/um. But in practice the electric field is even
less. Because the voltage drop across BTO is not considered. Generally, a poling electric
field of ~110 V/um is needed to get r33 of 98 pm/V [57].

Afterwards, the modulation index, m was measured using the spectrum of the modulated
output optical signal which follows the square root of the input power, /P, (Figure 5.11
(a)). The calculation procedure of the modulation index is described in Appendix C. After
normalization to a fixed input power (2 dBm) the modulation index becomes almost flat
with respect to the frequency of the RF signal. This indicates that, the 3 dB bandwidth,
fsap of the BTO MZM is higher than 65 GHz (Figure 5.11 (b)).
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Chapter 6
Summary and Outlook

In this work, the dielectric property determination procedure of a high-K thin film for
broadband microwave frequencies is presented. The optical property of the thin film is
measured using an Ellipsometer. The optical properties and the dielectric properties of
the thin film were used to design a CC-SOH modulator. The modulators having different
dimensions have been fabricated and the bandwidth measurement was done for some fab-
ricated devices. The main goal of this thesis was to enhance the bandwidth of an SOH
modulator. It has been observed that, the 3 dB bandwidth of the modulator is at least 65
GHz which is undoubtedly a very good result.

Nevertheless, there is a lot of room for improvement of the CC-SOH modulator. The
best poling efficiency could not be achieved because of the maximum voltage range of the
precision source (210 V). After performing a perfectly optimized poling process a numerical
value for the 3 dB bandwidth of the fabricated modulator can be measured. The band-
width measurement for a CC-SOH modulator having lower thickness of BaTiOs (50 nm)
was done. But the modulator is supposed to give even better results for higher thickness of
BaTiO3. Therefore, the characterization for CC-SOH modulator having a higher BaT"iO3
thickness has to be conducted. Besides, the dielectric constant extraction procedure has
to be improved so that, the transmission line for feeding the RF signals can be optimized
perfectly for 50 €2. The device capacitances were not estimated yet that is very necessary to
present an analytical model of the CC-SOH model. Additionally, the BaTiO3 sputtering
process was not optimized. This is necessary to avoid the side-wall deposition of BaT7Os.
If the aforementioned steps are taken then indisputably the CC-SOH modulator will be

one of the fastest compact EO modulators.
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Appendix A

Ellipsometry

The optical characteristics (complex refractive index) of a thin film can be investigated by
a technique called Ellipsometry. In this technique the change of polarization is measured
upon reflection or transmission and compared to a model. In our experiments, the reflec-
tion type Ellipsometry was used and the experimental data were compared to Cauchy’s
dispersion equation [58]. The spectroscopic setup which performs ellipsometry is known as

an Ellipsometer.

A.1 Experimental Setup

A schematic setup of an Ellipsometer is shown in Figure A.1. Electromagnetic radiation
is emitted by a tunable light source. The input radiation is linearly polarized which falls
onto the sample. The reflected light passes through an analyzer and finally detected by a

detector.

A.2 Data Acquisition and Analysis

Using the setup described in Figure A.1 the complex reflectance ratio, p is measured. The
reflectance ratio can be expressed by the amplitude component, ¥ and the phase difference,
A. The light incident on the sample is linearly polarized and hence can be decomposed into
two polarization states called s-polarization and p-polarization. The s-polarized oscillates

perpendicular to the plane of incidence and parallel to the sample surface. The p-polarized
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Figure A.1: schematic diagram of Ellipsometer

light oscillates parallel to the plane of incidence. If the normalized reflectances of the s-
polarized and p-polarized lights after reflection are r; and r, respectively then the complex

reflectance ratio is,
p= v _ tan(V)el? (A.1)

Ts

Ellipsometry cannot convert the measured ¥ & A values to the refractive index of a thin
film in the optical frequency range. Generally the measured ¥ & A values are used to fit

to an established model. In our experiments the Cauchy dispersion model [58] was used.

