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Symbols

a lattice constant of photonic crystal
B vector of magnetic induction
C efficiency of polarization conversion
C0 maximum measured efficiency of polarization conversion
c speed of light
de etching depth
E vector of electric field
E0 amplitude of electric field vector
E+45 electric field of +45 ◦ linear polarization state
E−45 electric field of -45 ◦ linear polarization state
EL electric field of left circular polarization state
ER electric field of right circular polarization state
ETE electric field vector of TE mode
ETEl electric field of TE mode in lower arm of Mach-Zehnder
ETEu electric field of TE mode in upper arm of Mach-Zehnder
ETM electric field vector of TM mode
ETMl electric field of TM mode in lower arm of Mach-Zehnder
ETMu electric field of TM mode in upper arm of Mach-Zehnder
Ex , Ey projections of electric field vector on x and y coordinate axes

respectively
fTM fraction of TM
h integer
J Jones vector of polarization state
J normalized Jones vector of polarization state
J+45 normalized Jones vector of +45 linear polarization state
J−45 normalized Jones vector of -45 linear polarization state
JB45 Jones vector in basis of ±45 ◦ linear polarization states
JBRL Jones vector in basis of left and right circular polarization

states
JH normalized Jones vector of horizontal linear polarization state
JL normalized Jones vector of left circular polarization state
JR normalized Jones vector of right circular polarization state
JV normalized Jones vector of vertical linear polarization state
k wave vector
k wave number
k1TE(TM) power coupling coefficient of TE (TM) mode into arm of 1× 2

MMI
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k2TE(TM) power coupling coefficient of TE (TM) mode into arm of 2× 2
MMI

l length
lconv length of converter
lcurv length of one of four sections of curved waveguide for

π phase lag between TE and TM modes
M1×2MMI transfer matrix of 1× 2 MMI
M2×1MMI transfer matrix of 2× 1 MMI
M2×2MMI transfer matrix of 2× 2 MMI
M45←HV matrix relating horizontal and vertical polarization state to

±45 ◦ linear states
Mconv transfer matrix of converter
Mps transfer matrix of phase shifter
MRL←HV matrix relating horizontal and vertical polarization states to

circular states
Mwgs transfer matrix of waveguides in Mach-Zehnder
m integer
n refractive index
ng group index
P power
P+45 power of +45 ◦ linear polarization state
P−45 power of -45 ◦ linear polarization state
PL power of left circular polarization state
Pmax maximum power of fringe
Pmin minimum power of fringe
PR power of right circular polarization state
PTE power of TE mode
PTM power of TM mode
PTE@TE power of TE mode measured at polarization splitter’s output

for TE polarization
PTE@TM power of TE mode measured at polarization splitter’s output

for TM polarization
PTE←TE power of TE mode for input TE mode
PTM←TE power of TM mode for input TE mode
PTE←TM power of TE mode for input TM mode
PTM←TM power of TM mode for input TM mode
R4×4 rotation matrix in terms of 4× 4 transfer matrixes
R reflectivity of waveguide facet
r position vector
r pillar radius
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r normalized pillar radius
rcurv radius of curved waveguide
rd defect pillar radius
S0, S1, S2, S3 Stokes parameters
SRTE splitting ratio for TE polarization
SRTM splitting ratio for TM polarization
t time
ΔT transmission difference
Δt deviation in guiding layer thickness
tmem membrance thickness
tsub thickness of substrate
Vin input vector for 4× 4 matrixes
Vout output vector for 4× 4 matrixes
v speed of light in medium
wt top width of polarization converter
Δw width deviation
ww input-output waveguide width of polarization converter
x, y, z coordinates
α loss
β propagation constant
β+45 propagation constant of +45 ◦ mode in converter
β−45 propagation constant of −45 ◦ mode in converter
βTEc propagation constant of TE mode in curved waveguide
βTMc propagation constant of TM mode in curved waveguide
βTEs propagation constant of TE mode in straight waveguide
βTMs propagation constant of TM mode in straight waveguide
ε Fourier coefficient in expansion of inverse permittivity
ε relative permittivity
λ wavelength
Δλ fringe spacing
λ0 design wavelength of photonic crystal
λc wavelength of laser to measure loss of photonic crystals
ΔλC wavelength range of C band
ω angular frequency of light
ω+ upper border of photonic bandgap
ω− lower border of photonic bandgap
ω normalized frequency
ω0 normalized center frequency of photonic band gap
Δω width of photonic band gap
φ phase difference between modes
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φconv modal phase difference introduced by the converter
φps phase shift introduced by phase shifter
φwg phase difference between TE and TM modes in lower arm of

scrambler
ϕ phase of mode
ϕx phase of mode whose electric field vector is parallel to x axis
ϕy phase of mode whose electric field vector is parallel to y axis
ψ angle of elliptisity
σ slope angle of converter
ς angle of waveguide wall
Δς deviation in angle of waveguide wall
θ inclination angle of polarization ellipse
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Abbreviations

CCD charge-coupled device
FDTD finite-difference time-domain
HHI Fraunhofer Heinrich Hertz Institute
MMI multimode interference coupler
ND neutral density
TE transverse electric
TM transverse magnetic
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Chapter 1

Introduction

If we speak onto a flexible mirror, the exerted air pressure makes the mirror al-
ternately convex and concave. A beam of sun light reflecting from this mirror
changes its brightness depending on the state of the mirror. A receiver senses
this changing intensity and reconstructs the voice message. This concept was
introduced by A. G. Bell in 1880 under the name of the photophone [1]. Today,
this device is considered as the precursor of the fiber-optic telecommunication.

The photophone sent speech over a distance of about 200 meters: the op-
tical technology of that age could not allow covering larger distances. So the
attention in speech transmission shifted towards the copper wires and radio
telephony. With an increasing number of transmission channels, however,
the copper wires and radio telephony faced the problem of insufficient band-
width. Optics, on the other hand, offers immensely larger bandwidths; so the
idea of sending speech optically started to come back. A breakthrough in this
regard happened after the invention of semiconductor lasers [2] and low-loss
fibers [3].

One of the first users of fiber-optic communication was the United States
Navy: it adopted a fiber-optic telephone system in 1970. The following re-
search of the technology laid with the military for some time. At the end of
1970s, the first commercial products appeared. Broadcasting companies want-
ing high-quality video transmission at once became interested in fiber-optic
communication. So the broadcasters of the winter Olympic Games in 1980
used a fiber-optic transmission system for backup video feeds. A boost in the
acceptance of the fiber-optic systems happened in 1987 when erbium-doped
fiber amplifiers were introduced [4]. In 1988, the first transatlantic fiber-optic
link was laid.

Since then, fiber-optic transmission systems continued to grow and ex-
panded to great complexity. If at the heart of these systems lie different op-
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tical components, the peripheral organs are electronic circuits. The electronic
circuitry checks the data transmission, improves optical transmission perfor-
mance (for example, forward error correction and electronic dispersion com-
pensation), switches the data streams in transmission facilities, reconfigures
the network, and so on. All these functions come at very low costs.

The costs become high when conversion from the optical domain to the
electrical and back to the optical happens. The reason is that this conver-
sion needs many discrete optical components. With an increasing number of
the optical-electrical-optical conversions, the number of the discrete optical
components increases further, up to the point where the whole system is so
expensive that it is unaffordable. That is where photonic integration comes in.

1.1 Photonic integration

Photonic integration is a technology that integrates discrete optical compo-
nents on a chip of a size of a finger nail. The integrated analogues of the
discrete components are called the basic building blocks, and each of them
does a specific function: producing light, guiding light, changing the phase
and the amplitude of light, and detecting light. Lasers produce the light; dif-
ferent waveguides and couplers guide the light; phase modulators change the
phase; semiconductor optical amplifiers change the amplitude; and detectors
sense the light [5].

To create the circuit integration technology, we need a material platform
that supports all functions of the building blocks. The candidates are LiNbO3,
Si, SiO2 on Si, GaAs, and InP. But only InP in combination with InGaAsP
allows monolithic integration of the building blocks for modern telecommu-
nication applications.

To make a photonic circuit, we have to consider the associated costs. These
include the use and maintenance of the cleanroom, development of the fab-
rication process for the circuit, and design of the circuit. The combination of
all three makes the costs huge. To reduce the circuit price, several companies
turned to photonic foundries with cleanrooms. A foundry develops the fab-
rication processes for each customer, so the costs of the cleanroom are shared
among all the customers, and a customer pays for the circuit design and the
process development. This approach is known as the custom foundry model.
In this model, the circuit price is still high. The next step to reduce the costs is
to develop the fabrication process with which customers can make photonic
circuits of a wide enough functionality. In this case, the customers will share
not only the cleanroom costs, but also the costs of the process development,
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(a) (b)

Figure 1.1. Multiproject wafer runs: (a) mask layout, (b) chips made.

and by doing so, the circuit prices go down a lot. This approach is known as
the generic foundry model.

Under the generic foundry model, the concept of the multiproject wafer
runs appeared. Following this concept, customers design their circuits, a
foundry puts the designs on a wafer, and this wafer goes through a com-
plete fabrication process. After the fabrication, the foundry dices the chips
and sends them to the customers. Figure 1.1 shows the mask layout of a
multiproject wafer run and the ready chips.

At start, the circuit designs were not complex. The complexity increased
over time, and a need for a new functionality appeared. This functionality is
control of polarization.

1.2 Control of polarization

Video traffic, mobile devices, and cloud-based storage are the main drivers of
the today’s Internet demand. Per year, this demand grows by about 40 % [6],
and to keep up with it, we increase the rate of data transfer and introduce
technologies with higher spectral efficiency. The combination of coherent tech-
nologies and large-scale photonic circuits should facilitate the transition from
100 Gb/s to 500 Gb/s data rates and above [7]. With the increasing data rate,
however, polarization-related impairments in the circuits and optical fibers
become a growing issue. At the moment, electronic processing corrects the er-
rors in polarization. A step to all-optical networks would need on-chip means
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converter
V

H

(a)

splitter
V

V

H
H

(b)

filter
V

V

H
(c)

scrambler
?

(d)

controller
? H

(e)

Figure 1.2. Polarization building blocks: (a) polarization converter, (b) polar-
ization splitter, (c) polarization filter, (d) polarization scrambler, (e) polariza-
tion controller. Question mark means unknown state of polarization, "H" and
"V" are horizontal and vertical linear states of polarization.

of correcting polarization. For this, we need to develop circuit building blocks
that allow controlling the state of polarization.

There are five building blocks to control polarization:

• Polarization converter makes the vertical linear state of polarization out
of the horizontal linear state, or the other way around (Fig. 1.2a).

• Polarization splitter separates the horizontal and vertical linear polar-
izations (Fig. 1.2b).

• Polarization filter removes the unnecessary state of polarization from
the circuit (Fig. 1.2c).

• Polarization scrambler produces random states of polarization in time
(Fig. 1.2d).

• Polarization controller makes the needed state of polarization out of
any input state (Fig. 1.2e).

1.3 Polarization building blocks

To begin with, we make a literature overview of the polarization devices re-
ported up to now.
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1.3.1 Polarization converter

There are reports on polarization converters that are integrable with the other
building blocks for InP-based photonic circuits. These converters fall into two
categories: active and passive. Active converters work on the Pockels effect.
The Pockels effect, however, is small in InGaAsP and InP, so a device should
be longer than 1 mm to convert polarization from the horizontal linear to the
vertical linear [8, 9]. Usual sizes of photonic circuits are about several square
millimeters, so a length greater than 1 mm is unsuitable. For this reason, we
choose the passive converters.

To design a passive converter properly, we introduce its requirements. The
first, already mentioned, is the length: shorter than 1 mm. The second is the
loss: it should be lower than 1 dB, which is comparable to other components
of photonic circuits. And the third is the efficiency of polarization conver-
sion. The target for the conversion efficiency depends on an application of the
converter: for the wavelength converter in a polarization diversity scheme,
for example, the needed conversion efficiency is 95 % [10]; for transmission
systems, the conversion efficiency depends on the performance of the polar-
ization beam splitter and will be above 97 % for systems with polarization-
insensitive detection, and above 99 % for systems with polarization-sensitive
detection [11]. We start with the specification of 95 %.

Table 1.1 shows the list of the passive converters reported up to now. The
shortest converter uses a one-dimensional grating etched at 45 ◦ [12]. Un-
fortunately, it has high loss. The converter with the triangular cross section
has the highest conversion [13]. This device is for the integration platform
on materials with high contrast in refractive indexes. The InGaAsP-InP sys-
tem, however, is a low-contrast material system, so the triangular converter
is unsuitable too. For this reason, we choose the right trapezoidal convert-
ers [14–16]: their efficiency of polarization conversion is above 95 %, loss is
less than 1.5 dB, and lengths are shorter than 800 μm. Moreover, these con-
verters are easy to make [10].

1.3.2 Polarization splitter

When reviewing the splitters, we evaluate their performance by the loss and
by the splitting ratio. For the transverse electric (TE) polarization, defined in
this thesis as the dominant electric field component parallel to the surface of
the chip, the splitting ratio is

SRTE = 10 log
(

PTE@TE

PTE@TM

)
, (1.1)
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Table 1.1. Comparison of passive polarization converters reported in litera-
ture.

Design Size,
μm

Conversion
efficiency,
%

Loss,
dB

Wavelength,
μm Ref.

1000 93 1.1 1.55 [14]

975×
83 85 2.7 1.55 [17]

1.6 95 3.0 1.55 [12]

10 99 1.2 1.53 [13]

44 87 1.6 1.55 [18]

150 96 2.5 0.9-0.94 [19]

48 97 1 1.55 [20]

330 96 0.02 1.55 [15]

141 97 2.4 1.54 [16]

720 96 2.5 1.55 [21]
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Table 1.2. Overview of polarization splitters reported in literature. Width
given where significant. "Conv" means polarization converter.

No. Design Size,
μm

Splitting
ratio,
dB

Loss,
dB

Wavelength,
μm Ref.

1 3900 16 (TE)
17 (TM) 1.5 1.53-1.57 [22]

2
metal

1600 12 (TE)
30 (TM) 0.3 1.56 [23]

3 1330 14 (TE)
14 (TM)

3.5 (TE)
6.7 (TM) 1.52-1.56 [24]

4 metal 3300 16 (TE)
13 (TM) 1.5 1.51 [25]

5
conv

conv
1000 9 (TE)

11 (TM) 5 1.55 [26]

6 metal 600 20 (TE)
20 (TM) 0.7 1.53-1.57 [27]

7
18×
18

9 (TE)
19 (TM) 5 1.47-1.66 [28]

8
5000×
6000

15 (TE)
15 (TM)

5.5 (TE)
8.5 (TM) 1.55 [29]

where PTE@TE is the power of the TE mode measured at the splitter’s output of
the TE mode, and PTE@TM is the power of the TE mode measured at the output
of the transverse magnetic (TM) mode. The definition of the TM splitting
ratio SRTM is similar. For a transmission system with polarization-insensitive
detection, the beam splitter should give a 15-dB splitting ratio. We set this
value as a target.

Table 1.2 shows the splitters. The first uses two identical waveguides. If
the waveguides are close enough to each other, the TE and TM modes in one
waveguide overlap their evanescent fields with the evanescent fields of the TE
and TM modes in the other waveguide. Because of this overlap, the modes
couple from one waveguide into the other. The TE and TM modes have dif-
ferent propagation constants; this means that at a certain waveguide length,
the TE mode can couple completely into the other waveguide, while the TM
mode will remain in the input waveguide [22]. The second splitter works in
the same way as the first one, but has a metal layer on top of one waveguide.
The metal increases the birefringence and, for this reason, makes the whole
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device shorter [23]. For the third splitter [24, 30], the TE mode of the lowest
waveguide couples into a higher-order TE mode in the wide waveguide be-
cause these modes have equal propagation constants. The TM mode, at the
same time, remains in the lowest waveguide because its propagation constant
does not match any of the propagation constants of the modes in the wide
waveguide. Then the high-order TE mode in the wide waveguide couples
into the fundamental TE mode of the uppermost waveguide. The fourth type
is a Mach-Zehnder interferometer; polarization-dependent asymmetry in the
arms creates the splitting. One device uses a metal layer on top of the waveg-
uide in one arm [25]. The length of the metal is such that it introduces a π

phase difference between the TM modes in the arms, while the TE modes in
the arms are in phase. Then the output 2× 2 MMI sends the TE and TM modes
into different output ports. Another Mach-Zehnder-based splitter (number 5
in the table) uses polarization converters in the arms [26]. To make the output
MMI send the TE and TM modes into different ports, the phase difference
between the TM modes in the arms should be π and no phase difference be-
tween the TE modes in the arms. So the length from the converter in the
upper arm to the converter in the lower arm should introduce a phase shift of
π/2 between the polarized modes. The sixth type is a long 1× 2 MMI with a
metal cover on the position of a local maximum of the electric field. The metal
introduces the π phase difference between the TE and TM modes [27]. The
seventh type is a splitter based on photonic crystals. There are several im-
plementations: using polarization-dependent dispersion properties to guide
TE and TM modes in different directions, using two parallel photonic-crystal
waveguides with different coupling lengths for the TE and TM modes, or
using a photonic crystal with band gaps for TE and TM modes at different
wavelength. In the last case, there is a line of holes with different filling factor.
This line lets the TM mode go through, but reflects the TE mode [28]. The
eighth splitter, and the last one, uses the interference properties of an arrayed
waveguide grating. The waveguides of the array have length variations that
make the TE and TM modes focus at different places at the output. If output
waveguides are at those focal points, the two polarizations are separated.

In general, these splitters show splitting ratios above 12 dB for both TE and
TM polarizations and losses above 1 dB. Both the splitting ratios and the losses
can be improved with a better control over the splitters’ fabrication processes.
These devices, however, have tight tolerances to the fabrication imperfections,
in particular, the waveguide width deviations or deviations in the diameter of
the holes in the case of the photonic crystal. A splitter with phase shifters, on
the other hand, can adjust the phases of the modes to improve the tolerance to
the fabrication imperfections. For this reason, we choose to design the active
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splitter.

1.3.3 Polarization scrambler

There are reports on polarization scramblers. All of them change the birefrin-
gence of a medium to produce random states of polarization in time. Resonant
fiber coil scramblers have a fiber wound around a piezoelectric cylinder. When
the cylinder senses an electric field, it expands, and so the birefringence of the
fiber changes because of the photo-elastic effect [31]. Fiber-squeezing scram-
blers also work on the photo-elastic effect, but instead of stretching the fiber,
special tweezers press it [32,33]. The problem of these two scramblers is their
large size. Smaller scramblers use LiNbO3. LiNbO3 has a large electro-optic
effect that allows making short devices with good performance [34–38].

The scramblers usually consist of several birefringent sections: either sev-
eral piezoelectric cylinders, fiber-squeezing tweezers, or sections of LiNbO3.
These sections produce all possible states of polarizations uniformly in time.
The larger the number of sections, however, the larger the scrambler.

It is often enough that a scrambler produces a specific set of the polariza-
tion states to remove polarization-dependent effects [31, 35, 39]. In this case,
we can use one birefringent section, so the scrambler becomes smaller.

None of the implementations of the birefringent sections, however, suits
photonic circuits on InP. We need another concept.

1.3.4 Polarization controller

The polarization controller makes a needed state of polarization out of any
input state. In bulk optics, the controllers use wave plates with rotatable
optical axes. In photonic circuits, however, there are no components that work
as rotatable wave plates. So again another concept is necessary.

1.3.5 Polarization filter

The filters reported in literature are used for wavelength division multiplex-
ing. They are suitable for polarization filtering with some modifications. Fig-
ure 1.3 shows some of these filters. Filters with an arrayed waveguide grat-
ing [40] and focusing reflection grating [41] are 2.8× 3.1 mm2 and 2× 12 mm2

respectively. This is too large for photonic circuits, so they are unsuitable.
Bragg grating filters show a TE suppression of -23 dB and a TM suppression
of -17 dB, but they are also large (650-μm-long) [42]. Another filter works as
a directional coupler [43]; the filter, however, is again too large (about 5-mm-
long).
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(a) (b) (c)

Figure 1.3. Different designs of polarization filters based on filters for wave-
length division multiplexing: (a) arrayed waveguide grating, (b) focusing re-
flection grating, and (c) Bragg grating.

The large sizes of these filters are inherent to the filter designs, and it is
hardly possible to reduce them.

The filters that use photonic crystals can be very short and give suppres-
sion of the unwanted state of polarization of about -17 dB in a 1.53-1.57 μm
wavelength range [44]. The problem of this filter is its high loss. If, how-
ever, we introduce a suspended membrane into a pillar photonic crystal, the
membrane will confine the light scattered out-of-plane by the total internal
reflection, and in this way, improve the transmission of the needed state of
polarization.

1.4 Outline

This thesis shows the first realization of the building blocks for controlling po-
larization in the generic foundry model. The polarization converter, splitter,
scrambler, and controller are developed for the foundry platform of Fraun-
hofer Heinrich Hertz Institute (HHI); the polarization filter, for the foundry
platform of COBRA Research Institute.

The right trapezoidal polarization converter is designed, and its new fabri-
cation process is introduced. With this fabrication process, the device is made
and measured. HHI adopted the fabrication process of the converters and
made integrated splitters, scramblers, and controllers. The working principles
of the devices, their tolerance analyses, and the actual measurement results
are presented and discussed. A short polarization filter that uses a pillar pho-
tonic crystal with a suspended membrane among the pillars is also designed,
and its fabrication process is introduced.

