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Chapter 1
Introduction
The driving force for photonic integrated circuits (PICs) is the expected complexity of next generation optical communications links, networking architectures, and even possibly switching systems. The elaborate schemes currently being researched, including multichannel incoherent (optical filtered demultiplexing) and coherent (heterodyne electrical demultiplexing) wavelength division multiplexing (WDM), as well as high speed time division multiplexing, involve a great variety
of optical cascaded sources, modulators, filters, amplifiers, switches, detectors, etc. A large part
of the cost of such architectures is due to the single-mode optical connections between the guidedwave components. Such devices often have optimized performance with tightly confined waveguides, resulting in difficult submicrometer alignment tolerances when coupling to single-mode
optical fibers. Replacing such individually aligned connections with lithographically produced
waveguides in integrated circuits dramatically reduces size and increases packaging robustness.
Packaging costs, often very dominant, are then strongly reduced.
Essential to the success of mass production of these circuits is a cheap, flexible and efficient
integration technique. Monolithic integration of optical, optoelectronic, electronic and/or micromechanical device elements on a single semiconductor substrate enables the fabrication of compact
device modules offering various kinds of reliable and high performance functionalities at low cost
in mass production. The required material system for fabrication is determined by the application
in today’s optical silica fiber in the spectral windows at 1.3µm and 1.55 µm. However, not only
fiber based but also mobile and satellite communication networks need integrated circuits (ICs)
suitable for (D)WDM transmission techniques. The InP semiconductor and its lattice matched
quarternary compound semiconductors (InGaAsP, InGaAsAl) is currently thought to be the most
appropriate material system for these purposes.
First demonstrations of simple integrated devices on InP have been published in the 1980s
[1, 2], followed by various impressive PICs. In next sections the existing integration techniques
are reviewed and a novel technique "POLIS" is presented.
1
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1.1

1. Introduction

Integration techniques

One of the most fundamental problems to overcome in the integration of guided-wave photonic
devices is the proper engineering and fabrication of the coupling between active and passive components. In this context, active refers to a material whose bandgap energy is less than or near to the
photon energy. Examples would be a gain medium in an injection laser or amplifier, the absorbing
layer of a waveguide photodetector, or a medium used in an electroabsorption modulator. Passive
waveguides have a bandgap energy substantially greater than the propagating photon energy, in
order to avoid absorption and provide low losses.
To optimize the performance of a device, different materials are required for each optical function. For example, active regions of high performance light generation and amplification components such as lasers and amplifiers usually consist of strained quantum wells whose transition
energies lie at the photon energy in order to achieve high optical gain. Similarly passive structures,
like light guiding and coupling components need material with a bandgap larger than the photon energy to minimize propagation losses. Materials used in these regions tend to be undoped, and may
consist of multiple, interleaved layers, quantum wells, or simply a single layer of homogeneous
composition surrounded by wider bandgap cladding layers. Finally light detection components require undoped materials with a bandgap smaller than the photon energy to ensure efficient optical
absorption. To maintain the high performance of the discrete components in an integration platform, efficient optical power transfer between these different optical functions must be realized. In
this section the most common approaches used for this integration will be briefly reviewed.

1.1.1

Regrown butt joint

In this approach different functions are created by optimizing material through sequential growth
in different regions of the wafer [3–7]. This implies selective removal in the passive regions of the
entire active waveguide core stack using selective wet chemical etching, followed by regrowth of a
passive waveguide structure. This is shown in Fig. 1.1(a). The principle advantage of such an approach is the relatively independent selection of compositional and dimensional design parameters
for the two guides. This can, in principle, be used to obtain high coupling efficiency between the
active and passive guides.
Although regrowth provides freedom to optimize each required function, the disadvantage is
the extra growth step required and the difficulty of getting a highly reproducible joint geometry in
each processing run. Furthermore, high coupling efficiencies without reflections between different
components are difficult to achieve [8, 9], and the device characteristics are strongly affected by
the regrowth interface which can be subjected to contamination during wafer processing between
the regrowth steps [10, 11]. Hence, material regrowth for complex, multifunction PICs remains a
significant material science challenge, and typically can result in low device yields and high costs.