n n

n(\) = no + Co/\—; + clA—j (A.2)
k k

k(A) = ko + Co)\—; + Cl)\—i (A.3)

Here, Cy = 10? & C; = 107 and wavelength, ) is expressed in nm. The ng (ko) value is
a constant and wavelength independent. But n; (k1) and ny (ko) values are wavelength
dependent. Equation A.2 and A.3 defines the refractive index and the extinction coefficient

of the thin film respectively.
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Calculation of Different Optical

Losses

As described in Section 5.1, there are different optical losses before and after the modulator.
These possible losses are the strip waveguide loss, the slot waveguide loss, the grating
coupler loss, the strip-to-slot mode converter loss and the MMI loss. Some loss structures
were fabricated on the same chip while fabricating the BTO MZMs.

B.1 Strip Waveguide Loss, Grating Coupler Loss &
Slot Waveguide Loss

There are strip waveguides of different lengths 250 pym, 500 gm, 1 mm, 3 mm and 5 mm

(Figure B.1 (a)). The strip waveguide having a shorter length should have a lower loss

than that of a longer one. The loss difference between two different strip waveguides is

divided by the consecutive length difference (Equation B.1). The strip waveguide loss is,

. Rstrip(measured),Z - Rstrip(measured),l B
Rstrip,i ( 1)

lstrip,Q - lstrip, 1

Here, Rgpripimeasured),l a0d Rgrip(measured),2 are the losses which are measured for two of
the strip waveguide loss structures with different lengths [strip, 1 and [strip, 2 respectively
(depicted in Figure B.1 (a)). The same thing was done for all possible combinations of strip

waveguides. Then all the correct combinations were averaged to get the strip waveguide
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(a)

(b)

Figure B.1: Loss structures for measuring (a) strip waveguide loss & grating coupler loss

and (b) slot waveguide loss

loss (in dB/mm) accurately (Equation B.2).

R Qi Baripi (B.2)

strip —
P n

The loss, Rstrip(measured) contains the loss from both the strip waveguide and the grating
coupler. So the strip waveguide loss is eliminated from Ry ip(measured) t0 get the grating
coupler losses for different strip waveguide loss structures (Equation B.3). Then these

losses are averaged to get the actual grating coupler loss, RGC (Equation B.4).

RGC,i = Rstrip(measured),i - (lstrip,i X Rstrip) (BS)

" Reca
Ree = —Zlﬂn s (B.4)

There are also some loss structures to measure the slot waveguide loss (Figure B.1 (b)).
There are four different lengths (100 pm, 300 pm, 500 gym and 1 mm) of slot waveguides to
measure the strip waveguide slot. The slot waveguide loss (Rg,;) was calculated exactly in

the same way how the strip waveguide loss was calculated (using Equation B.5 and B.6).

Rslot(measured) 2 Rslot(measured) 1
Rslot,i = (B5)
lslot,Z - lslot,l
n
2 imy Retoi
—1 {lsloti
R = 20000 (B.6)

93



APPENDIX B. CALCULATION OF DIFFERENT OPTICAL LOSSES

(a)
(b)

Figure B.2: Loss structures for measuring (a) strip-to-slot mode converter loss & (b) MMI

loss

B.2 Strip-to-Slot Mode converter Loss & MMI Loss

There are different structures for measuring the strip-to-slot mode converter loss, Rstrip—to—siot
(Figure B.2 (a)). Two strip-to-slot mode converter pairs are connected with a 50 pm
(Ustrip,connect) strip waveguide and each pair of the strip-to-slot mode converters is connec-
ted by a 50 pm (lsot,connect) slot waveguide. So the measured 10oss, Ririp—to—siot(measured)
contains the strip waveguide loss (Rgip), the slot waveguide loss (Rgt) and the grating
coupler loss (Rgc). To get the actual loss for each of the strip-to-slot mode converters these
losses has to be subtracted and divided by the number of strip-to-slot mode converters,
Nstrip—to—siot (Equation B.7). This was done for all the loss structures and averaged to get

the accurate value of Ryip—to—siot (Equation B.8).