The structure of this thesis is as follows. Chapter 2 gives the theoretical
background needed to describe polarization of light and to build the mathe-
matical models for the polarization building blocks. Chapter 3 is about the
actual devices, their working principles, and aspects of design. In Chapters 4
and 5, we discuss the fabrication, measurements, and analysis of the measure-
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ments. Finally, Chapter 6 concludes this thesis and gives an outlook on future
work.
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Chapter 2

Theoretical background

To understand the working principles of the polarization building blocks and
to design them, we need to introduce the theory of polarization. This chapter
covers polarization of light and different ways to describe the states of polar-
ization: the Jones calculus, Stokes parameters, and Poincaré representation.
For the polarization filter on a pillar photonic crystal, we introduce photonic
crystals and explain the origin of the photonic band gap. Throughout this
chapter, we consider homogeneous, source-free, linear, nonmagnetic media.

2.1 Polarization of light

2.1.1 Plane waves

In 1873, James Clerk Maxwell published a set of four partial differential equa-
tions originally meant for classical electrodynamics [45]. As time went by,
physicists discovered that the use of the equations is not limited to classical
electrodynamics only; they also describe propagation of light.

Let us take two Maxwell’s equations:

∇× E = −∂B
∂t

, (2.1)

∇× B =
1
c2 ε

∂E
∂t

, (2.2)

where c is the speed of light; t, time; B, the vector of magnetic induction; E,
the vector of electric field; ε, the relative permittivity.

Take a curl of the first equation and put the second equation into the first.
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After some algebra, we get the wave equation:

∇2E =
1
c2 ε

∂2E
∂t2 . (2.3)

Its simplest solution is a plane wave:

E = E0 exp[i(k · r−ωt)], (2.4)

where E0 is the wave’s electric field amplitude; k, the wave vector; ω, the
angular frequency; r, the position vector.

When a plane wave travels in space or time, its electric field vector oscil-
lates along a line. Add one more plane wave travelling in the same direction,
and their combined electric field vector starts to draw a pattern. This pattern
is called a state of polarization.

So a single plane wave has a linear state of polarization. There are other
states, but they all can be described using just two plane waves.

2.1.2 States of polarization

Think of two plane waves Ex and Ey whose electric field vectors are parallel
to the coordinate axes x and y respectively:

Ex = E0x cos(kz−ωt), (2.5)

Ey = E0y cos(kz−ωt + φ), (2.6)

where φ is the phase difference between the waves. Expand Eq. 2.6 as the
trigonometric identity of the cosine of an angle sum, put Eq. 2.5 into Eq. 2.6,
and get

Ey

E0y
=

Ex

E0x
cos φ−

[
1−

(
Ex

E0x

)2
] 1

2

sin φ, (2.7)

which, after squaring and rearrangement, becomes

E2
x

E2
0x

+
E2

y

E2
0y
− 2ExEy

E0xE0y
cos φ = sin2 φ. (2.8)

Equation 2.8 is the equation of an ellipse. In other words, the combined
electric field vector of the Ex and Ey waves draws an ellipse (Fig. 2.1). There
are two things to note. First, the sign of the phase difference between the Ex

and Ey waves determines the rotation direction of the combined electric field
vector. Second, the ellipse is uniquely described by two angles: the inclination
angle θ and the angle of ellipticity ψ. These angles relate to the amplitudes of
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Figure 2.1. Elliptic state of polarization. E0x and E0y are electric field am-
plitudes along x and y axes, θ is inclination angle of ellipse, ψ is angle of
ellipticity.

the waves and the phase difference as [46]:

tan 2θ =
2E0xE0y cos φ

E2
0x − E2

0y
, (2.9)

sin 2ψ =
2E0xE0y sin φ

E2
0x + E2

0y
. (2.10)

So the general state of polarization is elliptic.

There are two special cases of the elliptic state. When E0x = E0y and
φ = π/2 + πm (m is integer), Eq. 2.8 becomes the equation of a circle. If the
Ex and Ey waves travel to the observer, φ = π/2 + 2πm makes the combined
electric field vector rotate clockwise, and the light is called right circularly
polarized. If φ = −π/2 + 2πm, the combined electric field vector rotates coun-
terclockwise, and the light is left circularly polarized. The case of φ = 0 or πm

makes Eq. 2.8 become the familiar linear state.

Equation 2.8 is useful for visualizing a state of polarization when the state
propagates in a uniform medium. If we need to find a change in a state of
polarization, for example after passing an optical component, we need another
way to describe polarization.

2.1.3 Jones calculus

R. Clark Jones introduced a vector-based description of polarization [47]. Write
down the Ex and Ey waves as
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[
Ex

Ey

]
=

[
E0x cos(kz−ωt)

E0y cos(kz−ωt + φ)

]
, (2.11)

or in the complex form:

[
Ex

Ey

]
=

[
E0xei(kz−ωt)

E0yei(kz−ωt+φ)

]
. (2.12)

Get rid of kz−ωt:

J =

[
E0x

E0yeiφ

]
. (2.13)

This is the Jones vector of an elliptic state of polarization.

The Jones vectors of the linear and circular states are as follows. For the
linear state, the phase difference between the Ex and Ey waves is πm. Division
of Eq. 2.13 by (E2

0x + E2
0y)

1
2 gives the normalized Jones vector

J =

[
cos θ

sin θ

]
. (2.14)

Then the normalized Jones vectors of the horizontal linear state JH and
vertical linear state JV are

JH =

[
1
0

]
, JV =

[
0
1

]
; (2.15)

the normalized Jones vectors of the +45° linear state J+45 and the −45° linear
state J−45 are

J+45 =
1√
2

[
1
1

]
, J−45 =

1√
2

[
1
−1

]
. (2.16)

We get the normalized Jones vectors of the right circular state JR and the
left circular state JL in a similar way. The vectors are

JR =
1√
2

[
1
i

]
, JL =

1√
2

[
1
−i

]
. (2.17)

If we know the normalized Jones vectors of the polarization states above,
we can change the representation basis of a polarization state. For this, we re-
late the normalized Jones vectors of the states with each other in the following
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way:

J+45 =
1√
2

(JH + JV), JR =
1√
2

(JH + iJV),

J−45 =
1√
2

(JH − JV), JL =
1√
2

(JH − iJV).
(2.18)

From these equations, two matrixes follow:

M45←HV =
1√
2

(
1 1
1 −1

)
, (2.19)

MRL←HV =

(
1 −i

1 i

)
. (2.20)

Matrix M45←HV changes the representation basis of horizontal and vertical
linear states to the basis of the ±45 ◦ linear states; matrix MRL←HV, from the
basis of the horizontal and vertical linear states to the basis of the left and
right circular states.

The beauty of the Jones vectors is that they can describe the evolution
of a polarization state when light passes through a component in an optical
system. Each component gets a 2× 2 Jones matrix. Then to find the state of
polarization at the output of the system, we only need to multiply the Jones
vector of the input state of polarization by the matrixes of the components.

2.1.4 Stokes parameters

The Jones calculus describes polarization using complex amplitudes. The
problem of this description is that we cannot measure the amplitudes directly.
The direct measurement is a measurement of power.

In 1892, George Gabriel Stokes introduced a set of parameters that allows
finding the state of polarization from measurements of light powers.

Starting again with the familiar two orthogonal plane waves Ex and Ey:

Ex = E0x cos(kz−ωt), (2.21)

Ey = E0y cos(kz−ωt + φ), (2.22)

Section 2.1.2 showed that some algebra with these plane waves leads to the
equation of the polarization ellipse (Eq. 2.8). But Ex and Ey are functions of
time. To relate the equation of the polarization ellipse to powers, we average
Ex and Ey over time:
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〈E2
x〉

E2
0x

+
〈E2

y〉
E2

0y
− 2〈ExEy〉

E0xE0y
cos φ = sin2 φ, (2.23)

where 〈...〉 is an averaged quantity.

Multiply Eq. 2.23 by 4E2
0xE2

0y and get

4E2
0y〈E2

x〉 + 4E2
0x〈E2

y〉 − 8E0xE0y〈ExEy〉 cos φ = (2E0xE0y sin φ)2. (2.24)

From Eqs 2.21 and 2.22,

〈E2
x〉 =

1
2

E2
0x , (2.25)

〈E2
y〉 =

1
2

E2
0y, (2.26)

〈ExEy〉 =
1
2

E0xE0y cos φ. (2.27)

Putting the last three equations into Eq. 2.24 gives

4E2
0xE2

0y − (2E0xE0y cos φ)2 = (2E0xE0y sin φ)2. (2.28)

Add and subtract E4
0x + E4

0y from the left side of the last equation, and after
grouping, get

(E2
0x + E2

0y)2 − (E2
0x − E2

0y)2 − (2E0xE0y cos φ)2 = (2E0xE0y sin φ)2. (2.29)

This equation is very interesting: it suggests that we can relate the total
power of light to the special cases of the elliptic state of polarization. To see
this, we write down the following parameters, the Stokes parameters:

S0 = E2
0x + E2

0y, (2.30)

S1 = E2
0x − E2

0y, (2.31)

S2 = 2E0xE0y cos φ, (2.32)

S3 = 2E0xE0y sin φ. (2.33)

Then Eq. 2.29 becomes

S2
0 = S2

1 + S2
2 + S2

3. (2.34)

Now look closer at the parameters. S0 is the total power. S1 is the differ-
ence in powers between the horizontal linear state and the vertical linear state.
To understand the last two parameters, we go back to the Jones vectors. The
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elliptic state of polarization is

J =

[
E0x

E0yeiφ

]
. (2.35)

This Jones vector says that the elliptic state is a sum of the horizontal and
the vertical linear states

J =

[
E0x

0

]
+

[
0

E0yeiφ

]
; (2.36)

and these two states are similar to the normalized Jones vectors of the hori-
zontal linear JH and the vertical linear JV states. So we can use the matrixes
of Eqs 2.19 and 2.20 to represent the Jones vector of an elliptic state of polar-
ization either with the ±45 ◦ linear states, or with the left and right circular
states.

To describe the Jones vector of the elliptic state using the±45 ◦ linear states,
we multiply Eq. 2.35 by the matrix M45←HV:

JB45 =
1√
2

[
E0xe−iφ/2 + E0ye+iφ/2

E0xe−iφ/2 − E0ye+iφ/2

]
=

[
E+45

E−45

]
, (2.37)

where JB45 is the Jones vector of the elliptic state of polarization described
with the basis of ±45 ◦ linear states. The difference in powers between the
±45 ◦states is

P+45 − P−45 = 2E0xE0y cos φ, (2.38)

and this is the S2 Stokes parameter.

To describe the Jones vector of the elliptic state using the right and left
circular states, we multiply Eq. 2.35 by the matrix MRL←HV:

JBRL =
1√
2

(
E0xe−iφ/2 − iE0ye+iφ/2

E0xe−iφ/2 + iE0ye+iφ/2

)
=

[
EL

ER

]
, (2.39)

where JBRL is the Jones vector described with the basis of left and right circular
states, EL is the electric field of the left circular state and ER is the electric field
of the right circular state. The power difference between the left and right
circular states is

PL − PR = 2E0xE0y sin φ, (2.40)

and this difference is the S3 Stokes parameter.

We see that the Stokes parameters relate to measurable quantities – powers.
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Now the question is how the Stokes parameters help to find out the state
of polarization. The inclination angle of the polarization ellipse θ and the
ellipticity angle ψ allow us to uniquely define a state of polarization. Eqs
2.9 and 2.10 show how the angles relate to the amplitudes of the Ex and Ey

waves and the phase difference between Ex and Ey. In terms of the Stokes
parameters, the angles become

tan 2θ =
2E0xE0y cos φ

E2
0x − E2

0y
=

S2

S1
(2.41)

sin 2ψ =
2E0xE0y sin φ

E2
0x + E2

0y
=

S3

S0
. (2.42)

From the last two equations, S2 and S3 are

S2 = S1 tan 2θ, (2.43)

S3 = S0 sin 2ψ. (2.44)

Then from Eq. 2.34, it follows that

S1 = S0 cos 2θ cos 2ψ, (2.45)

S2 = S0 sin 2θ cos 2ψ, (2.46)

S3 = S0 sin 2ψ, (2.47)

or

S = S0

⎡
⎢⎢⎢⎢⎣

1
cos 2θ cos 2ψ

sin 2θ cos 2ψ

sin 2ψ

⎤
⎥⎥⎥⎥⎦ . (2.48)

This is the Stokes vector. It suggests that if we know the angles θ and ψ, we
could show a state of polarization by a point on a sphere with a unity radius.
And that is what the French mathematician Henri Poincaré understood.

2.1.5 The Poincaré representation

Let us take a sphere with a unity radius and with the Stokes parameters laid
on the axis of the orthogonal coordinate system as Fig. 2.2a shows. Now pick
a random state of polarization, call it P. The polarization ellipse of P is defined
by the inclination angle θ and the ellipticity angle ψ. So let us show the point
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Figure 2.2. Poincaré sphere. (a) Point "P" is state of polarization on sphere;
θ, inclination angle of polarization ellipse for polarization state P; ψ, angle of
ellipticity for polarization state P. (b) Main states of polarization on Poincaré
sphere: "H" is horizontal linear, "V" is vertical linear; "+45" is +45 ◦ linear, "-45"
is -45 ◦ linear; "L" is left circular, "R" is right circular.

P on the sphere in terms of the spherical coordinates (1, 2θ, 2ψ). We lay the
angle 2θ from S1 counterclockwise in the plane of the equator. Once 2θ is set,
the angle 2ψ is laid in the meridian plane in the upward direction. And we
are at P.

With the angles of the polarization ellipse defined, we need to put the
special cases of the elliptical state on the sphere. Linear states have a zero
ellipticity angle; then all of them sit on the equator. The west pole of the
sphere is the horizontal linear state H (θ = 0 and ψ = 0), and the east pole is
the vertical linear state V (θ = 90 ◦ and ψ = 0). The ±45 ◦ linear states have
θ = ±45 ◦, ψ = 0, and sit as Figure 2.2b shows. The right circular state has
θ = 45 ◦ and ψ = 45 ◦, and it is on the north pole of the sphere. The left circular
state has θ = 45 ◦ and ψ = −45 ◦, and it is on the south pole of the sphere.

The Poincaré sphere helps to visualize the evolution of a polarization state
when light goes through an optical component. We use the sphere to describe
the working principle of the polarization devices.

2.2 Photonic crystals

Ions of a lattice create a periodic potential for the electrons in semiconductors.
As a result, we observe the conduction and valence bands. The energy gap
between the two bands is the bandgap, and no electron in the semiconductor
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light

n

a

Figure 2.3. Multilayer in one dimension. a is period of multilayer, n is refrac-
tive index, black arrows show propagation of light.

can have the energy in a range of the bandgap.

In 1987, E. Yablonovitch and S. John independently discovered that the
same concept applies to photons [48,49]: a structure that has a periodic change
in refractive index does not allow light of certain wavelengths to go through.
The range of these wavelengths got the name the photonic bandgap, and the
periodic structure is now called a photonic crystal.

2.2.1 Origin of photonic band gap

For simplicity, take a periodic structure in one dimension (Fig. 2.3); it is a
multilayer with two layers repeating at a period a. When light falls on the
multilayer, it reflects from the layer interfaces. As a result, there is a complex
reflection pattern inside all layers. If we now choose the layer thicknesses
so that all the reflected beams going backwards add in phase, after a certain
depth, there will be no light going through; there will be only a strong re-
flected beam. The range of wavelength for which this total reflection happens
is the photonic bandgap.

To understand the origin of the bandgap from the viewpoint of the math-
ematics, we start with the wave equation in one dimension:

c2

ε

∂2E
∂z2 =

∂2E
∂t2 . (2.49)

The multilayer is periodic, so the permittivity ε(z) is periodic:

ε(z + a) = ε(z), (2.50)

and so is the inverse permittivity ε−1(z). We decompose the inverse permit-

28



tivity into a Fourier series:

ε(z)−1 =
∞

∑
h=−∞

εh exp
(

i
2πh

a
z
)

, (2.51)

where h is an integer and εh is a Fourier coefficient.

A mode in a one-dimensional photonic crystal is also periodic, and its
decomposition into the Fourier series is

E =
∞

∑
m=−∞

Em exp
[
i
(

k +
2πm

a

)
z− iωt

]
. (2.52)

Let us assume that in Eq. 2.51, the lowest-order components ε0 and ε±1

are dominant. Then the inverse permittivity can be approximated as

ε(z)−1 ≈ ε−1 exp
(
−i

2π

a
z
)

+ ε0 + ε1 exp
(

i
2π

a
z
)

. (2.53)

Now put Eqs 2.52 and 2.53 into Eq. 2.49 and select the terms with the same
phasor exp[i(k + 2πm/a)z]. The result is

ε−1

[
k +

2π

a
(m + 1)

]2

Em+1 + ε1

[
k +

2π

a
(m− 1)

]2

Em−1 ={
ω2

c2 − ε0

[
k +

2π

a
m
]2

}
Em.

(2.54)

For m = 0,

E0 =
c2

ω2 − ε0c2k2

[
ε−1

(
k +

2π

a

)2

E1 + ε1

(
k− 2π

a

)2

E−1

]
, (2.55)

and for m = −1,

E−1 =
c2

ω2 − ε0c2(k− 2π/a)2

[
ε−1k2E0 + ε1

(
k− 4π

a

)2

E−2

]
. (2.56)

When k ≈ π/a and ω = ε0c2k2, E0 and E−1 are the dominant terms of Eq.
2.52 because the denominators of Eqs 2.55 and 2.56 approach zero. In this
case, we can neglect all other terms in Eq. 2.54 and get
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ω ω = vk

kπ/a0

Figure 2.4. Band diagram of one-dimensional photonic crystal. Dashed lines
are dispersion lines of uniform medium; solid lines are dispersion lines of
photonic crystal. v is speed of light in medium.

(ω2 − ε0c2k2)E0 − ε1c2
(

k− 2π

a

)2

E−1 = 0, (2.57)

−ε−1c2k2E0 +

[
ω2 − ε0c2

(
k− 2π

a

)2
]

E−1 = 0. (2.58)

This system of equations has two solutions: (1) E0 = E−1 = 0 which is
trivial and (2) when the determinant below equals zero.

∣∣∣∣∣ω
2 − ε0c2k2 −ε1c2 (k− 2π

a

)2

−ε−1c2k2 ω2 − ε0c2 (k− 2π
a

)2

∣∣∣∣∣ = 0 (2.59)

We limit ourselves to the case of nonabsorbing materials. Then the permit-
tivity ε(z) is real, so ε−1 = ε1, and the solutions become

ω± =
c
a

{
a2ε0

(
k− π

a

)2
+ π2ε0±[

a4ε2
1

(
k− π

a

)4
+ 4a2π2ε2

0

(
k− π

a

)2 − 2a2π2ε2
1

(
k− π

a

)2
+ π4ε2

1

] 1
2
} 1

2

(2.60)

Now plot ω+ and ω− as functions of the wave number k (Fig. 2.4). In
a uniform medium, ω is a linear function of k (dashed line in Fig. 2.4). In
a periodic medium, however, this linearity breaks: around k = π/a, the lines
turn into parabolas and a gap in angular frequencies appears. This means that
the light of these angular frequencies cannot propagate through the multilayer.
And this is how the photonic bandgap appears.
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For now, we have all the necessary knowledge to design the devices. Let’s
get to it.
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Chapter 3

Design of building blocks

Chapter 1 shows that the right trapezoidal converters suit the requirements
of low loss, high efficiency of polarization conversion, and length for pho-
tonic circuits. For this reason, we design a right trapezoidal converter. We
also need to come up with the concept for the polarization splitter, polariza-
tion scrambler, polarization controller, and polarization filter. So this chapter
introduces the working principles of the polarization building blocks, their
design, modelling, and simulations.

3.1 Working principles

3.1.1 Polarization converter

A rectangular waveguide has a symmetric cross section in the lateral direction
and can support two fundamental modes: TE and TM.1 A right trapezoidal
cross section, on the other hand, is asymmetric (Fig. 3.1a). This asymmetry
makes the electric field vectors of the modes tilt. The tilt angle depends on
two parameters: the slope angle σ and the top width wt. If the slope angle
is constant, we can find a top width at which the tilt angle is 45 ◦ to the
horizontal (the electric field vectors of the two modes are the E+45 and E−45

arrows in Fig. 3.1a).
If we now join a rectangular waveguide with the right trapezoidal con-

verter, the TE mode exiting the waveguide equally excites the +45 ◦ and -45 ◦

modes in the converter.
1In a channel waveguide, the polarization states are actually quasi-TE and quasi-TM, meaning

that all field components exist there. However, the dominant field components are Ex (and Hy)
for the quasi-TE mode and Ey (and Hx) for the quasi-TM mode. For low-contrast waveguides,
like the waveguides used in this thesis, the non-dominant field components are at least an order
of magnitude smaller than the dominant ones. Therefore, the approximation with one electric
field component is accurate enough.
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Figure 3.1. Trapezoidal polarization converter. (a) Cross section. E+45 and
E−45 are modal electric field vectors at +45 and -45 ◦ to horizontal; σ is slope
angle, wt is top width. (b) Top view. ww is width of input-output waveguides,
lconv is length of converter.