1.1.2

Quantum well intermixing

In quantum well intermixing (QWI), the bandgap of the multiple quantum wells (MQW) is modified in selected regions by intermixing the wells with the barriers. The bandgap of the intermixed

1.1 Integration techniques
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(a)

Quantum well
active waveguide

Quantum well
Intermixed region
InGaAsP
InP
Quantum well
active waveguide

Regrown passive
waveguide

(b)
Intermixed passive
waveguide

(c)
Quantum well
passive waveguide

(d)
Quantum well
passive waveguide

Figure 1.1: Various techniques for monolithic integration illustrated for quantum wells structures (a) material regrowth (b) Quantum well intermixing (c) Selective-area growth (d) Twinguide structures.

region is larger than that of the original quantum well structure. In this approach the active components are fabricated in the non-intermixed regions, and low loss light guiding components are
realized in the intermixed regions [Fig. 1.1(b)].
A number of intermixing techniques have been reported, most notably are dopant diffusion
[14], ion implantation [15] and photo-absorption induced local heating [16]. Surface dopant diffusion or ion implantation can introduce impurities into the MQW regions which facilitate atomic
interdiffusion during annealing. The disadvantage is that introduction of impurities into the MQW
region results in higher waveguide losses due to free carrier absorption and may degrade the electrical properties of the integrated devices. In photoabsorption, intermixing is induced by local heating
of the MQW active region through illumination by a laser [16]. In this method the electrical and the
optical quality of the intermixed materials can be maintained. However, the nature of the thermal
process limits the lateral resolution to 100 − 200 µm [17]. Currently, the application of QWI to
PICs is limited primarily to laser-waveguide and laser-modulator integration.

1.1.3

Selective area growth

In selective area growth (SAG) the substrate is prepatterned with dielectric masks. By changing the
width of the mask openings, the local material growth rate can be changed. Therefore the thickness
and the transition energy of the quantum wells can be varied within a certain range. The thicker
wells that result from closer or more lateral masking will have narrower bandgaps and thus serve
as gain or absorption media. Thinner quantum well regions in unmasked or less masked areas will
have higher bandgaps for electroabsorption modulators or even transparent waveguides if the wells

4
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are thin enough. Schematically this is shown in Fig. 1.1(c). A transition energy shift of upto 120 nm
in an InGaAsP MQW region has been achieved [18]. Using this method, MQW tunable distributed
Bragg Reflector (DBR) lasers with integrated electroabsorption modulators [19, 20] and bulk 2 × 2
optical switches [21] have been demonstrated.
As in material regrowth, device characteristics can be affected by the surface conditions, since
growth is performed on a substrate that has been subjected to processing and possible contamination. Furthermore, all integrated optical functions must share a similar material structure, since
growth occurs in only a single growth step, as in QWI, leading to compromises in integrated device
performance.

1.1.4

Twin-guide structures

In twin-guide (TW) structures the light generation and guiding functions are separated into two
vertically displaced waveguides by a transparent layer. Integration is realized by selective removal
of the upper, active waveguide while the lower, passive waveguide remains unaffected [Fig. 1.1(d)].
The TW structure support two normal eigen modes: one symmetric (even) and the other antisymmetric (odd). Different types of TW structures, symmetric and asymmetric (ATW), have been
realized. In symmetric TW structure both modes have equal gain resulting in equal distribution
of optical power into both modes. As a result of interference effects arising from the different
velocities of the two modes, power flows resonantly from one waveguide to another over a characteristic length . A laser based on such a structure has been demonstrated [22]. The principle
disadvantage of such a structure is the large threshold current as the mode power splits equally between the active and the passive waveguides. Thus the confinement of the odd mode in the active
region is approximately half of the conventional Fabry-Perot lasers. However, in an asymmetric
TW structure, the refractive indices of active and passive waveguides are different resulting in an
uneven power splitting between the two normal modes. Using this technique various photonic devices like, electroabsorption modulated laser [23], all optical demultiplexer [24] and wavelength
converter [25] have been demonstrated. The light is efficiently coupled between the guide layers
using lateral tapered mode transformers. The light path through the PIC is determined transverse
to the propagation direction by a ridge waveguide and in the vertical direction by tapers.
This technique is simpler as compared to other known techniques and is already in commercial
use [26]. The disadvantages of ATW components are their large size due to long tapers (of the order
of 200 µm) and absorption in the tapers leading to decreased gain in lasers and SOAs. Moreover,
the small parasitic reflections from the taper tips can cause spurious mode coupling effects in lasers,
leading to instabilities and increased relative intensity noise.