Nstrip—to—slot,i
Rstripftofslot(measured),i - ( -1 (lstrip,connect X Rstrip

2
+ lslot,connect X Rslot) - 2RGC

Nstrip—to—slot,i

Rstripftofslot,i =

n
Zi:l Rstripftofslot,i
n

Rstripftofslot =

o4
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In the similar fashion, the MMI loss is also calculated using Equation B.9 & B.10.

n i
RMMI(measured)J - <% - 1) (ZSt”PvC(m”eCt X Rstm‘p) —2R¢o
Ryryvri = - (B.9)
MMTI,i
" R ;
Ryrmr = PRSECTTE nMMI’ (B.10)
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Appendix C

Calculation of Modulation Index

(m), Half-wave Voltage (V) and EO
Coefficient (733)

A high speed electro-optic Mach-Zehnder modulator can be characterized using the spec-
trum of its modulated output optical signal [59]. A very familiar way of characterization of
an EO MZM is to measure the modulation index, m from the first side band to the carrier

intensity ratio, ;.

In Figure C.1, a schematic diagram of an imbalance MZM while applying an RF mod-
ulating signal is shown. w. and w,, are the optical carrier frequency and the frequency of
the modulating RF signal. If the input optical signal is expressed as F;, and A¢ is the
optical path difference in the two branches of the MZM then the output modulated optical
signal, F,,; can be expressed as,

Ein,

Eout = 9

piwet [ejmcos(wmt) n e—jmcos(wmt)ﬂAﬂ (C.1)

Equation C.1 is then expressed by JacobiAnger expansion which is shown in Equation C.2.

Eout =

Ein jwet G -k jA¢ jkwmt
5 e’ Z] [Jk(m)—i—Jk(—m)e] }6‘7 (C.2)

Ji is the Bessel function of first kind. The intensity of side bands and the carrier signal
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APPENDIX C. CALCULATION OF MODULATION INDEX (M), HALF-WAVE
VOLTAGE (V,) AND EO COEFFICIENT (R33)

Einexpljmcos(wmt)]1/2

Einexpl[-jmcos(wt)+jAB]1/2

Figure C.1: An imbalanced MZM operating at push-pull mode [60]
can be deduced to,

I(we + kwy,) = %Jg(m) [1 + (—1)’“005(A¢)} (C.3)

When, the intensities of the first sideband (FSB) and carrier signal is considered then R;

becomes,

Fag = [t (32) 2] 4

For an SOH modulator tan(A¢/2) can be safely considered to be 1. This condition was
used for CC-SOH modulators as well. Then R, o becomes,
J1(m)

= [20] .

Solving the Equation C.5, the modulation index, m was calculated. The V. was calculated

using Equation C.6.
Ve=—m (C.6)

m

Vpn is found from the input power, P, of the RF signal (using R; = 50 ).

V2

P =_m :
’ 2R, (©-7)

The electro-optic (EO) coefficient, r33 of an MZM can be found from Equation 2.28.

Acwslot

c_stot C.8
FslotngEO V7TL ( )

T3z =

Here, ngo (~ 1.67) is the refractive index of the EO polymer (Yoko-2.1) and L is the

o7



APPENDIX C. CALCULATION OF MODULATION INDEX (M), HALF-WAVE
VOLTAGE (V,) AND EO COEFFICIENT (Rs3)

length of the modulator. I'y, is known as the field interaction factor which is calculated
in the same way as it is done for a conventional SOH modulator [18]. The calculated field
interaction factor for the characterized CC-SOH modulator is 0.3427.

CENEO fstlot | E,, |? dzdy

fffooo Re [EO(xv y) x Hy(z, y)] e, dxdy (C.9)

I‘slot =
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