At the beginning of the converter, the ±45 ◦ modes are in phase (Fig. 3.2a).
During propagation in the converter, one mode lags behind the other. At
a certain propagation distance, the phase difference between the modes is
π. Combining the ±45 ◦ modes at that position gives the TM mode. The
propagation distance that introduces a π phase difference between the ±45 ◦

modes is the length of the converter lconv. Finally, an output waveguide joined
to the converter collects the TM mode so that the mode can propagate further.
Figure 3.1b shows the top view of the input waveguide, converter, and output
waveguide.

The Poincaré sphere in Fig. 3.2b shows the evolution of the polarization
state in the converter. The converter’s modes are the +45 ◦ and -45 ◦ linear
states (Fig. 3.2b). These states define a rotation axis (the line connecting the
+45 and -45 points in the figure). We start from the horizontal linear state
H (TE mode). Rotation around the ±45 ◦ axis by π radians (phase difference
between the ±45 ◦ modes at the end of the converter) brings the state of po-
larization to point V, the vertical linear state (TM mode). The thick dashed
line in the figure shows this evolution. Because the converter is reciprocal,
conversion from TM to TE happens the other way around.
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Figure 3.2. (a) Schematic of conversion from TE mode to TM mode in con-
verter. Red arrow is +45 ◦ mode, blue arrow is -45 ◦ mode. (b) Evolution of
polarization state on Poincaré sphere when light travels in converter. "H" and
"V" are horizontal and vertical linear states, "+45" and "-45" are +45 ◦ and -45 ◦
linear states, "R" and "L" are left and right circular states.

3.1.2 Polarization splitter

In Chapter 1, we agreed to design an active polarization splitter because its
tolerances to fabrication imperfections are larger than the tolerances for the
passive splitters.2 But an active splitter also needs birefringence. There are
two ways to create it: using phase shifters that introduce a phase difference
between the TE and TM modes, or using the natural birefringence of the pas-
sive waveguides. The phase shifters for the HHI integration platform are
thermo-optic. Thermo-optic shifters produce the same phase shift for both
the TE and TM modes, meaning there is no birefringence. So we use the
birefringence of the passive waveguides.

Figure 3.3 shows the concept of the splitter. It works as follows. The TE
and TM modes enter the 1× 2 MMI (stage 1). The MMI splits them equally
between the arms (stage 2). The curved waveguide in the upper arm and the
straight waveguide in the lower arm introduce phase differences between the
TE and TM modes (stage 3). The length of the curved waveguide should be
such that it compensates the phase difference by the straight waveguide in
the lower arm and introduces an additional phase difference of π between
the TE and TM modes in the upper arm. In this case, either of the phase
shifters adjusts the phase difference between the TE modes in the arms to
−π/2 and between the TM modes in the arms to +π/2 (stage 4). With these
phase settings, the 2× 2 MMI sends the TE and TM modes to different outputs
(stage 5).

2In this context, an active splitter means an active component which controls modal phases by
phase shifters.
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Figure 3.3. Concept of polarization splitter. "MMI" is multimode interference
coupler, "curved wg" is curved waveguide, "shifter" is phase shifter. Numbers
show different stages of propagation in splitter. Diagrams with arrows show
polarization states and phase differences in two arms. ϕ is axis of phase

There are two shifters in the arms. In principle, one shifter in either of the
arms is enough. The problem, however, is that the metal of the shifter may
give an unwanted birefringence. To avoid this, we make the device symmetric
by putting the shifters in both arms.

If we add a polarization converter of half length for the full conversion
before the splitter and replace the splitter’s output 2× 2 MMI by a 2× 1 MMI,
we get a polarization scrambler.

3.1.3 Polarization scrambler

Figure 3.4 shows the concept of the scrambler. The device works for the TE
and TM as the input states of polarization. To explain its working princi-
ple, however, we assume the TE mode entering the polarization converter of
half length for the full conversion (stage 1). TE and TM modes with equal
amplitudes and a phase difference of π/2 leave the converter (stage 2). The
MMI splits the power equally between the arms of the Mach-Zehnder inter-
ferometer (stage 3). The curved waveguide in the upper arm and the straight
waveguide in the lower arm introduce phase differences between the TE and
TM modes. We choose the length of the curved waveguide so that it compen-
sates the phase difference between the TE and TM modes in the lower arm,
ϕwg, and introduces an additional phase difference of π between the TE and
TM modes in the upper arm (stage 4). Either of the phase shifters sweeps the
phase of the modes (stage 5). The output 2× 1 MMI combines all the modes
from the arms, and a changing state of polarization exits the scrambler.
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Figure 3.4. Concept of polarization scrambler. "Conv/2" is polarization con-
verter of half length for full conversion, "MMI" is multimode interference cou-
pler, "curved wg" is curved waveguide, "shifter" is phase shifter. Numbers
show different stages of propagation in scrambler. The diagrams below shows
TE and TM fields as well as relevant phase shifts. ϕ is axis of phase.

When the exact definition of the polarization state is necessary, we use a
polarization controller.

3.1.4 Polarization controller

In a circuit waveguide, the only polarized modes are TE and TM. For this
reason, it is enough to design a controller that makes the TE or TM state out
of any input state into the controller.

Figure 3.5a shows the concept of the controller. At the left side, the first
Mach-Zehnder interferometer is the polarization splitter. We already know
the working principle of the splitter, so we start from happens after it.

After the splitter, the TE mode travels in the upper arm, and the TM mode
travels in the lower arm (stage 1). There is a certain phase difference between
the modes, and the amplitudes of the modes, in general, are different. Be-
fore the next 2× 2 MMI, the TM mode in the lower arm is converted into a
TE mode, and the phase shifter in the upper arm sets the phase difference be-
tween the TE modes to zero. So at stage 2, there are two TE modes of different
amplitudes, but in phase. In the second 2× 2 MMI, a part of the TE mode
from the upper input arm goes into the upper output arm (mode "up-up"),
and the other part from the upper input arm goes into the lower output arm
with a phase lag of π/2 (mode "up-low"); a part of the TE mode from the
lower input arm goes straight into the lower output arm (mode "low-low"),
and the other part goes into the upper output arm with a phase lag of π/2
(mode "low-up").

Figure 3.5b helps to understand what is going on next. At stage 3, we have
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Figure 3.5. (a) Concept of polarization controller. Question mark is un-
known state of polarization, "Curved wg" is curved waveguide, "shifter" is
phase shifter, "conv" is polarization converter, "MMI" is multimode interfer-
ence coupler, ϕ is axis of phase. Numbers in brackets are different stages
of propagation in controller. (b) Modes at stage 4 in controller when phase
shifters between stages 3 and 4 are off.

two signals in the upper arm with a phase difference of π/2 and two signals
in the lower arm with the same phase difference. The sum of the signals in
the upper arm is the solid black curve in the "upper arm" graph of Fig. 3.5b,
and the sum of the signals in the lower arm is the solid black curve of the
"lower arm" graph in Fig. 3.5b. The solid curves have the same amplitude,
but are shifted relatively to each other. One of the phase shifters in the arms
sets the phase so that at stage 4, the modes are in phase. Finally, the 2× 1
MMI combines these modes, and the TE state leaves the controller. To get
the TM mode at the output, a shifter in the splitter section should have a
different phase setting which sends the TE mode into the lower arm with the
polarization converter.
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Figure 3.6. Pillar photonic crystal: (a) top view, (b) cross section through
defect pillars and tapers. Defect pillars are pillars with larger radius than
other pillars.

3.1.5 Polarization filter

Figure 3.6 shows the top view of the pillar photonic crystal. The defect pillars
have a larger radius than the other pillars.

A photonic crystal reflects light of a specific wavelength range. By choos-
ing a certain symmetry of the crystal, we can create reflection bands for either
TE or TM light. A square symmetry, like in Fig. 3.6a, lets the TE light pass,
but reflects the TM of the same wavelength. This is already enough to make a
TM polarization filter; the loss of the TE light, however, will be high. On the
other hand, a row of defect pillars in the crystal creates a waveguide for the
TM light because the reflection from the crystal does not allow the mode to
scatter in-plane. At the same time, the crystal does not guide the TE mode; so
after a certain propagation length, the TE mode scatters away, while the defect
pillars still guide the TM mode.

Unfortunately, the loss of the TM light in this pillar crystal is quite high
because of the out-of-plane scattering. We can reduce this loss by introducing
a suspended membrane among the pillars. The photonic crystal then prevents
the TM light from scattering in-plane, and the suspended membrane prevents
the TM light from scattering out-of-plane because of the total internal reflec-
tion [50].

The next step is to design the building blocks for control of polarization
and simulate their performance.
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Figure 3.7. (a) Layer stack and (b) cross sections of waveguides used by Fraun-
hofer Heinrich Hertz Institute for photonic integrated circuits. All dimensions
are in nm.

3.2 Layer stacks

3.2.1 Fraunhofer Heinrich Hertz Institute

The polarization converter, splitter, scrambler, and controller are developed
for the HHI foundry. Figure 3.7a shows the foundry’s layer stack for photonic
circuits. The stack uses two materials: InGaAsP with a bandgap wavelength
of 1.06 μm and undoped InP. The guiding layer of the stack is a combination
of 205-nm-thick InGaAsP, 20-nm-thick InP, and 820-nm-thick InGaAsP layers.

The foundry offers three types of waveguides depending on the etch depth:
E200 (200-nm-deep), E600 (600-nm-deep), and E1700 (1700-nm-deep). The
choice of the waveguides is a compromise among loss, bending radius (if the
waveguides are curved), and width. Shallow waveguides have lower propa-
gation loss. Deep waveguides allow smaller bending radiuses and narrower
widths. In our case, the choice of the waveguides depends on the following.
The substrate influences the propagation constants and the tilt angle of the
modes. For this reason, to be independent of the substrate, the converter’s
straight wall and the slope should extend well below the guiding layer. To
maximize the coupling between the converter and a straight waveguide, the
shape and size of the modes in the converter and in the waveguide should
be as close as possible. Because the E200 and E600 waveguides are shallow,
their mode profiles will be different from the converter’s. For this reason, the
E1700 waveguides are the most suitable.
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Figure 3.8. (a) COBRA layer stack for passive integrated devices. "p" and "n"
are types of doping with doping concentration in brackets in cm−3. White
lines are for visual separation of layers with different doping concentrations.
(b) Waveguides for COBRA photonic integrated circuits: shallow (left), deep
(right). All dimensions are in nm.

3.2.2 COBRA

For the polarization filters, we use the COBRA layer stack (Fig. 3.8a).

The guiding layer is made of InGaAsP with a bandgap wavelength of
1.25 μm. The layers of InP have different dopings to make a diode with op-
timized electrical properties for active devices. The COBRA foundry has two
types of waveguides (Fig. 3.8b): shallow and deep. The shallow waveguides
are etched 100 nm into the guiding layer, and the deep waveguides are etched
100 nm below the guiding layer. The standard width of the shallow waveguide
is 2 μm, the standard width of the deep waveguide is 1.5 μm. As in the case
of the HHI foundry, the shallow waveguides have lower loss, and the deep
waveguides have smaller bending radiuses and narrower widths. Photonic
crystals are deep-etched structures. Then the choice of the deep waveguides
makes the fabrication simpler.

As we will see later, the pillars are separated by 300 nm only. This limits
the etching depths of the semiconductors to 2 μm. With a top cladding thick-
ness of 1.5 μm, it becomes impossible to introduce the suspended membrane
between the pillars. The etch depth should extend at least 1 μm below the
guiding InGaAsP layer. For this reason, we wet-etch 1 μm of InP, leaving only
a 0.5-μm-thick top cladding of InP on top of the guiding layer. The etching
allows enough space below the guiding layer to make the membrane.

Now we can start the simulations for the polarization building blocks.
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3.3 Simulations

3.3.1 Polarization converter

We simulate the polarization converter with a mode solver that works on
the finite element method [51]. Figure 3.9a shows the cross section of the
converter, and Table 3.1 shows the simulation parameters. For the details of
the simulations, see Appendix A.

The modes of the converter should have a reproducible tilt angle of 45 ◦.
The reproducibility of this angle depends on whether the substrate influences
the modes; in other words, the reproducibility depends on the etch depth
de (Fig. 3.9a). For this reason, the slope and the straight wall of the con-
verter should extend well below the guiding layer. We take an etch depth
of 1.7 μm, the same as the etch depth of the E1700 waveguides. The slope
angle is 55 ◦ with respect to the substrate and is defined by the {111} crystal-
lographic planes of InP and InGaAsP. The refractive indexes of InGaAsP and
InP are from [52]. The simulation is done at a wavelength of 1.55 μm. In the
simulations, the materials have no absorption.

For the cross section of Fig. 3.9a, the mode solver finds the modes for
different top widths. For a certain top width, the mode angle is 45 ◦. This
width is 1.24 μm. Then the length of the converter lconv is:

lconv =
π

|β+45 − β−45| , (3.1)

where β+45 is the propagation constant of the mode tilted at +45 ◦ to the hor-
izontal and β−45 is the propagation constant of the mode tilted at -45 ◦ to the
horizontal. The length lconv is 275 μm.

Knowing the converter’s top width and length, we build the polarization
converter with the input and output waveguides in the propagation module
of the mode solver (see Fig. 3.1b). The position of the waveguides is so

Table 3.1. Parameters of simulation for polarization converter. n is refractive
index.

Parameter Specification
Layer stack standard HHI (Fig. 3.7a)
nInGaAsP 3.258 @ 1.55 μm
nInP 3.169 @ 1.55 μm
Size of calculation window 9× 9 μm2

Substrate thickness tsub 6.5 μm
Slope angle 55 ◦ (to horizontal)
Etch depth de 1.7 μm
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Figure 3.9. Simulations for polarization converter: (a) cross section of sim-
ulated converter, (b) transmission against input-output waveguide width, (c)
wavelength response, (d) tolerance to relative deviation in thickness of guid-
ing layer, (e) tolerance to length deviation, (f) tolerance to top width deviation.
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that the straight wall of the converter is in line with the straight walls of
the waveguides; according to the simulations, this position ensures the best
coupling between the waveguides and the converter. The width of the input
and output waveguides is optimized for the maximum transmission. The
simulation of the transmission as a function of the waveguide width shows
an optimal input-output waveguide width of 1.69 μm (Fig. 3.9b). The input
and output waveguides should be as short as possible. During the optical
lithography, however, alignment errors could happen. To prevent the errors
from destroying the converter during the fabrication, we choose an input-
output waveguide length of 10 μm.

So the converter to be designed has a 1.24-μm top width, 275-μm length,
and 1.69-μm width of the input-output waveguides. To analyze this converter
further, we introduce the efficiency of polarization conversion C:

C =
PTM

PTM + PTE
, (3.2)

where PTM is the power of the TM mode in the output waveguide and PTE

is the power of the TE mode in the output waveguide when the TE mode
enters the input waveguide. Because the converter is reciprocal, a similar
equation for the conversion efficiency holds for the TM mode entering the
input waveguide.

Figure 3.9c shows the simulated wavelength response. The converter has a
conversion efficiency higher than 99.2 % in a wavelength range of 1.5-1.6 μm.

Next to analyze are the device tolerances to variations of guiding layer
thickness, length, and top width. The conversion efficiency should be above
95 %. Figure 3.9d shows the conversion efficiency as a function of relative
deviation in the thickness of the guiding layer. During the growth, the layer
thicknesses are controlled better than ±5 %. The figure shows that the con-
version is above 98 % for thickness deviations of ±7 %. Figure 3.9e shows
the conversion as a function of the converter’s length. The length tolerance
meeting the specification is ±39 μm. The converter is very tolerant to the
parameters discussed so far. The conversion as a function of the top width
is given in Fig. 3.9f. For a conversion above 95 %, the maximum deviation
should be ±60 nm.

HHI uses optical lithography to make the circuits. With optical lithogra-
phy, it is difficult to reproduce the top width within ±60 nm. A two-section
polarization converter, on the other hand, has a larger tolerance to the top
width deviation [53].3

3The two-section converter is the most sensitive to variations in the top width, but larger
tolerances to the deviations of the other design parameters apply to the device as well.
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Figure 3.10. Two-section polarization converter. (a) Evolution of polarization
state in first section. (b) Evolution of polarization state in second section. (c)
Top view of two-section polarization converter. lconv is converter length for
full conversion, ww is width of input-output waveguides, wt is top width,
"slope" shows where slope of converter is.

Two-section polarization converter

The idea of the two-section converter is that the top width error of the first
section compensates the top width error of the second section. The device
works as follows.

Take a polarization converter with a length lconv/2 and introduce a top
width error to it. Because of this error, the modes of the converter are not
at ±45 ◦, the angles become different. These new angles, say 43 ◦ and -47 ◦,
define a new rotation axis of the Poincaré sphere, axis 1 in Fig. 3.10a. Half of
the converter with the top width error corresponds to a 90 ◦ rotation around
axis 1. The state of polarization lands close to the north pole of the sphere. For
the full-length converter, the rotation would continue by 90 ◦ more and would
end somewhere close to point V. But instead of adding another half converter,
we add a converter with a length of 3lconv/2 and the slope in the opposite
direction. Because the cross section of the converter is the same, but the slope
is in the opposite direction, the modes in this section will be at 47 ◦ and -43 ◦

(the modes in the first section are at 43 ◦ and -47 ◦) and will define another
rotation axis, axis 2 (Fig. 3.10b). Now the three-halve section makes the state
of polarization rotate by 270 ◦ around axis 2 so that the state of polarization
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Figure 3.11. Comparison of performance between one-section and two-section
polarization converters. (a) Conversion efficiency against top width; thin dot-
ted lines are 95 % conversion efficiency and borders of top width giving that
efficiency. (b) Conversion efficiency against relative deviation in guiding layer
thickness. (c) Conversion efficiency against wavelength.

ends exactly at point V. The 270 ◦ turn around axis 2 compensates the 90 ◦ turn
around axis 1.

Figure 3.10c shows the top view of the two-section polarization converter.
It consists of two sections: one has a length of half of the one-section converter,
and the other has a length of three halves of the one-section converter. There
is an intermediate waveguide between the sections to avoid problems with
wet etching of the slopes. The length of this intermediate waveguide is 3 μm
and its width is the same as the width of the input-output waveguides.

Figures 3.11a compares the efficiency of polarization conversion as a func-
tion of the top width for the two-section and one-section converters. To be
above the 95 % conversion efficiency, the top width of the two-section con-
verter should be 1.31 ± 0.13 μm; this tolerance is 2.2 times larger than the
tolerance of the one-section converter. Figure 3.11b shows the tolerance to
deviation in layer thickness. The curve of the two-section converter is higher
and broader than the curve of the one-section device. The conversion effi-
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ciency as a function of wavelength is higher than 99 % in a wavelength range
of 1.5-1.59 μm (Fig. 3.11c). The conversion as a function of length for the two-
section device is comparable with the conversion as a function of length of the
one-section converter and is not shown here.

Access waveguides and tapers

From Fig. 3.9b, the width of the input-output waveguides of the converters
should be 1.69 μm. In principle, this width could be used for all waveguides
on the chip. Wider waveguides, however, have lower propagation loss. For
this reason, we need to connect the input-output waveguides of the converter
to the waveguides whose width gives low loss and allows only the fundamen-
tal modes.

According to HHI, the propagation loss of the E1700 waveguides is lower
than 1 dB/cm (TE polarization) and lower than 2 dB/cm (TM polarization) for
waveguide widths larger than 2 μm. Then the single-mode behaviour of the
waveguides is checked with the mode solver. The solver finds the effective
refractive indexes of the first-order TE and TM modes for different waveguide
widths. When the effective index of a mode is lower than the refractive index
of the substrate, the mode is not guided. The simulation shows a maximum
single-mode width of 2.75 μm. Because of possible lithographic errors and
other imperfections in the fabrication, it is safer to use a width of 2 μm.

The 2-μm-wide access waveguides join with the 1.69-μm-wide input-output
waveguides by adiabatic tapers. The length of the tapers should be short, and
at this length, the taper should keep most of the power in the fundamental
modes during the propagation. According to the simulation, the length that
keeps transmission through the taper higher than 99.5 % for the fundamental
TE and TM modes is 30 μm.

The design of the converters discussed so far applies to the fabrication
process developed at the clean room facilities of NanoLab@TU/e. HHI uses
another etching process to make waveguides; for this reason, we should adjust
the design of the converters to the HHI fabrication process.

Adaptation to HHI fabrication

HHI uses reactive ion etching. Ideally, the etching should produce vertical
waveguide walls. In reality, the walls are not vertical because the etching
erodes the mask. This erosion introduces an angle to the waveguide walls
and to the straight wall of the converter (Fig. 3.12, HHI wg and converter). If
the converter’s design does not take into account this waveguide wall angle,
the conversion efficiency may be out of the 95 % specification.
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Figure 3.12. Waveguide and converter walls after dry etching: ideal and real
with deviation angle from vertical; "wg" means waveguide.

The propagation module of the mode solver finds the converter’s top
width, length, and width of the input-output waveguides that give the optimal
conversion efficiency and transmission for different wall angles. Polynomial
fits of these data give functions of the wall angle. These functions determine
the parameters of the converter with the best performance:

wt = 1.237− 0.0103ς, (3.3)

lconv = 0.529ς2 + 8.157ς + 275, (3.4)

ww = 1.691− 0.0234ς, (3.5)

where ς is the waveguide wall angle.

The polarization splitter, scrambler, and controller use curved waveguides
to introduce a π phase difference between the TE and TM modes in one of
the Mach-Zehnder arms. For these devices, we find the length of the curved
waveguides that introduces the π phase difference.

3.3.2 Length of curved waveguides

The polarization splitter, scrambler, and the first part of the controller are
Mach-Zehnder interferometers. In one of the Mach-Zehnder arms, a π phase
difference between the TE and TM modes is necessary. An additional length
of a waveguide in an arm can give this phase difference.

The added waveguide can be straight or curved. The disadvantage of
using a straight waveguide is that the splitter, scrambler, or controller becomes
larger. So the curved waveguide is used.

To find the length of the curved waveguides, we solve a geometrical prob-
lem (Fig. 3.13). The curved waveguide has four identical arcs whose lengths
are lcurv (arcs are numbered from 1 to 4 in the figure). The total length of the
four arcs depends on the radius of the curved waveguide rcurv and the angle
	 AOB.
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Figure 3.13. Calculation of arc angle 	 AOB needed for π phase shift between
TE and TM modes in the 2-μm curved E1700 waveguide of bending radius
rcurv = 250 μm. lcurv is length of arc; Δls is length of straight waveguide to be
compensated by curved waveguide.

According to HHI, the bending radius of the E1700 waveguides rcurv that
gives acceptable loss is 250 μm for a waveguide width of 2 μm. To derive
the equation for the arc angle, see Appendix B. The derivation produces the
following equation:

	 AOB = 0.0293ς2 − 1.28ς + 89.2. (3.6)

Knowing this angle, the length of the curved waveguide depending on the
waveguide wall angle ς is calculated.

3.3.3 Transfer matrixes for splitter, scrambler, and controller

Unfortunately, there is no software that adequately handles polarization for
the circuit simulations of the splitter, scrambler, and controller. For this reason,
we use transfer matrixes to simulate the performance of a device and analyze
its tolerances.

Usual transfer matrixes, in this case the Jones matrixes, have dimensions
of 2× 2. The Jones vector of the input state of polarization is

J =

[
Exeiϕx

Eyeiϕy

]
=

[
ETE

ETM

]
. (3.7)

The splitter, scrambler, and controller, however, have Mach-Zehnder inter-
ferometers. For these interferometers, TE and TM modes in both arms should
be considered. Then we need 4× 4 matrixes. The Jones vector becomes the V

vector
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V =

⎡
⎢⎢⎢⎢⎣

ETEu

ETEl

ETMu

ETMl

⎤
⎥⎥⎥⎥⎦ , (3.8)

where the index "u" means the upper arm of a Mach-Zehnder and "l" means
the lower arm. Before the 1× 2 MMI, there is only one waveguide. For this
reason, the input Jones vector of Eq. 3.7 becomes the Vin input vector

Vin =

⎡
⎢⎢⎢⎢⎣

Exeiϕx

0
Eyeiϕy

0

⎤
⎥⎥⎥⎥⎦ . (3.9)

The 4 × 4 matrixes of the components are as follows. A 1 × 2 MMI is
symmetric in terms of the light propagation, so its coupling coefficients into
the arms of a Mach-Zehnder should be equal. The matrix is

M1×2MMI =

⎛
⎜⎜⎜⎜⎝
√

k1TE 0 0 0√
k1TE 0 0 0
0 0

√
k1TM 0

0 0
√

k1TM 0

⎞
⎟⎟⎟⎟⎠ , (3.10)

where k1TE is the power coupling coefficient of the 1× 2 MMI for the TE mode
into one arm of a Mach-Zehnder and k1TM is the same coupling coefficient,
but for the TM mode. The matrix of the 2× 1 MMI then becomes

M2×1MMI =

⎛
⎜⎜⎜⎜⎝
√

k1TE
√

k1TE 0 0
0 0 0 0
0 0

√
k1TM

√
k1TM

0 0 0 0

⎞
⎟⎟⎟⎟⎠ . (3.11)

The matrix of a 2× 2 MMI is different because the MMI is asymmetric in
terms of the light propagation:

M2×2MMI =

⎛
⎜⎜⎜⎜⎝
√

k2TE i
√

1− k2TE 0 0
i
√

1− k2TE
√

k2TE 0 0
0 0

√
k2TM i

√
1− k2TM

0 0 i
√

1− k2TM
√

k2TM

⎞
⎟⎟⎟⎟⎠ , (3.12)

where k2TE is the coupling coefficient of a 2× 2 MMI for the TE mode into
an arm of a Mach-Zenhnder and k2TM is the same coefficient, but for the TM
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mode.

The matrix of the circuit sections with the curved waveguide whose length
is 4lcurv in the upper arm and straight waveguides whose length is Δls in the
lower arm of the Mach-Zehnder (see Fig. 3.13) is

Mwgs =

⎛
⎜⎜⎜⎜⎝

eiβTEc4lcurv 0 0 0
0 eiβTEsΔls 0 0
0 0 eiβTMc4lcurv 0
0 0 0 eiβTMsΔls

⎞
⎟⎟⎟⎟⎠ , (3.13)

where βTEc is the propagation constant of the TE mode in the curved waveg-
uide, βTEs is the propagation constant of the TE mode in the straight waveg-
uide, βTMc is the propagation constant of the TM mode in the curved waveg-
uide, and βTMs is the propagation constant of the TM mode in the straight
waveguide.

The matrix of the phase shifters has the following form:

Mps =

⎛
⎜⎜⎜⎜⎝

eiφps 0 0 0
0 1 0 0
0 0 eiφps 0
0 0 0 1

⎞
⎟⎟⎟⎟⎠ or Mps =

⎛
⎜⎜⎜⎜⎝

1 0 0 0
0 eiφps 0 0
0 0 1 0
0 0 0 eiφps

⎞
⎟⎟⎟⎟⎠ , (3.14)

where φps is the phase shift introduced by the shifter. The first matrix is used
when the phase shifter in the upper arm of the Mach-Zehnder is on, and the
second matrix, when the phase shifter in the lower arm is on. In all circuit
simulations, the phase shifter in the upper arm is used.

The transfer matrix of the polarization converter needs a rotation matrix
and the propagation matrix of a waveguide. The rotation matrix is

R4×4 =

⎛
⎜⎜⎜⎜⎝

cos θ 0 sin θ 0
0 1 0 0

− sin θ 0 cos θ 0
0 0 0 1

⎞
⎟⎟⎟⎟⎠ or R4×4 =

⎛
⎜⎜⎜⎜⎝

1 0 0 0
0 cos θ 0 sin θ

0 0 1 0
0 − sin θ 0 cos θ

⎞
⎟⎟⎟⎟⎠ ,

(3.15)

and the propagation matrix is

Mconv =

⎛
⎜⎜⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 e−iφconv 0
0 0 0 1

⎞
⎟⎟⎟⎟⎠ or Mconv =

⎛
⎜⎜⎜⎜⎝

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 e−iφconv

⎞
⎟⎟⎟⎟⎠ , (3.16)
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(a) (b)

Figure 3.14. Transmission of TE and TM modes through splitter: (a) optimized
design of splitter, (b) design with deviation in design parameter. "TEup" is TE
mode in splitter’s upper output waveguide; "TElow", TE mode in lower output
waveguide; "TMup", TM mode in upper output waveguide; and "TMlow", TM
mode in lower output waveguide.

where φconv is the phase difference between the modes of the converter. The
left matrixes are used when the converter is in the upper arm and the right
matrixes, when the converter is in the lower arm.

For circuit simulations, the knowledge of the waveguide wall angle is nec-
essary. So HHI tests their reactive ion etching of the semiconductors and from
the cross section image by a scanning electron microscope finds the wall angle.
It is about 7 ◦. In the mask design of the polarization devices, we make the
devices with a sweep of the wall angle to take into account possible deviations
of the fabrication. In the following simulations, a constant wall angle of 7 ◦ is
considered. The MMI’s are lossless with power coupling coefficients of 0.5.

3.3.4 Polarization splitter

The splitter consists of a 1× 2 MMI, the curved waveguide and straight waveg-
uide section, the phase shifters, and a 2× 2 MMI.

By multiplying the input vector Vin with the component matrixes in turn,
the output vector Vout becomes

Vout = M2×2MMIMpsMwgsM1×2MMIVin. (3.17)

Then we find the powers of the polarization states in the arms from Vout ·V∗out

(the asterisk means complex conjugate).

For the splitter, deviation in a design parameter from its optimized value
changes the splitting. Figure 3.14 shows the effect of the deviation for a +40 ◦
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(c)

Figure 3.15. Splitting ratio as function of (a) waveguide width, (b) relative
deviation in thickness of guiding layer, (c) waveguide wall angle.

linear state of polarization. For the optimized splitter, the maximum of the
TE transmission through the lower arm (TElow) is at the same phase shift as
the maximum of TM transmission through the upper arm (TMup). The red
dashed line in Fig. 3.14a shows this phase shift. When the deviation appears,
the TElow and TMup maximums move away from each other (thin red dashed
lines in Fig. 3.14b). Then for the optimal performance of the splitter, we set
the phase shift between the maximums (thick red dashed line in Fig. 3.14b).

Now we analyze the tolerances. The fabrication imperfections include the
deviations in the waveguide width, in the thickness of the guiding layer, and
in the angle of the waveguide wall. The error in the waveguide length will not
play a role because the lithographical error is about 1 μm, and on this scale,
the phase difference between the modes is negligible. Then the mode solver
finds the propagation constants of the TE and TM modes in the straight and
curved E1700 waveguides (bending radius is 250 μm) for different waveguide
widths, guiding layer thicknesses, and waveguide wall angles.

In the tolerance simulations, the shifter in one arm sets the phase as Fig.
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3.14b shows; in this way, the splitting ratios for TE and TM polarizations are
equal. The phase settings are different for each deviation parameter. These
settings will be used in the simulations for the controller. Figure 3.15 shows
the graphs. To be above 15 dB of the splitting, the waveguide width should be
2± 0.125 μm (Fig. 3.15a); relative deviation in thickness of the guiding layer,
±5 % (Fig. 3.15b); and the waveguide wall angle, 7 ± 5 ◦ (Fig. 3.15c). The
current fabrication technology can meet these tolerances.

3.3.5 Polarization scrambler

The scrambler consists of a polarization converter with half length of the full
conversion, a 1× 2 MMI, the curved waveguide and straight waveguide sec-
tion, phase shifters, and a 2 × 1 MMI. Before the 1 × 2 MMI, there is one
waveguide. Then to describe the half converter with the 4× 4 transfer ma-
trixes, Vin needs the rotation matrix and the propagation matrix for the case
when the converter is in the upper arm of a Mach-Zehnder (Eqs 3.15 and 3.16).

Multiplication of the input vector Vin by the transfer matrixes of all the
components in turn gives the vector Vout:

Vout = M2×1MMIMpsMwgsM1×2MMIR
−1MconvR ·Vin. (3.18)

To see the evolution of the polarization state on the Poincaré sphere, we
get the Stokes parameters from Vout. The Stoke parameters are

S1 =
ETEE∗TE − ETME∗TM

E2
TE + E2

TM
,

S2 =
ETEE∗TM + ETME∗TE

E2
TE + E2

TM
, (3.19)

S3 = i
ETEE∗TM − ETME∗TE

E2
TE + E2

TM
,

where the asterisk means a complex conjugate.

Depending on the phase shift introduced by a phase shifter, we can plot the
change in the output state of polarization on the Poincaré sphere. Figure 3.16a
shows the result for the scrambler designed for a 7 ◦ angle of the waveguide
walls (Eqs. 3.3-3.5 for the converter and Eq. 3.6 for the curved waveguide).
The state of polarization goes around the sphere tracing a circle of the largest
radius. This means averaging of the polarization-dependent effects if the ro-
tation is fast enough.

The scrambler will be sensitive to the deviations in the following design
parameters: waveguide width, the guiding layer thickness, the angle of the
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(a)

(b) (c)

Figure 3.16. Output state of polarization from scrambler designed for 7 ◦
waveguide wall angle: (a) evolution for different phase shifter setting for TE
input; (b) transmission vs phase shifter setting for linear states with different
TE fractions; (c) transmission vs phase shifter setting for different phase lags
between basic H and V states of input +45 ◦ state.

waveguide wall, and the converter’s top width. These deviations and the in-
put state of polarization, however, do not change the evolution of the output
state of polarization: the output state always traces the circle of the largest
radius through the H and V points on the sphere (see Fig. 3.16a). The orien-
tation of the circle changes though, but it has no influence on the polarization
averaging. The problem of this scrambler lies in the amplitude of the output
state of polarization: the amplitude depends on the input state of polarization.

To see this dependence, we simulate transmission through the scrambler
using Eq. 3.18 as a function of the phase shift. The propagation constants
and the tilt angles of the converter’s modes as functions of the design param-
eters come from the simulations by a mode solver. Figure 3.16b shows the
transmission as a function of the phase shift for different linear input states of
polarization. The linear states have different TE fraction, which is the power
of the TE component of the input state divided by the total power of the input
state. The largest difference between the maximum and the minimum of the
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transmission curves happens for TE fractions of 0 and 100 %; for these frac-
tions, the normalized output power changes by about 1 %. So the scrambler
works very well for all linear states. The situation, however, becomes worse
for the elliptic states. In this case, there is a phase difference between the ba-
sic H and V linear states. To show the influence of this phase difference, we
take the +45 ◦ linear state and plot the transmission against the phase shifter
setting for different phase differences between the H and V states. Figure
3.16c shows the result which suggests that the phase difference gives much
larger oscillations in the power: already a 0.03-rad phase difference makes the
output power oscillate by 3 %.

In principle, the scrambler can work for any linear input state of polar-
ization. The only polarized modes in the waveguides of a photonic circuit,
however, are TE and TM. This makes the input state into the scrambler either
TE or TM. For this reason, the tolerances of the device can be analyzed for
either of the two states. We choose TE.

Figure 3.17 shows the transmission through the scrambler as a function
of the phase shift for deviations in the design parameters. Table 3.2 shows
the maximum difference in the oscillation of the transmission for a given
deviation. From Fig. 3.17a, the deviation in the waveguide width and the
converter’s top width has a large influence on the oscillation of the output
power: already for a value of 25 nm, the transmission changes by 10 % from
the averaged value (Table 3.2a). The scrambler is also sensitive to the relative
deviation in the guiding layer thickness (Fig. 3.17b). Table 3.2b suggests that
a 1 % thickness deviation gives a 6 % transmission variation. The influence of
the wall angle on the transmission is in Fig. 3.17c. Again there is an increase in
the transmission oscillations for changing waveguide wall angle: for an angle
of ±1 ◦, the transmission oscillates by 8 %; for ±2 ◦, the transmission changes
by almost 20 % (Table 3.2c).

Table 3.2. Maximum variation in scrambler’s transmission ΔT for different
design parameters: Δw, deviation in waveguide and converter width; Δt, rel-
ative deviation in guiding layer thickness; ς, waveguide wall angle.

(a)

Δw, nm ΔT, %
0 1.3
25 9.5
50 18
75 25
100 33

(b)

Δt, % ΔT, %
0 1.2
1 6.0
2 12
3 18
4 23
5 30

(c)

ς, ◦ ΔT, %
3 41
5 20
7 1.2
9 21
11 40

56



(a) (b)

(c)

Figure 3.17. Transmission through scrambler as function of phase shift in-
troduced by phase shifter for different (a) deviation in waveguide width and
converter’s top width Δw, (b) relative deviation in guiding layer thickness Δt,
and (c) deviation in waveguide wall angles Δς.

Figures 3.17 and Tables 3.2 show that the scrambler is sensitive to devi-
ations in the design parameters. Because of this sensitivity, the fabrication
conditions of the scrambler have to be controlled well: the lithography, the
growth of the layer stack, and the etching processes. To keep the transmission
oscillation within 10 %, the width deviation should be less than 25 nm; the
deviation in the guiding layer thickness, less than 1 %; and the deviation in
the angle of the waveguide wall, less than 0.5 ◦. With the current fabrication
technology, however, it is difficult to make the scrambler with these tolerances.

The scrambler produces random states of polarization. If we need a well-
defined output state of polarization, a polarization controller is necessary. The
next section introduces this device.
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3.3.6 Polarization controller

The polarization controller consists of three Mach-Zehnder interferometers
(Fig. 3.5a). The first Mach-Zehnder is the splitter, the second has the phase
shifter in the upper arm and a polarization converter in the lower arm, and
the third has one phase shifter in each arm.

To describe the state of polarization at the controller’s output, the output
vector Vout is necessary. Section 3.3.4 introduced the transfer matrixes for the
splitter. The second Mach-Zehnder should have the rotation matrix (Eq. 3.15)
and the propagation matrix (Eq. 3.16) for the converter, and the matrix of the
phase shifter (Eq. 3.14). The arrangement of the second Mach-Zehnder is such
that the converter is in the lower arm and the phase shifter is in the upper arm,
see Fig. 3.5a. But this Mach-Zehnder has imbalanced arms. This means the
following. The propagation constants of the converter’s modes are different
from the propagation constants of the modes in a straight waveguide. For this
reason, the upper arm of the second Mach-Zehnder should include a length
of the E1700 straight waveguide that equals the converter length (the phase
shifter is made of E1700 deep waveguide). Then the matrix of the phase shifter
becomes

Mps∗ =

⎛
⎜⎜⎜⎜⎝

ei(φps+βTEslconv) 0 0 0
0 1 0 0
0 0 ei(φps+βTMslconv) 0
0 0 0 1

⎞
⎟⎟⎟⎟⎠ . (3.20)

The third Mach-Zehnder, which is a switch to maximize the power at the
output, uses the phase shifter in the upper arm for setting the phase. The
controller’s output vector then is

Vout =

3rd Mach-Zehnder︷ ︸︸ ︷
M2×1MMIMps ·

2nd Mach-Zehnder︷ ︸︸ ︷
M2×2MMIR

−1MconvRMps∗ · (3.21)

M2×2MMIMpsMwgsM1×2MMI︸ ︷︷ ︸
splitter

·Vin,

where for conceptual clarity, we separate the matrixes of the phase shifter and
the converter in the second Mach-Zehnder. From Vout, as in the case of the
scrambler, the Stokes parameters are calculated with Eqs 3.19.

To analyze the tolerances, we check the following design parameters: waveg-
uide width and top width, guiding layer thickness, and waveguide wall angle.
The controller’s performance is evaluated by the transmission of the output
state of polarization and the TM fraction in the output state. The controller
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(a) (b)

(c) (d)

Figure 3.18. Transmission and remaining power of TM mode at controller’s
output as functions of (a) deviation in waveguide width and converter’s top
width, (b) deviation in waveguide and converter’s widths with adjusted phase
shifter setting in third Mach-Zehnder interferometer, (c) relative thickness de-
viation, and (d) waveguide wall angle. Input state to controller is +45 ◦ linear.

should produce the TE state at the output. From the simulations for the split-
ter (Section 3.3.4), the optimal phase setting to split TE and TM polarization
for deviations in the design parameters are known. We use the optimal phase
setting for a design parameter in the splitter section when simulating the con-
troller. The input state of polarization is the +45 ◦ linear state because it is
representative of the polarization states that need setting of the phase shifters
in all three Mach-Zehnder sections, and for this reason, reflects the most com-
plex operation condition of the controller.

We first set the limits on the variations in the transmission and the TM
fraction in the output state: the output power should vary by less than 10 %
and the fraction of TM in the output state should be less than 3 %. The phase
sweep by the shifter in the second Mach-Zehnder produces the Stokes param-
eters as functions of the phase shift. The TM fraction fTM in the output state
of polarization is
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fTM =
1− S1

2
, (3.22)

when the output power is normalized to the input power. From this equation,
the S1 parameter should be larger than 0.94. For the parameter values above
0.94, we find the value that corresponds to the largest power (S0 parameter).
In this way, the plots of Figs 3.18 are produced. Figure 3.18a shows the influ-
ence of the width deviation on the controller’s performance: to keep the TM
fraction below 3 %, this deviation should be in a range from -0.1 to 0.075 μm.
For larger values, there are no output states with TM fractions below 3 %. To
adjust the output state a little, the phase shifter in the third Mach-Zehnder is
used (Fig. 3.18b). When this phase shifter is on, we can always find a state of
polarization whose TM fraction is less than 3 % (for this reason, the graph of
the TM output power is not shown); the transmission, however, drops below
90 % for the errors lower than -0.1 μm and larger than 0.075 μm. The deviation
in the relative thickness of the guiding layer has a smaller effect (Fig. 3.18c):
for the thickness deviation within ±5 %, both the transmission and the TM
fraction are within the specifications. The waveguide wall angle influences
the transmission and TM output power too (Fig. 3.18d): to keep the 3 % TM
fraction and the power above 90 %, the waveguide wall angle should stay be-
tween 2 and 9 ◦. The phase shifter in the third Mach-Zehnder helps to reduce
the TM fraction for wall angles more than 9 ◦, but the power drops below
90 %.

So to keep the output power above 90 % and the TM fraction below 3 %,
the controller should have a waveguide width deviation in a range from -0.1
to 0.075 μm; a deviation in the thickness of the guiding layer, ±5 % at most;
and a waveguide wall angle between 2 and 9 ◦.

The last polarization building block is the filter which we discuss in the
next section.

3.3.7 Polarization filter

In principle, the polarization filter can be evaluated with a finite-difference
time-domain (FDTD) transmission simulation. The transmission simulation
needs a 3D model with an input taper, the photonic crystal, and an output
taper. These simulations, however, are time-consuming; moreover, there are
many variations of the pillar radiuses r, defect pillar radiuses rd, lattice con-
stant a, and polyimide membrane thickness tmem. This number of the design
parameters makes the simulation time huge.

So we need a way to model the filter that reduces the simulation time. The
calculation of the photonic crystal band diagram helps here because it allows
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finding the necessary parameters of the crystal from a fewer number of the
simulations. In the FDTD software, we build a 3D model of two unit cells for
the photonic crystal (Fig. 3.19a). The refractive indexes of the semiconductors
as functions of wavelength are from [52] and the refractive index of the poly-
imide as a function of wavelength is from [50]. The unit cell with one pillar
is used to optimize the lattice constant, the pillar radius, and the membrane
thickness. The second unit cell, with nine pillars, is used to sweep the defect
pillar radius and to find the optimal guiding conditions (more on this later). In
both unit cells, dipole sources and time monitors sit at random positions. The
sources excite all possible modes, and the time monitors record the fields as
functions of time. Then a Fourier transform converts the recorded fields into
the fields as functions of frequency, and from these, the software produces a
band diagram. A band diagram shows the normalized frequency ω

ω = a/λ, (3.23)

with λ being a simulation wavelength, as a function of the wave vector k. To
avoid additional simulations for different lattice constants, we use the normal-
ized pillar radius and normalized defect pillar radius:

r =
r
a

, rd =
rd

a
. (3.24)

The simulations for the unit cell with one pillar produce band diagrams
for different normalized pillar radiuses and different thicknesses of the mem-
brane. In the simulations, the borders of the unit cell have the Bloch boundary
condition. A schematic example of the diagram is in Fig. 3.19c. From the di-
agrams, we find the width of the bandgap Δω and the center normalized
frequency of the bandgap ω0. The design wavelength is λ0 = 1.55 μm. Then
the lattice constant and the pillar radius of the crystal are

a = ω0λ0, r = ar. (3.25)

The choice of the lattice constant, pillar radius, and membrane thickness
depends on several things: the bandgap should be wide enough to reflect all
the wavelengths in the C band; the distance between the pillars should be
large enough to etch them deep enough during the fabrication; and the pillar
radius should be wide enough to define them with the lithography.

From the simulations of the band diagrams for different normalized pillar
radiuses, the bandgap width is found. The width needed to reflect all the
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Figure 3.19. (a) Top view of unit cells to simulate band diagrams. (b) Cross
section through unit cell with nine pillars. (c) Schematic of band diagram for
unit cell with one pillar. Gray areas are bands with photonic crystal modes.
ω0 is normalized center frequency of bandgap, Δω is bandgap width. (d)
Schematic of band diagram for unit cell with 9 pillars. Gray areas are bands
with photonic crystal modes. ω0 is normalized center frequency of bandgap,
Δω is bandgap width. Lines labelled odd and even show behaviour of odd
and even modes.
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wavelengths in the C band is calculated with the following equation:

Δω

ω0
=

ΔλC

λ0
, (3.26)

where ΔλC = 40 nm is the width of the C band. For normalized pillar ra-
diuses larger than 0.24, the bandgap widths are insufficient to reflect all the
wavelengths from the C band. For this reason, we restrict our choice of the
normalized pillar radiuses to values lower than 0.24.

Smaller normalized pillar radiuses give wider bandgaps and larger spac-
ing between the pillars, but the lithographical definition of the pillars becomes
more difficult. With the electron beam lithography using the PMMA 950 A4
resist, definition of structures smaller than 200 nm is problematic. For this
reason, the minimal pillar radius is 100 nm. Then the normalized pillar radius
is 0.2. The membrane thickness should be larger than the thickness of the
guiding InGaAsP layer to allow good coupling from the guiding layer into
the membrane. At first, the membrane thickness is 0.7 μm; it will be corrected
later based on the transmission simulations. For a 0.2 normalized pillar radius
and a 0.7-μm-thick polyimide membrane, the lattice constant is 495 nm.

With the normalized pillar radius and the membrane thickness fixed, we
calculate the band diagrams for the unit cell with nine pillars for different nor-
malized defect pillar radiuses. Figure 3.19d shows a band diagram. Knowing
the lattice constant, we find the normalized frequency that corresponds to
the design wavelength of 1.55 μm (dashed line in the figure). There are two
guided modes in the bandgap: one even and one odd. The odd mode has an
asymmetric shape, but the mode in the output taper is symmetric. For this
reason, the odd mode cannot couple from the crystal into the output taper. So
for optimal transmission, excitation of the odd mode should not take place.
By adjusting the normalized defect pillar radius, we find the band diagrams
in which the odd mode does not cross the 1.55-μm line. At a normalized
defect pillar radius of 0.28, the odd mode is above the 1.55-μm line, and at
a normalized defect pillar radius of 0.41, the odd line is below the 1.55-μm
line. These two values are therefore chosen as possible defect pillar radiuses.
The parameters for the transmission simulations for the photonic crystal are
summarized in Table 3.3.

For the transmission simulation, we first get the parameters of the input
and output tapers of the crystal. One side of the taper connects to a deep
COBRA waveguide, so the width on that side is 1.5 μm. From the previ-
ous study [50], the optimal coupling between the taper and photonic crystal
happens when the taper width close to the crystal equals the defect pillar ra-
dius. An FDTD simulation of a single taper shows that a taper angle of about
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0.9 ◦ keeps more than 98 % of the light power in the fundamental modes (Fig.
3.20a).

To reduce the simulation time, the tapers in the transmission simulation go
from 0.8 μm to the defect pillar radius with a taper angle of 0.9 ◦. Figure 3.20b
shows the simulation geometry. The mode source sends the fundamental TE
or TM mode into the input taper, a power/field profile monitor records trans-
mission as a function of wavelength, and the mode expansion monitor also
records the mode profile in the output taper. With the simulation parameters
from Table 3.3, we first check which defect pillar radius to use: 140 or 200 nm.
Figure 3.20c shows the transmission curves through the crystals for these two
cases. For the same number of pillars in the crystal, the 140-nm radius shows
much lower transmission than the 200-nm radius; so the 200-nm defect pillar
radius is better. Next the number of the pillars in the propagation direction
and in the direction perpendicular to the propagation needs to be determined.
In the direction perpendicular to the propagation, the pillar number becomes
irrelevant once it is larger than nine, including the defect pillar. To allow for
some error during the optical lithography to create the membrane, we take
15 pillars in total for this direction. The propagation direction needs a more
detailed analysis. For the TM polarization, the pillar number just reduces the
transmission. We, however, are more interested in the extinction of the TE
mode. Figure 3.20d shows the impact of the number of the pillars in the prop-
agation direction. With 15 pillars, the transmission of the TE mode is about
0.05 % (-33-dB extinction) at a wavelength of 1.55 μm. This number of pillars
is used in the following simulations.

The thickness of the polyimide membrane is optimized next. Figure 3.20e
shows the graphs of transmission through the crystal as a function of wave-
length for different membrane thicknesses. The crystal with a membrane
thickness of 900 nm shows the highest transmission. So the membrane thick-
ness is tmem = 900 nm. The last parameter to find is the gap between the crystal
and the tapers. The simulations show that a gap smaller than 100 nm gives
the highest transmission, so it can be reduced to zero. Table 3.4 summarizes
the simulation parameters.

Table 3.3. Parameters of pillar photonic crystal.

Parameter Value
pillar radius r 100 nm
defect pillar radius rd 140 or 200 nm
lattice constant a 495 nm
membrane thickness tmem 700 nm
pillar height 2 μm
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Figure 3.20. Transmission simulations for photonic crystal polarization filter.
(a) Top view of input-output taper. (b) Top view of simulation geometry. (c)
TM transmission against wavelength for crystals with different defect pillar
radiuses for 15 pillars in propagation direction. (d) TE transmission against
wavelength for crystals with different number of pillars in propagation di-
rection. (e) TM transmission against wavelength for crystal with different
membrane thicknesses tmem.
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Figure 3.21. Polarization filter on narrow waveguide: (a) top view, (b) top
view of simulation geometry. "Wg" means waveguide.

The polarization filter on pillar photonic crystal shows a very good sup-
pression of the TE mode (-≈ 33 dB); it introduces, however, about 5-dB loss.
The reason for this high loss is the number of facets at which the TM modes
scatters away and loses its power.

An alternative to the polarization filter with the photonic crystal is a con-
tinuous narrow waveguide.

Polarization filter on narrow waveguide

Figure 3.21a shows the top view of this filter. It has a taper that runs from
1.5 μm (the width of the deep COBRA waveguides) to the width of the narrow
waveguide, the narrow waveguide, and the output taper. The length of the
tapers is about 30 μm. In the simulation for the filter, the mode source sends
the fundamental TE or TM mode at 1.55 μm. Monitor 1 checks the modal
power at the entrance to the narrow waveguide, and monitor 2, 25 μm away
from monitor 1, checks the decay of the transmission (Fig. 3.21b). Table 3.5
shows the value of transmission for different narrow waveguide widths.

The transmission for TE and TM polarizations does not change much
down to the waveguide width of 200 nm. At the 200-nm width, the trans-
mission of the TE mode drops by almost 30 % from monitor 1 to monitor 2,
while the TM transmission decreases by 4 % only. The length of the narrow
waveguide to have the transmission of the TE mode below a -30-dB extinction
is 500 μm. The TM loss, at the same time, is about 3.5 dB.

Table 3.4. Optimized parameters of pillar photonic crystal polarization filter.

Parameter Value
pillar radius r 100 nm
defect pillar radius rd 200 nm
lattice constant a 495 nm
membrane thickness tmem 900 nm
pillar height 2 μm
number of pillars in propagation direction 15
number of pillars in perpendicular-to-propagation direction 15
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Despite good filtering of the TE mode, the filter is quite long and intro-
duces a loss of 3.5 dB.

In this chapter, we discussed the design of the polarization devices. Once
the design parameters of the devices are known, their fabrication can be
started.

Table 3.5. Transmission through monitor 1 and monitor 2 (Fig. 3.21b) for TE
and TM modes for different widths of narrow waveguide.

Waveguide width, nm Monitor 1 Monitor 2
TE mode

400 0.926 0.896
300 0.902 0.864
200 0.749 0.474

TM mode
400 0.963 0.944
300 0.958 0.923
200 0.952 0.914

67





Chapter 4

Fabrication of devices

This chapter describes fabrication of the polarization building blocks. We first
introduce the fabrication process of the polarization converters. This process
was developed at the facilities of NanoLab@TU/e for HHI. Using this pro-
cess, HHI made polarization converters and complex devices: the splitters,
scramblers, and controllers. The chapter also includes the fabrication of the
polarization filters on pillar photonic crystals and on narrow waveguides for
the COBRA layer stack.

4.1 Polarization converter

4.1.1 Original fabrication

The polarization converter is a right trapezoid. The original fabrication pro-
cess of this converter has six main steps [10, 54]: masking the converter’s top
(Fig. 4.1a), protecting one side of the converter with a photoresist (Fig. 4.1b),
dry etching the straight wall (Fig. 4.1c), masking all structures (Fig. 4.1d),
opening the masking layer (Fig. 4.1e), and wet etching the slope (Fig. 4.1f).
The wet etching produces an underetch of about 100 nm [10]; in some cases,
this underetch can be up to 650 nm [21]. As we remember from the previous
chapter, the converter’s tolerance to the variation of the top width is 60 nm, so
the underetch can destroy the performance of the converter.

To avoid the underetch, we need to know why it appears. The reasons are
two. The first is poor adhesion of the mask to the substrate. The second is the
masking layer on the straight wall (Fig. 4.1e): this layer pulls the top mask so
that the top mask lifts on the other side. The wet etchant then can go under
the top mask producing the underetch. To have a more reproducible defini-
tion of the top width, we improve the adhesion by introducing cleaning steps
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mask InGaAsP InP resist

(a) (b) (c)

(d) (e) (f)

Figure 4.1. Main steps of original fabrication process of polarization converter.
(a) Definition of mask. (b) Optical lithography. (c) Semiconductor etch. (d)
Deposition of thin masking layer. (e) Etching of masking layer on flat surfaces.
(f) Wet etching.

(a)

converter
io wgs

tapers

access wgs
(b)

Figure 4.2. (a) Straight wall of converter after inductively-coupled plasma
etching with insufficient thickness of mask. Dashed line shows initial shape
of mask. (b) Top view of SiNx mask for waveguides, tapers, and converter.
"io" means input-output, "wgs" means waveguides.

(O2 plasma, H3PO4-H2O solution, and a dip in 1 % HF) and use symmetric
masking at all steps of the fabrication. So we change the fabrication process.

4.1.2 New fabrication process

Figure 4.3 shows the new fabrication process of the converter.

We start from a clean wafer (Fig. 4.3a) on which we deposit 600 nm of
SiNx by plasma-enhanced chemical vapour deposition (Fig. 4.3b). As a mask-
ing material, SiNx is resistant to etching of the semiconductors with CH4-H2

inductively-coupled plasma, to Br2-CH3OH wet etching, to the cleaning steps,
and it adheres to InGaAsP and InP well. A thickness of 600 nm prevents
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InGaAsP InP Cr ZEPSiNx

(a) start of fabrication (b) deposit SiNx

(c) evaporate Cr (d) spin + bake ZEP resist

mark

(e) expose + develop ZEP resist (f) etch Cr

(g) etch SiNx (h) remove Cr

Figure 4.3. Fabrication of polarization converter for implementation in generic
fabrication process.

the erosion of the mask corners to reach the semiconductor layer during the
inductively-coupled plasma etching. Figure 4.2a shows what happens during
the etching when the thickness of SiNx is not enough.

To define the top width reproducibly, we use electron beam lithography.
The thickness of the resist for the lithography becomes an issue then: to have
the same converter’s top width all over the sample, the resist should spin uni-
formly over the sample. The conditions of uniform coverage for the ZEP520A
resist give a thickness of about 300 nm. This thickness is not enough to be a
mask for etching 600 nm of SiNx. So we need an additional masking material
to etch SiNx. The material should adhere to SiNx, ZEP520A, and should be
resistant to the etching of SiNx. The material of choice is Cr, and we evaporate
50 nm of it (Fig. 4.3c). Spinning of ZEP520A and baking follow (Fig. 4.3d). An
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InGaAsP InP Cr ZEPSiNx

(i) semiconductor etch (j) evaporate Cr

(k) spin + bake ZEP resist

wg conv mark

(l) expose + develop ZEP resist

(m) etch Cr (n) etch SiNx

(o) remove Cr (p) Br2-CH3OH etch

Figure 4.3. (continued) Fabrication of polarization converter for implemen-
tation in generic fabrication process. "Wg" means waveguide, "conv" means
converter.

electron beam lithography system writes the alignment marks at an accelera-
tion voltage of 20 kV, and ZEP520A is developed next (Fig. 4.3e). The marks
are necessary to correct the drift of the electron beam during the exposure
(see Appendix C for details) and to do optical lithography to protect the con-
verter’s slope from CH4-H2 inductively-coupled plasma etching. We etch Cr
with Cl2-O2 plasma (Fig. 4.3f). After this etching, it is important to rinse the
sample in water because the remaining chlorine species on the surface may
etch Cr more, so the definition of the top width changes. Etching SiNx by
reactive ion etching with pure CHF3 is next (Fig. 4.3g). Removal of Cr with
O2 plasma (Fig. 4.3h) and inductively-coupled plasma etching with CH4-H2

for the alignment marks (Fig. 4.3i) follow. The marks are about 1-μm-deep.

When the marks are ready, we write the waveguides, tapers, and convert-
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InGaAsP InP AZSiNx

(q) spin + bake AZ resist

converter

(r) expose + develop AZ resist

converter

(s) semiconductor etch (t) remove AZ resist

wg conv

(u) remove SiNx

Figure 4.3. (continued) Fabrication of polarization converter for implementa-
tion in generic fabrication process.

ers (Fig. 4.2b). Evaporation of 50 nm of Cr is first (Fig. 4.3j). Then we spin
and bake ZEP520A (Fig. 4.3k). The electron beam lithography system writes
the waveguides, tapers, and converters at an acceleration voltage of 20 kV. It
is important to note that the mask for the electron beam lithography should
have the converter’s top width mask parallel to the major flat of the wafer;
otherwise, Br2-CH3OH etching will not produce the converter’s slope during
the wet etching.

Writing with the electron beam usually takes quite a long time. The longest
structures in our design are the access waveguides. So the waveguide length
becomes a compromise between the writing time and the accuracy of measur-
ing the loss by the Fabry Pérot method. The accuracy depends on the number
of fringes in the curve of the measured power against the wavelength: the
longer the waveguides are, the more fringes the curve has, the more accu-
rate the measurement is. When the access waveguides, tapers, input-output
waveguides, and converter together are 4-mm-long, the curve has five to six
fringes in a 0.5-nm-wide wavelength range. This number is enough for an
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accurate measurement.

Development of ZEP520A follows the electron beam lithography (Fig. 4.3l).
Then we etch Cr (Fig. 4.3m), rinse the sample in water, etch SiNx (Fig. 4.3n),
and remove Cr by O2 plasma (Fig. 4.3o). A Br2-CH3OH solution etches the
slopes for waveguides, tapers, and converters (Fig. 4.3p). The depth of etch-
ing should be so that the AZ4533 resist can cover the slopes of the converters
completely. Br2-CH3OH etching is sensitive to the direction of stirring and
concentration of Br2. The flow of the Br2-CH3OH should be in a shape of the
infinity sign, which is the best case, or along the waveguides. Because the
concentration of Br2 is low, the etching depth depends on the etching time
nonlinearly. Seven minutes of etching give an etching depth of about 2.6 μm.

The remaining steps are the following. We spin and bake the AZ4533
photoresist (Fig. 4.3q). An optical mask aligner makes an exposure followed
by the development of AZ4533 and baking at 200 °C for 20 min (Fig. 4.3r). This
baking makes AZ4533 resistant to the CH4-H2 inductively-coupled plasma
that is the next step of the fabrication (Fig. 4.3s). The etched straight walls of
the waveguides, tapers, and converter are about 2-μm-high. After the etching,
we remove AZ4533 with O2 plasma (Fig. 4.3t) and SiNx with a 10 % HF
solution in water (Fig. 4.3u).

From the previous chapter, we know that the converter’s top width should
stay within ±60 nm. It is, however, difficult to control the top width so accu-
rately. For this reason, we need to check the fabrication steps at which the loss
of the top width may happen. Also we check the roughness of the masking
layers because the losses of our structures depend on the roughness.

4.1.3 Tests of fabrication

The first test is to find a dose that gives smooth and vertical walls of the
ZEP520A pattern. After development of the resist, doses of 33-37 μC/cm2

give smooth and almost vertical walls of the resist (Fig. 4.4a). We choose a
dose of 35 μC/cm2. Next test is etching of Cr: how smooth the Cr edges are
and if underetching of Cr appears. Figure 4.4b shows the cross section image
by a scanning electron microscope after the Cr etching. Cr has smooth edges
and there is no underetching. Etching of SiNx gives smooth (Fig. 4.4c) and
vertical (Fig. 4.4d) walls of SiNx. Br2-CH3OH wet etching produces a smooth
slope (Fig. 4.4e) with almost no underetch (Fig. 4.4f). The last check is on
the coverage of the slope by the AZ4533 resist and on the straight wall of the
converter after the CH4-H2 etching. The slope is covered. The straight wall has
a slight curvature that should not influence the performance of the converter
much (Fig. 4.4g) because it is below the guiding layer. Figures 4.4h and 4.4i
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(b)
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Figure 4.4. Views of converter after different steps of fabrication: (a) cross
section after development of ZEP520A for dose of 35 μC/cm2; (b) cross section
after etching Cr; (c) cross section after etching SiNx; (d) cross section after
etching SiNx; (e) tilted view after Br2-CH3OH wet etching; (f) cross section
after Br2-CH3OH wet etching; (g) cross section after protection of slope with
AZ4533 resist and etching straight wall; (h) tilted view on slope of converter;
(i) tilted view on straight wall of converter.

show views on the slope and straight wall of the polarization converter. The
slope is smooth and clean. The straight wall of the converter is a bit rough.

When the fabrication process is tested and proves working, HHI adopts
the process into their existing technology with small adjustments and makes
converters, splitters, scramblers, and controllers.

4.2 Fabrication at Heinrich Hertz Institute

The foundry shares no specifics of the fabrication steps because of confiden-
tiality issues; so this section shows only the general steps.

On the clean wafer (Fig. 4.5a), a thin layer of SiNx is deposited (Fig. 4.5b).
The first lithography defines the photoresist mask for waveguides, converters,
and the phase modulators (Fig. 4.5c). By lithography, we mean spinning, bak-
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ing, exposure, and development of the photoresist. SiNx etching and removal
of the resist are next (Figs 4.5d and 4.5e). The second lithography protects the
area where the converters will be (Fig. 4.5f) from etching of all waveguides
(Fig. 4.5g). Then the photoresist is removed (Fig. 4.5h) and the third lithogra-
phy is done (Fig. 4.5i) to protect the etched waveguides with SiNx (Fig. 4.5j).
After the SiNx lift-off (Fig. 4.5k), a Br2-CH3OH solution etches the slopes on
both sides of the converters (Fig. 4.5l). The fourth lithography protects one
slope of the converter (Fig. 4.5m) from the reactive ion etching of the straight
wall (Fig. 4.5n). Removal of the resist follows (Fig. 4.5o). The fifth lithography
(Fig. 4.5p) opens the area for etching SiNx (Fig. 4.5q) for the phase modula-
tors. Removal of the resist is next (Fig. 4.5r). The sixth lithography defines the
area where the Pt electrodes will be (Fig. 4.5s). Deposition of Pt (Fig. 4.5t), Pt
lift-off (Fig. 4.5u), electroplating of Au (Fig. 4.5v) and interconnecting metal
tracks and air bridges are the last steps of the fabrication.
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InGaAsP InP photoresist Pt AuSiNx

(a) start of fabrication (b) deposit SiNx

waveguide converter modulator

(c) lithograhy 1 (d) etch SiNx

(e) remove resist (f) lithography 2

(g) semiconductor etch (h) remove resist

(i) lithography 3 (j) deposit SiNx

(k) lift off SiNx (l) Br2-CH3OH etch

Figure 4.5. Fabrication of devices controlling polarization at Fraunhofer Hein-
rich Hertz Institute.
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InGaAsP InP photoresist Pt AuSiNx

(m) lithography 4 (n) semiconductor etch

(o) remove resist (p) lithography 5

etch SiNx

(q) etch SiNx (r) remove resist

(s) lithography 6 (t) deposit Pt

(u) lift off Pt (v) electroplating Au

Figure 4.5. (continued) Fabrication of devices controlling polarization at
Fraunhofer Heinrich Hertz Institute.
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4.3 Fabrication of polarization filters

The last polarization device is the polarization filter for the COBRA layer
stack. As we saw in the previous chapter, there are two types of the filter: on a
two-dimensional photonic crystal and on a narrow waveguide. The fabrication
technology developed for the COBRA layer stack has a process to make the
pillar photonic crystals [50]. This process uses lift-off to define the pillar mask
with Cr. Development of a new fabrication process for the filters is time-
consuming; for this reason, we take this process and change it so that we can
create a suspended membrane. The filters on a narrow waveguide have the
same processing steps as the usual waveguides; so the following pictures of
the fabrication have only the cross section of the narrow waveguide.

On the etched InP top cladding (Fig. 4.6a), we deposit 600 nm of SiNx

by plasma enhanced chemical vapour deposition (Fig. 4.6b). Next is spinning
and baking of the PMMA 950 A4 resist (Fig. 4.6c). The thickness of the PMMA
resist is about 200 nm. An electron beam lithography system writes the pattern
of waveguides, tapers, alignment marks for optical lithography, polarization
filters on narrow waveguides and photonic crystals at an acceleration voltage
of 20 kV. Development of PMMA is next (Fig. 4.6d). The development may
leave traces of the resist in the opened circles for the pillars. A short exposure
to O2 plasma for 7 sec at 50 W removes the traces. Evaporation of Cr follows
(Fig. 4.6e). Then we put the sample into a closed beaker with acetone; the
sample does not touch the acetone. During this exposure to acetone vapour
for 1 h, the resist swells. After the swelling, complete immersion into the
acetone for 1 h finishes the lift-off (Fig. 4.6f). Then we etch SiNx with pure
CHF3 reactive ion etching (Fig. 4.6g). O2 plasma removes Cr (Fig. 4.6h).
Inductively-coupled plasma etches the semiconductors to make the pillars,
tapers, and waveguides (Fig. 4.6i). A 10 % HF solution in water removes the
SiNx mask (Fig. 4.6j).

Next phase is creation of the suspended polyimide membrane. To make
the membrane, we could deposit a layer of material among the pillars, spin
polyimide, make the polyimide solid, and finally, wash away the material
under the polyimide so that the polyimide membrane hangs in air among
the pillars. So we need a material that dissolves while leaving the polyimide
PI2737 untouched. A polymer is no option because the polyimide is a polymer
too and, for this reason, has similar chemical properties. To be more specific,
this polymer will either dissolve in the solvent of the polyimide or the poly-
imide will be removed together with this polymer during the washing-away.
A dielectric oxide is a good choice because an oxide and a polymer have dif-
ferent chemical properties. One of the most readily available oxides is SiO2,
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InGaAsP InP Cr PMMA polyimideFOxSiNx

(a) start of fabrication (b) deposit SiNx

(c) spin + bake PMMA

waveguide photonic crystal mark

(d) EBL + develop PMMA

(e) evaporate Cr (f) lift off Cr

(g) etch SiNx (h) remove Cr

Figure 4.6. Fabrication of polarization filters on photonic crystals.

and it easily dissolves in HF. To test if SiO2 is applicable to our needs, we
test the impact of a 5 % HF solution in water on the polyimide. We spin the
polyimide on an InP dummy quarter and put it into the acid for 24 h. No
visible change in the polyimide. The next problem is in the difficulty to de-
posit SiO2 inside the photonic crystal because of the high aspect ratio of the
crystal (the distance between the pillars is about 300 nm and the pillar height
is 2 μm). A suitable technique that can deposit conformally inside the crystal
is the atomic layer deposition. We, however, do not have an access to atomic
layer deposition with SiO2.

An alternative to the deposition of SiO2 is spinning of a SiO2-based poly-
mer and baking it to form SiO2. FOx, or flowable oxide, is a solution of
hydrogen silsesquioxane that becomes SiO2 after curing [55]. To use FOx,
we need to know its spinning conditions, baking temperature, solvability in
HF and in the developer of the polyimide PI2737. The spinning conditions
that give a 750-nm thickness of FOx 25 on a flat InP dummy are 2000 rpm for
30 sec. A curing temperature of 300 °C for 1 h makes FOx solid and unsolvable
in the PI2737 polyimide. Cured FOx 25 dissolves 1 % HF in 10 sec.

We spin FOx 25 and bake it (Fig. 4.6k). The same for the polyimide:
spinning and backing (Fig. 4.6l). An optical lithography exposes the areas
of pillars to leave the polyimide there after the development (Fig. 4.6m). O2

plasma etches back the polyimide till the desired thickness of the membrane
(Fig. 4.6n). Finally, 1 % HF dissolves FOx and leaves the polyimide hanging
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InGaAsP InP Cr PMMA polyimideFOxSiNx

(i) etch semiconductors (j) remove SiNx

(k) spin + bake FOx (l) spin + bake polyimide

Opto-litho on PI2737

(m) lithography + develop polyimide (n) etch polyimide

(o) dissolve FOx

Figure 4.6. (continued) Fabrication of polarization filters on photonic crystals.

among the pillars (Fig. 4.6o).

Now we test the critical steps of the fabrication.

4.3.1 Tests of fabrication

There are two critical steps of the filter fabrication: filling of FOx among the
pillars and the electron beam lithography.

We first test the spinning of FOx among 1.3-μm-high pillars with a de-
signed pillar radius of 100 nm. Figure 4.7a shows the filling of a photonic
crystal that is about 6-μm-wide. The filling is excellent and the height of FOx
among the pillars is 1 μm, so a dry etch-back of FOx is necessary. Because of
the similarity of cured FOx to SiO2, the standard dry etchants for SiO2 etch
cured FOx too; it becomes a question of finding the right etching time only.

The next step is to test the electron beam lithography of the photonic crys-
tals and narrow waveguides. During an electron beam exposure, we shoot
the electrons into the resist and farther into the substrate. There are electrons
that scatter back to the surface and expose the resist away from the shooting
point of the electron beam. The range of the backscattering is usually up to
10-15 μm. The pillars of the photonic crystal are 300 nm apart. This means
that the exposure of one pillar in the crystal will disturb the exposure of the
others. Then depending on the position in the photonic crystal, the pillars
should have different exposure doses. So we have to do a so-called correction
of the proximity effect. The proximity correction needs the point spread (or
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(a) Filling of cured FOx 25 among 1.3-
μm-high pillars of 100-nm radius.

(b) Part of photonic crystal mask with
corrected proximity effect. Different
colours show different doses.

250 nm

(c) Cross section through photonic
crystal.

750 nm 310 nm

(d) Cross section through filter on nar-
row waveguide.

Figure 4.7. Tests of filter fabrication.
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energy distribution) function [56]. This function is the energy that an electron
beam resist gets from the backscattered electrons as a function of the distance
from the electron beam (see Appendix D for the details on how to find the
point spread function and the parameters of the proximity correction).

Once we find the point spread function, the software of the electron beam
lithography system corrects the proximity effect for the photonic crystal mask
(Fig. 4.7b).

Usually, the proximity correction gives the same radiuses for usual pillars
and the same radiuses for the defect pillars throughout the crystal, but the
radiuses are different from the design values. For this reason, in addition to
the designed crystals of a 100-nm pillar radius and a 200-nm defect pillar ra-
dius, we introduce several photonic crystals that have all the pillar radiuses
changed by -10, -5, +5, and +10 nm. The software of the electron beam lithog-
raphy system corrects the proximity effect on these five crystals. Then we
copy these five crystals several times, placing each copy away from the origi-
nal; each following copy gets a multiplication dose factor of 1.06. This sample
is processed till spinning of FOx. The scanning electron microscope images
of cleaves through the photonic crystals show that none of the crystals have
the design pillar and defect pillar radiuses. The deviation from the design
radius was at least 20 nm (Fig. 4.7c). Then we repeat the same procedure
with an exception that after the proximity effect correction, we reduce the pil-
lar radiuses by 20 nm and measure the pillar radiuses again. Some crystals
were not resolved by the lithography, but those that were resolved, showed
the same pillar radiuses as the first realization. It seems that a 120-nm pillar
and 220-nm defect pillar radiuses are the minimal feature sizes that we can
get with PMMA 950 A4.

The use of the PMMA 950 A2 resist that has two times lower thickness
than PMMA 950 A4 gave the same increase in the pillar radiuses.

For the filters on narrow waveguides, a single dose for the whole nar-
row waveguide is enough. In the mask for the electron beam lithography,
we sweep the waveguide widths from 175 to 225 nm and doses from 160 to
250 μC/cm2. From all the combination of the narrow waveguides, the ones
with an acceptable roughness have a width of 310 nm at a 750-nm etch depth,
the middle of the guiding layer (Fig. 4.7d). The design width for this narrow
waveguide is 175 nm. So an increase in the width is 135 nm.

At this point it becomes clear that an additional development the fabrica-
tion process is necessary to define the structures with the needed dimensions.
Because of the lack of time, it was impossible to continue this work. The fab-
rication process, however, is ready to be used once the problem with the in-
creasing feature size is solved. A possible solution may be mixing the PMMA
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resist with buckyballs [57]. The buckyballs reduce the sensitivity of the resist
to the backscattered electrons, and in this way, improve the definition of the
written structures a lot.

Once the polarization devices are ready, we can measure them. This is
what the next chapter is about.
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Chapter 5

Measurements and analysis

5.1 Polarization converter made at COBRA

There are two important quantities for a polarization converter: loss and effi-
ciency of polarization conversion. The converter should work in the C band
(1.53-1.57 μm). Because the wavelength range of the C band is relatively nar-
row, the loss is almost independent of the wavelength. A measurement at any
wavelength from the C band is enough. The conversion, however, should be
measured over the whole C band.

For the measurements, the definition of the input polarization state is im-
portant. There are two options for this: polarization-maintaining fibers or po-
larizers. A polarization-maintaining fiber gives an extinction of the unwanted
polarization of 20-30 dB; polarizers, on the other hand, give at least 40 dB. The
converters at the peak of the conversion efficiency show values close to 100 %.
This condition means that we need the highest possible extinction of the un-
wanted polarization. For this reason, the we choose the polarizers and build
the measurement setup in free space.

5.1.1 Measurement setup

Figure 5.1 shows the setup. There are two lasers: an infrared laser with a
wavelength from the C band and a red laser to align the setup. The two
lasers connect by single-mode fibers to a 1× 2 single-mode fiber coupler. A
single-mode fiber runs from the coupler to a collimation package ("coll pack"
in the figure).1 The collimated laser beam from the package goes through a
polarizer that sets the input state of polarization. Objective 1 focuses the light

1If the infrared laser has no built-in isolator, putting an optical isolator after the collimation
package prevents the reflections back into the laser. Absence of these reflections improves the
stability of the laser.
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Figure 5.1. Setup for measurement of polarization conversion efficiency and
loss. Components in dashed rectangles can be removed from optical path
independently of each other. ND is neutral density filter, CCD is charge-
coupled device camera.

into a waveguide of the chip. Objective 2 collimates the beam out of the chip.
The analyzer (another polarizer) sets the output state of polarization. Lens
1 makes the light fall on a photodiode through an aperture. The purpose of
the aperture is to block all the light except for the light leaving the waveg-
uide. The photodiode produces a current signal; this signal is amplified by a
transimpedance amplifier. A lock-in amplifier with a chopper filters the noise.
Both the lock-in and transimpedance amplifiers are necessary because when
the polarizer and the analyzer have their transmission axes crossed at 90 ◦, the
output power is very low. Lenses 2 and 3, neutral density (ND) filters and
a charge-coupled device (CCD) camera help to align objective 1, objective 2,
and lens 1.

5.1.2 Measurement of loss

The converter has four additional components: two tapers and input and
output waveguides. We characterize the converter’s performance including
these components.

The simplest way to estimate the loss of the converter is to compare the
loss of a straight reference waveguide with the loss of a waveguide having
the converter. Then we can measure the light power entering the waveguide
and the light power exiting the waveguide. If the coupling losses into and
out of the waveguide are known, the waveguide loss can be found. The prob-
lem, however, is that these coupling losses are difficult to measure and, more
importantly, they are sensitive to misalignments of the objectives. So measure-
ments of the loss can become irreproducible. A better way to measure is to use
a method that is independent of the input and output coupling. This method
is the Fabry-Pérot method [58], and it uses the fringe pattern that comes from
the reflections off the waveguide facets.

According to this method, the loss α is (see Appendix E for the derivation)
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α = −1
l

ln

(
1
R

√
Pmax/Pmin − 1√
Pmax/Pmin + 1

)
, (5.1)

where l is the length of the measured waveguide, R is reflectivity of the waveg-
uide facets (if the facet reflectivities are R1 and R2, then R =

√
R1 · R2), Pmax is

the power of a fringe maximum, and Pmin is the power of a fringe minimum.

So to find the loss, three parameters are needed: Pmax/Pmin, R, and l.
The ratio Pmax/Pmin comes from the fringes of the power as a function of
wavelength for the light exiting the waveguide. The quality of the fringe
pattern is used to judge how reliable the measurement is. To see if the fringe
pattern is distorted, at least five fringes are needed. So during the design of
the measurement structures, the length of the reference waveguides should be
such that there are at least five fringes. An estimate of the waveguide length
comes from the formula of the fringe spacing Δλ:

Δλ =
λ2

c
2ngl

. (5.2)

Here λc is the central wavelength of the wavelength sweep and ng is the group
index. The infrared laser has a wavelength sweep of 0.5 nm and λc = 1.535 μm.
With five fringes, Δλ ≈ 0.1 nm, the group index of the E1700 waveguide is
ng ≈ 3.2. This gives a waveguide length l ≥ 4 mm.

The remaining unknown quantity is the reflectivity. The problem is that
this reflectivity is difficult to measure. For this reason, it is calculated with an
FDTD simulation for the 2-μm-wide E1700 waveguide. The TE reflectivity is
0.303 and the TM reflectivity is 0.280 (see Appendix F for the simulations).

From the power fringes as functions of wavelength, the length of the
waveguides, and the facet reflectivities, the waveguide loss is found. The TE
mode shows an averaged loss of αTE = 1.9 dB/cm, and the TM mode shows
αTM = 2.9 dB/cm. The measurement error is 0.2 dB/cm for all loss measure-
ments.

The next step is to measure the loss of the waveguides with the converters.
An averaged loss over five waveguides with the one-section converters show
3.4 dB/cm for the TE input and 3.5 dB/cm for the TM input. The waveg-
uides with the two-section converters show 4.1 dB/cm for the TE input and
4.0 dB/cm for the TM input. To find the excess loss of the one-section and
two-section converters, we do a small calculation (Fig. 5.2). The length of the
reference waveguide is l = 4 mm. The input access waveguides for the one-
section and two-section converters have a length lia = 1.64 mm. The length
of the one-section converter with the tapers and input-output waveguides is
l1 = 0.36 mm, the length of the two-section converter with the tapers and
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input access wg

lia = 1.64 mm l1 = 0.36 mm
l2 = 0.63 mm

loa1 = 2.01 mm
loa2 = 1.73 mm

reference wg

output access wgconv, io wgs, tapers
l = 4 mm

Figure 5.2. Schematic of E1700 waveguide and waveguide with converter to
calculate converter loss. "Conv" means one- or two-section converter and "io
wgs" means input-output waveguides. l1 and l2 are lengths of one-section
and two-section converters; lia is length of input access waveguide; loa1 and
loa2 is length of output access waveguides for one- and two-section converters
respectively.

input-output waveguides is l2 = 0.63 mm. The length of the output access
waveguides is loa1 = 2.01 mm for the one-section converter and loa2 = 1.73 mm
for the two-section converter. Knowing these, we find that the loss averaged
over five one-section converters is below 0.5 dB for the TE and TM modes,
and the loss averaged over nine two-section converters is around 0.6 dB for
the TE and TM modes. The standard deviation of the loss for one-section and
two-section converters is around 0.2 dB.

5.1.3 Efficiency of polarization conversion

To find the efficiency of polarization conversion, the light powers in the TE
and TM states defined by the polarizer and analyzer should be measured.
There are four possibilities: when the polarizer sets the TE input state and
the analyzer sets the TM and TE output states; and when the polarizer sets
the TM input state and the analyzer sets the TE and TM output states. At
this point, we assume that the conversion is reciprocal. This assumption is
supported by the results from Chapter 3. Then the powers for the TE input
state are

PTM←TE = ATEi ATMoCPTE, (5.3)

PTE←TE = ATEi ATEo(1− C)PTE. (5.4)

Here PTM←TE is the power measured by the photodiode when the polarizer
sets the TE input state and the analyzer sets the TM state, PTE←TE is the power
measured by the photodiode when the input state is TE and the output state
is also TE, ATEi is the attenuation factor2 of the TE mode in the waveguides

2By attenuation, we mean any possible source of loss, including reflection, scattering, and
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and taper in front of the converter, ATMo is the attenuation factor of the TM
mode in the waveguides and taper after the converter, ATEo is the attenuation
factor of the TE mode in the waveguides and tapers after the converter, C is
the efficiency of polarization conversion, and PTE is the light power entering
the input access waveguide. In principle, the conversion is

C =
PTM←TE

PTM←TE + PTE←TE
, (5.5)

but the substitution of Eqs 5.3 and 5.4 into Eq. 5.5 does not hold the equality.
The reason is the different attenuation factors for the TE and TM modes in the
waveguides and tapers. So Eq. 5.5 cannot be used.

To find the conversion, we write down two more powers

PTE←TM = ATMi ATEoCPTM, (5.6)

PTM←TM = ATMi ATMo(1− C)PTM, (5.7)

whose quantities are defined in a similar way as for Eqs 5.3 and 5.4.

Then we divide Eq. 5.3 by Eq. 5.4 and Eq. 5.6 by Eq. 5.7, multiply the
results of the divisions, and get

PTM←TEPTE←TM

PTE←TEPTM←TM
=
(

C
1− C

)2

. (5.8)

The efficiency of polarization conversion becomes

C =

(
1 +

√
PTE←TEPTM←TM

PTM←TEPTE←TM

)−1

. (5.9)

This equation is independent of the attenuation of the waveguides and
tapers.

So to find the efficiency of polarization conversion, the four powers have
to be measured at several wavelengths of the C band. For this, we change the
measurement setup: the infrared laser is replaced with a broadband source in
combination with an optical grating filter. The filter has a bandwidth of about
1 nm and, for this reason, averages the power fringes coming from the facet
reflections.

First we check the efficiency of polarization conversion as a function of
the converter’s length. On the chip, there are one-section converters with a
1.24-μm top width and different lengths. These converters are measured at
a wavelength of 1.535 μm. Figure 5.3a shows the result. Open circles are the
measured points and the dashed line is a fitted curve. The fit is done with the

coupling losses.
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(a) (b)

(c)

Figure 5.3. (a) Conversion efficiency against length of one-section converters
with 1.24-μm top width at 1.535-μm wavelength. (b) Conversion efficiency
against top width for 275-μm-long one-section converter and 553-μm-long
two-section converter at 1.535-μm wavelength. (c) Conversion efficiency as
function of wavelength. "Meas" means measured, "simul" means simulated,
"1sec" and "2sec" mean one-section and two-section converters.

following equation:

C = C0 sin
(

πlconv

2lπ

)2

, (5.10)

where C0 = 0.98 is the maximum measured conversion efficiency, lconv is the
converter’s length as a variable, and lπ is the half-beat length of the converter,
which gives π phase shift between the TE and TM modes. The half-beat length
that fits the measured points the best is 268 μm. This value is slightly different
from the designed 275 μm. This deviation can come from an error in defining
the converter’s length (1-2 μm) and a foundry error in the waveguide cross
section.

The critical parameter of the converter fabrication is the top width. To test
the tolerance to top width variations, we measure 275-μm-long one-section
converters and 553-μm-long two-section converters with different top widths
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at a wavelength of 1.535 μm. Figure 5.3b shows the results. The simulation
shows that for an efficiency above 95 %, the top width of the one-section de-
vice should stay within 120 nm; for the two-section converter, it should stay
within 260 nm. An estimation of the top width deviation from the measured
points gives around 160-nm tolerance. The two-section devices shows a much
broader tolerance to the variation of the top width. The measured points are
shifted to the right of the simulated curves: at the 95 % conversion, the shift
for the one-section device is about 30 nm, and for the two-section device, it is
20 nm. The likely reason for this shift is the deviation in the top width during
the fabrication. This might be verified by cleaving a device.

Figure 5.3c shows the efficiency of polarization conversion as a function
of wavelength. Again the circles are the measured data, and the lines are the
simulations by the propagation module of the mode solver. The conversion is
higher than 95 % over the whole C band for both one- and two-section devices.
The points of the two-section converter agree very well with the simulated
curve, but the points of the one-section device show a deviation up to about
4 %. The reason for this deviation is that the one-section converter is much
more sensitive to variations of the geometrical parameters.

The one-section converter has a conversion efficiency of about 98 % (cor-
responding to -17-dB extinction with respect to the input polarization state)
at a 1.535-μm wavelength, whereas the two-section converter shows a record
efficiency of 99.4 % (corresponding to -22-dB extinction with respect to the in-
put state) at the same wavelength. The two-section converter also has a much
larger tolerance to variation of the top width. For this reason, the two-section
device is more attractive for the use in photonic circuits. A disadvantage of
the two-section converter is its length: two times larger than the length of the
one-section converter.

HHI makes the chips with the polarization devices and the chips are mea-
sured at the facilities of COBRA Research Institute. The first to measure are
the polarization converters.

5.2 Polarization converters made at HHI

The same setup is used to measure the efficiency of polarization conversion
and the loss as for the converters made at the COBRA facilities (Fig. 5.1).

We start with finding the conversion efficiency of the one-section convert-
ers. There are three chips with one-section converters. The first chip has
converters designed for a waveguide wall angle of 6 ◦, the second, for a wall
angle of 7 ◦, and the third, for a wall angle of 8 ◦. These three angles are taken
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to allow for possible deviations in the value of the angle during the fabrica-
tion. The converters on each chip have three top width values (-50, 0, and
+50 nm from the design top width) and a sweep of the lengths.

Figure 5.4a shows the measured conversion efficiency as a function of the
converters’ length. These converters are designed for a 6 ◦ waveguide wall
angle and a design top width minus 50 nm. The simulation of the conversion
efficiency (solid line) is shifted with respect to the measured points (open
circles). For the curve fitted with Eq. 5.10 (dashed line), the converter’s length
is 238 μm instead of the design target of 343 μm. The difference is almost 30 %.
Possible reasons for this difference are a change in the refractive indexes of the
layer stack materials, a top width deviation, and a change in the waveguide
wall angle. A change in the refractive indexes is unlikely because the growth
conditions of the layers are controlled well. The simulations for different top
widths and wall angles produce no curve that describes the measured points
well. To find what other deviations could occur, we cleave one chip through
the converters and look at its cross section. Figure 5.4b shows the cross section
image. The image reveals two things: the angle of the converter’s straight
wall is not 7 ◦, but 3 ◦, and the depth of the slope is insufficient: the wet
etchant produced a depth of about 350 nm only, instead of 700 nm, below the
guiding layer. Then the propagation module of the mode solver simulates the
conversion efficiency for different lengths of the converter, but now with a 3 ◦

angle of the converter’s straight wall, the slope depth as found from Fig. 5.4b,
and different top widths. Figure 5.4c shows the simulation for a top width of
1.05 μm. The simulated curve fits the measured points well. This corresponds
to a top width deviation of about -80 nm. The simulations of the converters
on the other two chips show the following width deviations: the chip for a
waveguide wall of 7 ◦, -115 nm; the chip for a wall angle of 8 ◦, -130 nm. The
different top width deviations may come from the non-uniformity of the resist
at the lithography and features of the etching processes. In general, the width
deviation may change within ±200 nm over the wafer [59], and the width
deviations that we found are within these boundaries.

The wavelength response of the converters from the three chips is similar.
As an example, Fig. 5.4d shows the conversion efficiency as a function of
wavelength for the converters designed for an 8 ◦ angle of the straight wall.
From this figure, two measured data sets are simulated (Fig. 5.4e): for the
design top widths -50 and +50 nm. We simulate the converters with the de-
sign length for an 8 ◦ wall angle, a 3 ◦ wall angle, a slope depth of 350 nm,
and different top width deviations. The measured data for the design top
width +50 nm agree well with the simulation for a top width deviation of -
130 nm (blue line in Fig. 5.4d) which is the same value obtained from the
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Figure 5.4. (a) Conversion against length of one-section converters designed
for 6 ◦ waveguide wall angle and design top width - 50 nm at 1.55-μm wave-
length. (b) Scanning electron microscope image of cleave through converter.
(c) Simulation of measured points from subfigure (a) when converter has 3 ◦
waveguide wall angle, top width of 1.05 μm, and slope depth of 0.35 μm, at
1.55-μm wavelength. (d) Wavelength response of converters from chip de-
signed for 8 ◦ wall angle. (e) Simulated wavelength response for one-section
converters designed for 8 ◦ wall angle. (f) Scanning electron microscope image
of cleave through E1700 waveguide. Notations: "meas" is measured; "simul",
simulated; wt, design top width.
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conversion against the converter’s length for an 8 ◦ wall angle. The measured
data for the design top width -50 nm agree well with the simulation for a top
width deviation of -150 nm. The top width deviations of -130 and -150 nm are
in agreement with the top width deviations that we found when simulating
conversion efficiency against the converter’s length.

The loss of the waveguides and the converters is difficult to measure. Fig-
ure 5.4f shows the cross section image through an E1700 waveguide. Because
of a problem during the fabrication, the waveguide wall is rough and so are
the straight walls of the converters. The chip with many 2-μm-wide E1700
waveguides shows loss values ranging from 15 to 23 dB/cm. The waveguides
on all other chips show similarly varying losses. These loss variations for the
waveguides on one chip and for waveguides on different chips do not allow
making a reliable estimation of the waveguide and converter losses.

The chip with two-section converters has converters designed for different
waveguide wall angles from 4 to 10 ◦ with a step of 1 ◦. For each wall angle,
there are five converters with top widths of ±100, ±50, and 0 from the design
value. The conversion as a function of the top width for different waveguide
wall angles is shown in Fig. 5.5a. The maximum conversion efficiency is close
to 90 %. For a design wall angle of 7 ◦, a kink appears in the measured points
(in red circle). The propagation module simulates the converter with a 3 ◦

waveguide wall angle, a design length for a 7 ◦ wall angle, and a slope depth
of 350 nm below the guiding layer. The simulated curve (blue dashed line)
has no kink. Then we simulate the same converter, but with a slope depth of
550 nm, and the kink appears (blue solid line). This result agrees with the fact
that Br2-CH3OH etching can produce non-uniform etch depths over the wafer.
The top width deviation for the two-section converters is more difficult to find
because the shapes of the simulated curves do not coincide with the measured
points well (compare blue solid line and circles with lines). An estimate of the
deviation for all the two-section converters lies between -120 to -200 nm.

Figure 5.5c shows the wavelength response of the two-section converter
designed for a waveguide wall angle of 5 ◦. The simulation fits the measured
points well for a waveguide wall angle of 3 ◦, a slope depth of 0.3 μm below
the guiding layer, a top width deviation of -150 nm. The values of the top
width deviation and slope etch depth again agree with the previous results.

Once the converter is analyzed, we can go on with the analysis of the other
polarization building blocks.
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Figure 5.5. (a) Conversion against top width of two-section converters de-
signed for different waveguide wall angles, at 1.55-μm wavelength. (b) Simu-
lation of conversion efficiency against top width of converter designed for 7 ◦
wall angle. "Simul 3 ◦, slope depth 0.35 μm" means simulation with 3 ◦ wall
angle and slope depth of 0.35 μm below guiding layer; "simul 3 ◦, slope depth
0.55 μm" means simulation with 3 ◦ wall angle and slope depth of 0.55 μm
below guiding layer; kink in red circle is caused by insufficient etch depth.
(c) Conversion efficiency against wavelength for converter designed for 5 ◦
waveguide wall angle, design top width + 0.1 μm, and slope depth of 0.3 μm
below guiding layer. wt is design top width.

5.3 Polarization splitters

To measure the splitters, we use the same setup as for measuring the convert-
ers (Fig. 5.1). The polarizer sets the input polarization to TE, the analyzer
sets the output polarization to TM, and the photodiode senses the light after
the analyzer. We record the TE power as a function of the current through
the phase shifter. Then the same is done for the TM polarization set by the
polarizer and the analyzer. The light source is a 1.55-μm laser.

The splitters are designed for waveguide wall angles ranging from 3 to
10 ◦ with a step of 1 ◦. Different wall angles need different lengths of curved
waveguide in the upper arm of the splitter (see Section 3.3.2). Figure 5.6 shows
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Figure 5.6. TE and TM normalized powers from output waveguides of polar-
ization splitter at 1.55-μm wavelength. Red lines show how to find current for
optimal splitting. "TE wg1" and "TE wg2" are TE modes leaving waveguides 1
and 2 of splitter; "TM wg1" and "TM wg2" are TM modes leaving waveguides
1 and 2 of splitter.

the normalized powers from the splitter’s outputs as functions of the squared
current injected into the phase shifter. The current is squared because the
phase shifters are thermo-optic and the amount of phase shift is proportional
to the heat generated by the shifter. The normalization is done by dividing
the power values of a curve by the maximum power of the same curve.
Table 5.1 shows the splitting ratios of the polarization splitters, and Figure 5.6
shows how to find the splitting ratios. The red dashed lines are at the centers
of the peaks for the TE and TM polarizations at the splitters’ outputs. The
current used for the splitting is set half way between the red dashed lines.
This position, shown by the red solid line, gives the optimal splitting for the
TE and TM polarizations.3 For a designed waveguide wall angle of 10 ◦, the
splitting ratio for the TE polarization is 12.6 dB and for the TM polarization,
14.4 dB; the maximums of the transmission curves for different polarizations
do not coincide. This means that the phase difference between the TE and TM
modes of the splitter’s upper arm is not π after leaving the curved waveguide

3Note that to calculate a splitting ratio, we take the non-normalized power values at the current
marked with the red solid line.
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Figure 5.7. (a) TE and TM transmission of polarization splitter at 1.55-μm
wavelength. "Meas 7 ◦" means measured data of splitter designed for 7 ◦
waveguide wall angle. "Simul 3 ◦" means simulated response of splitter with
curved waveguide length designed for 7 ◦ wall angle, but propagation con-
stants for waveguides with 3 ◦ wall angle, and width deviation Δw of -130 nm
from design value. "TE wg2" means TE mode exiting waveguide 2 of splitter,
"TM wg1" means TM mode exiting waveguide 1 of splitter. (b) Wavelength
response of splitter designed for 7 ◦ waveguide wall angle. Arrows show full
width at half maximum.
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(see Fig. 3.3). The most likely reason for this phase error is the deviation in
the waveguide width. To check this, we simulate the normalized power of the
splitters as a function of the phase shifter setting for different deviations in
the waveguide width. Figure 5.7a shows the measured graphs (upper plots)
and the simulated graphs (lower plots). In the simulation, the splitter has a
length of the curved waveguide designed for a 7 ◦ waveguide wall angle, but
the propagation constants are taken for the waveguide with a wall angle of
3 ◦, and a waveguide width deviation of -130 nm from the design width. The
simulated curves are shifted a bit with respect to the measured curves. Despite
this shift, there is a good agreement between the curves. This agreement
suggests that the width deviation is indeed close to -130 nm, which also agrees
with the width deviations found for the converters.

Figure 5.7b shows the wavelength response of the splitter. Because it is an
asymmetric Mach-Zehnder interferometer, it has a narrow bandwidth, about
0.7 nm. The splitter can, however, be tuned to a needed wavelength.

5.3.1 Switching speed

The last parameter to measure for the splitter is the speed with which the
splitter can be set. The working speed of the phase shifter determines the
setting speed of the splitter. To check the working speed of a phase shifter,
we modify the measurement setup. Figure 5.8a shows the modified version.
A laser emits infrared light that is collimated by a collimation package. A
polarizer sets the input state of polarization to TE. An input objective focuses
the light into a waveguide on the chip, and an output objective collimates the
beam from an output waveguide of the splitter. A lens sends the light to the
photodiode that produces the photocurrent. This photocurrent is amplified
by a transimpedance amplifier and sent to a real-time oscilloscope. A func-
tion generator sweeps the phase using probes to inject current into a phase

Table 5.1. Measured splitting ratios of splitters designed for different waveg-
uide wall angles. "Broken" means that output waveguides are broken.

Wall angle, ◦ SRTE, dB SRTM, dB
3 5.4 5.7
4 7.1 8.7
5 8.6 8.1
6 broken broken
7 8.0 11.0
8 11.1 10.8
9 10.4 9.2
10 12.6 14.4
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Figure 5.8. (a) Schematic of setup used to measure response of splitters’s
phase shifters. "col pack" is collimation package, "scope" is real-time oscillo-
scope, "obj" is objective. (b) Response of splitter’s phase shifter. Red circles
show oscillations of power.
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shifter, and the oscilloscope is used to compare the signals from the function
generator and from the photodiode.

Figure 5.8b shows the time response of a phase shifter. The function gen-
erator produces a square wave with a 1-kHz frequency. The phase shifter
responds to this signal with a lag of 0.1 ms (Fig. 5.8b). The reason for this
lag is as follows. The electrode of the shifter sits a bit away from the waveg-
uide. In this case, the heat needs some time to reach the waveguide and to
produce the phase shift. Once the heat reaches the waveguide, there are some
oscillations in the power (shown in red circles in Fig. 5.8b). These oscillations
are most likely caused by the stabilization of the shifter when the current is
injected.

5.4 Polarization scrambler

To measure the polarization scramblers, we use the setup shown in Fig. 5.9.
An infrared and red lasers connect to a collimation package. The collimated
beam leaving the package passes through the polarizer that sets the input
state of polarization. An objective focuses light into the waveguide on the
chip. A lensed polarization-maintaining fiber collects the light out of the chip,
and a polarization analyzer measures the light power and finds the Stokes
parameters.

For the measurements of the scrambler, the fiber should keep the state
of polarization. For this, two things are necessary. First, the fiber should
be taped to the optical table to prevent it from accidental movements and
resulting changes in the polarization state. Second, the polarization analyzer
has a polarization reference frame; using this frame, the analyzer corrects for
the effects of the fiber that change the polarization. The combination of these
two features ensures that the TE polarization entering a straight waveguide is
recognized as the TE polarization by the analyzer.

The chips with the scramblers have a sweep of the converter’s top widths
(0, ±50 nm, ±100 nm from the design top width) and of the waveguide wall
angles (3-10 ◦, with a step of 1 ◦). Figure 5.10 shows the measurement results
and the simulations of the scramblers for a design top width + 0.1 μm and
waveguide wall angles of 3, 6, and 9 ◦. In the simulations, we use the waveg-
uide wall angle of 3 ◦ to calculate the propagation constants of the modes
in the waveguides and the propagation constants and the tilt angles of the
converter’s modes. Then following Section 3.3.5, we find how the state of po-
larization evolves on the Poincaré sphere depending on the current through
the phase shifter. The simulations matching most closely the measured traces
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Figure 5.9. Setup used to measure polarization scramblers. Dashed line shows
that red laser can connect to lensed polarization-maintaining fiber.

on the sphere happen for a deviation in the waveguide width and in the con-
verter’s top width of -150 nm for the scrambler with a 3 ◦ wall angle, -125 nm
for the scrambler with a 6 ◦ wall angle, and -150 nm for the scrambler with
a 9 ◦ wall angle. These width deviations agree with those from the measure-
ment analysis of the converters and the splitters. This agreement indicates
that the layer thicknesses of the wafer are controlled well during the growth
and that the etching is uniform over the whole wafer.

Chapter 3 showed that the output power of the scrambler can vary a lot
with the current through the phase shifter. To check the power variation, we
monitor the S0 parameter as a function of the current for the simulation and
for the measurements. The resulting transmission curves are normalized to
their maximum values. Table 5.2 shows the variation in the normalized power.
The measured powers vary by about 90 %. The simulation, however, gives
different variations for the scramblers with waveguide wall angles of 3 and
6 ◦. The most likely reason for this is the shallow etch depth of the converter’s
slope: this depth has little influence on the evolution of the polarization state
on the Poincaré sphere, but does influence the power variation a lot.

These results show that the polarization state evolves as needed to obtain
polarization scrambling, but in this realization, the top width of the polariza-
tion converters and the width of the curved waveguides differ a lot from the
design values which results in large power variations.

Table 5.2. Variations in normalized power ΔP for polarization scramblers with
design top width + 0.1 μm and different waveguide wall angles. "Exp" means
experimental, "sim" means simulated.

Wall angle, ◦ ΔP exp, % ΔP sim, %
3 89 61
6 85 70
9 91 90
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Figure 5.10. Evolution of polarization state on Poincaré sphere during phase
shifting. Scramblers have converters with design top width + 100 nm. (a)
Measured data and (b) simulation of scrambler designed for 3 ◦ waveguide
wall angle. (c) Measured data and (d) simulation of scrambler designed for
6 ◦ waveguide wall angle. (e) Measured data and (f) simulation of scrambler
designed for 9 ◦ waveguide wall angle.
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5.5 Polarization controller

To measure the controllers, the same setup is used as for the measurements of
the scramblers (Fig. 5.9). First the phase shifter is set for the optimal TE-TM
splitting. The measurement of the controllers then comes down to changing
the phase shifter settings in the second and third Mach-Zehnders (Fig. 5.11a)
and monitoring the trace of the polarization evolution on the Poincaré sphere
as well as the output power with the polarization analyzer.

The optimal phase shift for the TE-TM splitting in the first Mach-Zehnder
is found as follows (Fig. 5.11a). When the TE polarization enters the con-
troller, there is just one phase shifter setting at which only the TE mode leaves
the controller. This setting makes the TE mode go into the upper arm of the
second Mach-Zehnder and corresponds to the maximum of the S1 parame-
ter for the TE input (Fig. 5.11b, black line). For the TM input, a different
phase shifter setting sends the TM mode into the lower arm of the second
Mach-Zehnder where it converts to TE polarization. Again a maximum S1

corresponds to the TM input mode going completely into the lower arm of
the second Mach-Zehnder (Fig. 5.11b, blue line). The optimal phase shifter
setting in the first Mach-Zehnder then is in the middle of these two phase
shifter settings (Fig. 5.11b, red line).

There are five chips with controllers. The chips have the polarization con-
verters’ top widths of 0, ±50, and ±100 nm from the design values, and dif-
ferent waveguide wall angles: 5-10 ◦ with a step of 1 ◦. From the previous
sections, the width deviation is at least -100 nm; for this reason, we choose the
chip with the controllers whose polarization converters have the top widths
+100 nm from a design value.

Figure 5.12a shows the measured evolution of the polarization state for the
controller with a design waveguide wall angle of 7 ◦ and a design converter’s
top width + 100 nm. For the figure, the phase shifter in the first Mach-Zehnder
interferometer sweeps the phase for the TE input state of polarization. Figure
5.12b shows the simulation for the same conditions except for the width devi-
ation that is -125 nm and the waveguide wall angle that is 3 ◦. The simulated
trace is almost the same as the experimental trace. This width deviation also
agrees with the values found in the previous sections of this chapter. The
phase shifter in the first Mach-Zehnder sweeps the phase and the polarization
analyzer records the Stokes parameters. From the S1 parameters for the TE
and TM inputs into the controller, we find the current needed for the TE-TM
splitting. Figure 5.12c shows the S1 Stokes parameters for TE and TM po-
larization going into the controller. The two neighbouring maximums (red
dashed lines) allow finding the optimal current setting of the phase shifter in
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Figure 5.11. (a) Schematic of polarization controller. "MMI" is multimode in-
terference coupler, "curved wg" is curved waveguide, "shifter" is phase shifter,
"conv" is polarization converter, "MZI" is Mach-Zehnder interferometer. (b)
S1 parameters for input TE and TM polarization to controller that is de-
signed for 7 ◦ waveguide wall angle, with waveguide width and converter’s
top width deviating by -0.125 μm from design values. Phase shifter in first
Mach-Zehnder interferometer sweeps phase.

the first Mach-Zehnder. This current is 61.9 mA (red solid line in the figure).
The resistance of the phase shifter is about 90 Ohm. So the current through
the phase shifter in the first Mach-Zehnder is set to 61.9 mA, the polarizer to
+45 ◦ linear state, and we check the performance of the controller. When the
phase shifter in the second Mach-Zehnder sweeps the phase, there are several
current points at which the output state of polarization from the controller
is linear; at these currents, the trace of the polarization evolution crosses the
equator of the sphere (Fig. 5.12d). One current is chosen that corresponds to
a linear polarization state (big red circle in the figure). Once the second phase
shifter has a fixed phase setting, a phase shifter in the third Mach-Zehnder
sweeps the phase to find the point that is the closest to the TE state of po-
larization (big red circle in Fig. 5.12e). It then becomes a matter of slight
adjustments of the phase settings in the second and third Mach-Zehnders to
make the desired TE state of polarization at the controller’s output.

The power of the TE state of polarization is about 4 dB less in compari-

104



(a) (b)

(c) (d)
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Figure 5.12. Controller designed for 7 ◦ waveguide wall angle with converter’s
top width of design value + 100 nm. (a) Evolution of polarization state for TE
input when phase shifter in first Mach-Zehnder interferometer sweeps phase.
(b) Simulation of polarization evolution when controller has waveguide wall
angle of 3 ◦ and width deviation of -125 nm. (c) S1 Stokes parameters as func-
tions of current for TE and TM polarizations entering controller. (d) Evolution
of polarization state when phase shifter setting in first Mach-Zehnder is opti-
mal and phase shifter in second Mach-Zehnder sweeps phase. (e) Evolution
of polarization state when phase shifter in third Mach-Zehnder sweeps phase
with phase shifters in first and second Mach-Zehnder fixed at optimal phase
settings. Big red dots are points of current choice for controller.
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son to the initial power measured by the polarization analyzer when all the
phase shifters are off. The possible reason for this 4-dB difference is thermal
expansion of the chip when the current goes through the phase shifters. The
slight adjustments of the phase shifters, however, create an almost pure TE
state (-23-dB extinction of TM polarization) at the controller’s output.
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Chapter 6

Conclusions

This thesis presents for the first time the realization of the polarization build-
ing blocks for the generic foundry model. The building blocks are meant for
InP-based photonic integrated circuits. The five polarization devices studied
here are a polarization converter, a polarization filter, a polarization splitter, a
polarization scrambler, and a polarization controller. We present the theoreti-
cal basis and develop the mathematical models of the devices. The design of
the building blocks, their fabrication, measurements and the analysis of the
measurements are discussed then. The devices are mostly developed for the
fabrication process of the foundry Fraunhofer Heinrich Hertz Institute.

The foundry’s process for photonic circuits originally had no polarization
converter as a standard building block. For this reason, this device is first
designed, made at the facilities of NanoLab@TU/e with a new fabrication
process, and measured at the COBRA Research Institute. The measured con-
version efficiency of the one-section converters is higher than 96 % in the C
band. The problem of these converters, however, is that their top width should
be defined within ±60 nm from a design value. For this reason, a new con-
cept is applied: a two-section polarization converter. It has an efficiency of
polarization conversion above 99 % over the C band and a doubled top width
tolerance of ±130 nm. The loss of the one-section converters is below 0.5 dB,
and the loss of the two-section converters is about 0.6 dB.

The foundry adopts the fabrication process of the converters with little
adjustments. In the foundry’s fabrication process, a different type of semicon-
ductor etching is used from the fabrication at NanoLab@TU/e. This etching
introduces a different angle of the waveguide walls. As a consequence, the
straight walls of the converters get the same angle. So the design of the con-
verters should take this angle into account. The other building blocks for the
foundry – the polarization splitter, polarization scrambler, and polarization
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controller – are also designed considering this waveguide wall angle. After
the design, HHI made the chips with the building blocks. These blocks are
then measured at the COBRA research institute.

The chips made by HHI have high propagation loss and too shallow etch
depth of the polarization converter’s slope. The measured one-section con-
verters show a conversion efficiency above 97.5 % over the C band, but for a
length that is different from the design value (less by 30 %). The two-section
converters show an efficiency of polarization conversion close to 90 % over the
C band. The analysis of the measured results shows that the reasons for these
differences from the expected performance are the deviation in the converters’
top widths and an insufficient slope depth.

Because the converter’s top width is defined at the same lithography step
as the waveguides, a deviation in the top width implies the deviation in the
waveguides widths, so the other polarization building blocks have perfor-
mances differing from the ones predicted by the simulations. The polarization
splitter designed for a 7 ◦ waveguide wall angle shows splitting ratios of only
8 dB for TE polarization and 11 dB for the TM polarization which corresponds
to a waveguide width deviation of -130 nm.

As predicted by the simulations, the polarization scramblers produce the
states of polarization that trace a circle of the largest diameter on the Poincaré
sphere. A problem, however, is the varying output power with the output
state of polarization: the measured transmission is only 10 % for some states
of polarization.

The working principle of the polarization controllers is shown. The prin-
ciple relies on finding the phase shifter settings in the three Mach-Zehnder
interferometers of the controller: the phase setting in the first Mach-Zehnder
to produce the TE-TM splitting, the phase setting in the second Mach-Zehnder
to produce the linear state of polarization at the controller’s output, and the
phase shift in the third Mach-Zehnder to produce a state of polarization that
resembles the TE state the most. The fine adjustments of the phase settings
in the second and the third Mach-Zehnders make an almost pure TE state (-
23-dB extinction of TM) at the controller’s output. The deviation in the width
of the waveguides and the converter’s top widths for the controllers is about
-125 nm. This width deviation agrees with the width deviations for the con-
verters, splitters, and scramblers.

The polarization filter is designed for the COBRA layer stack. A pillar
photonic crystal with a suspended membrane is designed, and its fabrication
technology is developed. The designed filter has a length of only 7.5 μm and
the simulation predicts an extinction of the TE polarization of around -30 dB.
The downside of the filter is its loss for the needed TM polarization: about
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5 dB. The other concept of the filter is also introduced; this filter uses a narrow
waveguide to filter out the TE polarization. For a -30-dB extinction of the TE
polarization, the length of the filter should be 500 μm. The fabrication process,
however, was not completed because a further optimization of the electron
beam lithography was needed, and there was no time left to continue.

6.1 Outlook

HHI showed the capability to integrate the complicated polarization build-
ing blocks. The made chips allow testing of the new device concepts and
demonstrating their feasibility. The developed polarization converters show
the efficiency of polarization conversion above 95 % when the top width tol-
erance is satisfied. The reported experiments reveal widths deviations from
-90 to -200 nm from the design values. These deviations occurred because of
a problem in the fabrication. In this respect, another fabrication run would be
desirable. Then the polarization converters and polarization splitters should
work as expected. The converters and splitter show a great potential to be the
standard building blocks for the foundry’s integration process.

The scrambler, however, is a less attractive device because of the variations
in the output power. Another concept of the scrambler could be as follows. A
Mach-Zehnder interferometer that has a semiconductor optical amplifier and
a polarization converter in one arm, and a semiconductor optical amplifier in
the other arm can work as a switch. By switching from one amplifier to the
other, a TE or TM state of polarization exits the scrambler. Averaging of the
polarization happens if this switching is fast enough.

The polarization controller can be used to produce TE or TM states in a
photonic circuit, and in this respect is an attractive device for the integration
into the foundry fabrication process. A possible problem of the controller,
however, is its length, which is about 5 mm.
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Appendix A

Simulations

A.1 Mode solver and its propagation module

Any simulation should be stable. For a mode solver, this means that the cal-
culation window, the solver’s window where we build the cross section of the
simulated structure (Fig. 3.9a), has no effect on the results of the simulation.
There are several things to check then. First is the electric field of a mode at
the borders of the calculation window: it should approach zero, and so should
the field derivative with respect to the coordinates of the cross section. Sec-
ond, the resolution of the calculation window should be enough to produce
the needed accuracy of the simulation: the stability of the mode propagation
constants are usually checked here as a function of the resolution. And third,
the simulated modes should be orthogonal: the mode solver calculates the
overlap integral of the modes with each other. The result should be an iden-
tity matrix. In reality, however, the off-diagonal elements are not exactly zero,
but the values lower than 0.1 % give a good simulation accuracy [51].

We use the Fimmwave software. To find the proper size of the calculation
window, we check the modal fields at the borders using the "Plot Section" tool.
Then we check the stability of the propagation constants as a function of the
window resolution for the converter and input-output waveguides. Then the
"Orth Test" tool finds the maximal off-diagonal element of the overlap matrix.

There are several engines of the Fimmwave mode solver. The engines
work on film mode matching method, on finite difference method, and on
finite element method. Finite element method gives the same accuracy with a
coarser mesh; so the simulation time decreases. The reason is that the trian-
gular mesh cells fit the slope of the converter better. For the simulations with
the perfectly-matched layers, however, the engine on finite difference method
works best.
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When the modes are accurate enough, we build a device in the propagation
module of Fimmwave, Fimmprop [60]. The Fimmprop device is to analyze
the tolerances. For Fimmprop, there is no need to worry about any simulation
parameters, except for the wavelength, because the parameters of Fimmwave
apply to Fimmprop.

The problem is that Fimmprop works on eigenmode expansion method;
in other words, it describes the optical properties of the structure with a set
of local modes. If the number of local modes is not enough to describe an
optical property, the simulation may give incorrect results. This applies to the
simulations of facet reflections, of band diagrams for photonic crystals, and of
transmission simulations for periodic structures. The FDTD method is more
accurate.

A.2 Finite-difference time-domain method

The FDTD Solutions software is a good choice because the software is auto-
matic in many ways; for this reason, we have to care about a relatively small
set of parameters to do an accurate simulation.

A simulation consists of the following steps: (1) building the simulation
geometry and setting the refractive indexes, (2) putting the light sources and
analysis monitors (or detectors), (3) finding the parameters of the sources and
monitors, and (4) finding the needed mesh accuracy. In some cases, the pa-
rameters of the perfectly-matched layer are also important. This is the case
when, for example, the simulation geometry allows the light to fall on the
perfectly-matched layer at an angle.

We build three-dimensional models for the transmission FDTD simula-
tions, we use mode sources to launch the fundamental TE or TM modes. For
calculated the band diagrams, dipole sources are used. The meshing algo-
rithm is Staircase.
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Appendix B

Derivation of arc angle for

curved waveguide

The angle is found as follows. The total length of the arcs should include
the length of the curved waveguide lπ at which we get a phase difference of
π between the TE and TM modes and a length Δlcurv that compensates the
phase difference between the TE and TM modes in the straight waveguide.
The equation is

4lcurv = lπ + Δlcurv. (B.1)

The mode solver finds the propagation constants of the TE and TM modes
in both the straight and the curved E1700 waveguides of a 2-μm width as
functions of the waveguide wall angle (see Fig. 3.12).

For the same wall angle and phase shift, the length of the straight waveg-
uide Δls relates to the compensation length of the curved waveguides Δlcurv

as

Δlcurv =
βTEs − βTMs

βTEc − βTMc
Δls, (B.2)

where βTEs and βTMs are propagation constants of the TE and TM modes in
the straight waveguides, and βTEc and βTMc are the propagation constants of
the TE and TM modes in the curved waveguides.

The length of straight waveguide is Δls = AE + EF + FD.

Because AE = FD, Δls = 2AE + EF.

From Fig. B.1, OA = OB = rcurv, then AB = 2rcurv sin( 	 AOB
2 ).

Δls = 4rcurv sin( 	 AOB
2 ) cos( 	 AOB

2 ) + EF = 2rcurv sin( 	 AOB) + EF.

Because EF = BC = 2rcurv sin( 	 AOB), Δls = 4rcurv sin( 	 AOB). Finally, we
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Figure B.1. Calculation of arc angle needed for π phase shift between TE and
TM modes in the 2-μm curved E1700 waveguide or 250-μm radius.

can write the following formulas:⎧⎨
⎩4lcurv = lπ + Δlcurv,

Δls = 4rcurv sin( 	 AOB),
(B.3)

and

4rcurv 	 AOB = lπ +
βTEs − βTMs

βTEc − βTMc
4rcurv sin( 	 AOB). (B.4)

If we solve the equation numerically, we get

	 AOB = 0.0293ς2 − 1.2756ς + 89.163. (B.5)
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Appendix C

Electron beam lithography

The electron beam drifts by about 60 nm for one hour of writing. A way to
get rid of the drift then is to align the electron beam lithography system after
every hour of the writing. For the alignment, local marks are necessary, and
Fig. C.1a shows a local mark. During the alignment, the lithography system
writes the two scan lines and records the graphs of electron beam intensity
against the position along a scan line. There is a dip in the curve (Fig. C.1b).
The software of the system finds the centers of the dips of the curves and, from
these centers, finds the center of a mark. The more accurate the centers of the
dips are, the more accurate the center of the mark is, the better the alignment
of the system becomes. To find the dip centers accurately, the dip walls have
to be steep. The walls are steeper if the mark ends, above which the scan lines
sit, are narrower: the electrons going into a narrower mark cannot get out as
efficient as they would from a wider mark end. With 0.5-μm-wide ends of the
marks, the the alignment accuracy is about 20 nm.

The electron beam writes 12-μm-wide trenches of the waveguides, tapers,
and converters. Writing four trenches of a 4-mm length takes about an hour.
To avoid the drift then, the electron beam lithography system aligns on the
marks, writes four trenches, aligns on the next set of marks, writes the four
trenches, and so on. Figure C.1c shows this process.
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trenches 2marks 2

Figure C.1. (a) Mark for local alignment of electron beam lithography system.
(b) Graph of electron beam intensity against position along scan line. (c)
Schematic of electron beam exposure: align on marks, write pair of trenches
1, align on marks 2, write pair of trenches 2, and so on; dashed lines show
trenches.
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Appendix D

Proximity effect correction

To correct the effect of the proximity, we need the point spread function. To
find it, we prepare an InP dummy up to point of Fig. 4.6c. The Raith 150-Two
system exposes array of dots with different doses. After the development, we
measure the radiuses of the exposed dots. We find the experimental data of
the point spread function from

f (rdot) =
D0

100 · dot dose · dose factor
, (D.1)

where f is the point spread function, rdot is the dot radius, D0 is the clearing
dose in μC/cm2, "dot dose" is the dose delivered to a dot, "dose factor" is the
scaling factor of the dose, 100 is a factor if the radius is in μm. These data are
fit with a function having three Gaussian terms and one exponential term:

f =
1

π(1 + η + ν1 + ν2)

(
1
b2 e−

x2

b2 +
η

h2 e−
x2

h2 +
ν1

2q2
1

e−
x
q1 +

ν2

q2
2

e
− x2

q2
2

)
. (D.2)

Table D.1 show the parameters of the proximity effect correction and Fig. D.1
shows the fit of the curve to the experimental data.
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Figure D.1. Fitting of experimental data of point spread function with Eq.
D.2. "ln" means natural logarithm.

Table D.1. Parameters of proximity effect correction for photonic crystals with
pillar radius of 100 nm and defect pillar radius of 200 nm.

Parameter Value
b 31 nm
h 1870 nm
q1 41 nm
q2 683 nm
η 4.48
ν1 0.423
ν2 0.908
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Appendix E

Fabry Pérot method

The working principle of the method is as follows. A waveguide is a cavity.
A wave inside the cavity travels around the cavity many times because of the
reflections from the facets. Let us see what happens with the wave mathe-
matically. To help us, Fig. E.1 shows different stages of the propagation and
reflection, and Eqs E.1-E.9 are the waves at these stages.

E1 = 1 (E.1)

E2 =
√

1− R (E.2)

E3 =
√

1− R · eik0nle−αl (E.3)

E4 = (1− R) · eik0nle−αl (E.4)

E5 =
√

R(1− R) · eik0nle−αl (E.5)

E6 =
√

R(1− R) · ei2k0nle−2αl (E.6)

E7 = R
√

1− R · ei2k0nle−2αl (E.7)

E8 = R
√

1− R · ei3k0nle−3αl (E.8)

E9 = R(1− R) · ei3k0nle−3αl (E.9)

At the entrance into the waveguide, we assume the relative amplitude of
the wave E1 = 1 (Fig. E.1, arrow 1). If the reflection from a facet is R, the
wave that just entered the waveguide gets an amplitude E2 =

√
1− R (Fig.

E.1, arrow 2). Having gone the length l (Fig. E.1, arrow 3), the wave gets
the phase terms eik0nl and e−αl , where k0 is the wave number in vacuum, n

is the refractive index of the medium or the effective refractive index of the
propagating mode, l is the length of the cavity, and α is the propagation loss.
The wave is Eq. E.3. The amplitude of the wave that goes out of the cavity
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Figure E.1. Scheme of multiple reflections from facets of cavity of length l.

(Fig. E.1, arrow 4) gets an additional multiplication factor of
√

1− R. The
wave that reflects from the facet makes a round trip in the cavity (Fig. E.1,
arrows 5-8) and exits the cavity (Fig. E.1, arrow 9). Equation E.9 is the wave.

We need to find transmission through the cavity taking into account mul-
tiple round trips of the waves. The sum of the waves going out of the cavity
is

Etot = E4 + E9 + ... = (1− R) · eik0nle−αl + R(1− R) · ei3k0nle−3αl + ... (E.10)

Equation E.10 is a geometrical progression and is

Etot =
(1− R)eik0nle−αl

1− Rei2k0nLe−2αl . (E.11)

The power of the light coming out of the cavity is then

Ptot = EtotE∗tot =
(1− R)2e−2αl

(1− Re−2αl)2 + 4Re−2αl sin2 k0nl
. (E.12)

The powers of the maxima Pmax and minima Pmin are

Pmax =
(1− R)2e−2αl

(1− Re−2αl)2
, (E.13)

Pmin =
(1− R)2e−2αl

(1 + Re−2αl)2
. (E.14)

If we divide Pmax by Pmin and do some algebra, the equation for the loss
is1

α = −1
l

ln

[
1
R

√
Pmax/Pmin − 1√
Pmax/Pmin + 1

]
, (E.15)

1We defined the loss α in terms of amplitudes, but we need the α in terms of powers. This is
why the original α in terms of power is α/2.
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or when the reflectivities on the waveguide facets are different,

α = −1
l

ln

[
1√

R1R2

√
Pmax/Pmin − 1√
Pmax/Pmin + 1

]
. (E.16)
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Appendix F

Simulations of facet

reflectivity

In the FDTD software, we build a three-dimensional model of the E1700
waveguide. Figures F.1a and F.1b show the cross section view and the top
view of the simulated waveguide. The wavelength dependencies of the re-
fractive indexes for InGaAsP (1.06 μm) and InP are from [52]. We assume that
the materials have no absorption. An important point is that after the reflec-
tion, the mode needs to go some distance to become stable. For this reason,
there are several monitors to check the stability of the mode. Because the
infrared laser works at a wavelength of 1.535 μm, we find the reflections of
the TE and TM modes at this wavelength. Figure F.2 show the plots of the
reflected power as a function of distance from the facet. As we can see from
the plots the reflection values start to saturate after 15 μm for the TE mode
and after 30 μm for the TM mode. The plots show that the reflections from
the facet of a 2-μm-wide E1700 waveguide is 0.303 for TE mode and 0.280 for
TM mode.
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(a) (b)

InP

sourcemonitors

InGaAsP PML

Figure F.1. Simulation of reflection from facet of E1700 reference waveguide by
FDTD Solutions of Lumerical. (a) Cross section of waveguide. (b) Top view of
waveguide. PML is perfectly-matched layer. Black arrow next to source shows
direction of mode injection.

(a) For TE mode. (b) For TM mode.

Figure F.2. Reflected power as function of inverse distance from waveguide
facet.
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Summary

This thesis presents building blocks for control of polarization in photonic in-
tegrated circuits on InP. Five building blocks are introduced: a polarization
converter, a polarization splitter, a polarization scrambler, a polarization con-
troller, and a polarization filter. The theoretical basis and the mathematical
models of the devices are developed; the device design, their fabrication, and
measurements are discussed. The building blocks are mostly meant for the
foundry Fraunhofer Heinrich Hertz Institute (HHI).

The polarization converter is first device to be designed and made. A
new fabrication process introduces no underetch during the wet etching of
the converter’s slope and, for this reason, improves the reproducibility of the
converter’s performance. The measured polarization converters have a length
of 275 μm and show a polarization conversion efficiency higher than 96 % over
the C band with a loss of less than 0.5 dB. These converters, however, have a
tight requirement of the top width definition: ±60 nm. A tolerant version of
the device, the two-section polarization converter, is also designed, made, and
measured. It has a length of 553 μm, top width tolerance of ±130 nm, and
shows an efficiency of polarization conversion higher than 99.4 % over the C
band, with a peak of 99.8 % at 1.53-μm wavelength. The converter’s loss is
about 0.6 dB.

HHI uses semiconductor etching that introduces an angle to the waveguide
wall; for this reason, the design of the converter, splitter, scrambler, and con-
troller should take into account this angle. The polarization splitter, scrambler,
and controller are based on Mach-Zehnder interferometers and are simulated
using 4 × 4 matrixes. Once designed and adjusted to the HHI fabrication
process, HHI adopted the fabrication process of the converters and made the
controllers, splitters, scramblers, and controllers.

The one-section polarization converters show an efficiency of polarization
conversion higher than 97.5 %, but for the converter’s length less than 30 %
from the design value. The analysis of the measurement results shows that
the reason for this deviation from the desired performance is a top width
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deviation and an insufficient etch depth of the slope. The two-section con-
verters show a 90 % efficiency of polarization conversion. The polarization
splitter designed for a 7 ◦ waveguide wall angle shows a splitting ratio of
8 dB for transverse electric (TE) polarization and 11 dB for the transverse mag-
netic (TM) polarization which corresponds to a waveguide width deviation of
-130 nm. The polarization scramblers produce random states of polarization
that trace a circle of the largest diameter on the Poincaré sphere. For some
states of polarization, however, the transmission through the device is only
10 %. The working principle of the polarization controller is demonstrated:
an almost pure TE state (23-dB extinction of TM polarization) exits the con-
troller’s output for a +45 ◦ linear input state of polarization.

A new concept of a polarization filter for a layer stack with low contrast
in refractive index is introduced. The filter is based on a pillar photonic crys-
tal with a suspended membrane among the pillars. The designed filter has a
length of 7.5 μm only, and the simulation shows an extinction of the TE polar-
ization of 30 dB. The simulated loss for the TM polarization is 5 dB. Because of
the high loss, another concept of the filter was also introduced: it uses a 200-
nm-wide waveguide. 500-μm-long filter shows the simulated 30-dB extinction
of the TE light.
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