1.2

POLIS technique

Here we introduce a novel integration technique called POLIS. It stands for "POLarization based
Integration Scheme". It is possible to design a layer structure on a substrate of indium phosphide
(InP), which can guide light with one polarization, but absorbs light with the opposite polarization.
This creates the possibility to integrate lasers and detectors together with waveguides, switches

1.2 POLIS technique
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Strained Quantum well
InGaAsP
InP

Figure 1.2: POLIS layer stack with strained quantum well. Active and passive parts can be
realized on same layer stack.

and demultiplexers on one material. The polarization is in this case a parameter that determines
the material properties. Thus instead of changing the material the polarization state of the signal is
changed to realize active and passive functions. With polarization converters it is possible to obtain
the required polarization, transparent or absorbent, in each component of the optical circuit.
Transparency for one polarization and absorption for the other polarization at the same wavelength, is achieved with strain in the quantum well. The strain splits the heavy hole(hh) and the
light hole(lh) subbands in the valence band, and thus the two transitions give absorption at different wavelengths. The hh transition is linked with transverse electric (TE) absorption, while the lh
transition is primarily connected with transverse magnetic (TM) absorption.
The basic POLIS layer stack is illustrated in Fig. 1.2, with a compressively strained quantum
well in the middle of the waveguiding InGaAsP layer. For TE polarization the material is absorbant
while for TM the material is transparent. To switch from one polarization to another a polarization
converter can be introduced. All these three different types of components are using the same layer
stack shown in Fig. 1.2.
Since POLIS uses one material system with only one waveguide layer for both active and
passive components, it results in a relatively simple growth process. The technology to grow
strained quantum wells and the devices based on them are already at a mature stage, so it is quite
convenient to make use of the strained quantum wells. It is possible to obtain sufficiently large
transition energy shifts between the two polarizations, so that low loss propagation can be achieved.
No pre-processing is involved which means that it is free from any possible contamination during
the growth. This simplicity in the growth procedure leads to cost reduction. It is also very flexible
for defining active and passive regions after growth as postgrowth fabrication steps determine the
location and the type of the devices on the chip. The polarization converter, which changes one
polarization to another, fits into the processing involved as the technology is the same as for rest of
the circuit. Furthermore, polarization is generally a problem in PICs, but it is used as an advantage
here.
Due to its simplicity in growth procedure it is advantageous over regrowth, quantum well intermixing and selective area growth. This ease of manufacture ability can result in high fabrication
yields of POLIS-based devices which can allow for the commercialization of low cost components.
However, to prove its versatility we need to fabricate various types of devices on the POLIS layer
stack.

6

1.3

1. Introduction

Thesis overview

The goal of this thesis is to develop basic understanding of the novel polarization based integration
scheme and to prove the idea by making circuits with it. The next chapter gives the theoretical material aspects of POLIS as well as the the design considerations for POLIS devices. Chapter 3 deals
with the material characterization which is the most fundamental and crucial issue for POLIS. First
test devices, both active and passive, have been fabricated to check the feasibility of the POLIS
concept. Realizing integrated components and circuits according to the POLIS concept requires
the use of advanced technologies. Chapter 4 deals with all the technology involved in fabrication
of POLIS devices. Chapter 5 describes the polarization converter which is used to switch between
active and passive behavior by changing the polarization. In this chapter a model is developed
to explain the polarization conversion in double heterostructures with and without quantum wells.
Polarization converters are designed, realized and characterized based on the simulation results.
First integrated circuit which is a waveguide with a waveguide photodetector is designed and realized. This is based on the initial results of the waveguides (passive), the detector (active) and the
polarization converters presented in chapter 3 and chapter 5 respectively. Chapter 6 deals with the
realization and characterization of this integrated waveguide detector. The last chapter summarizes
the thesis and gives an outlook.

Chapter 2
Material Aspects of POLIS
It was originally proposed in 1986 that the modified band structure of strained III-V quantum
well structures should lead to significant benefits for diode laser performance [27, 28], including
reduced threshold current density, improved efficiency, temperature sensitivity and enhanced dynamic response and high speed performance [29–31]. Till today, many of the predicted advantages
have been demonstrated and strained lasers are commercially available at a wide range of wavelengths. In order to understand the effects of strain on the electronic and optical properties of the
heterostructures and quantum wells, a short overview of the material utilized is given in the next
section. After that the strain effects in the quantum well structures is discussed. In section 2.4 an
overview of the POLIS layer stack and the design consideration is given followed by a conclusion.

2.1

Material properties

The most suitable materials for optoelectronic devices are direct band gap materials. The band gap
is one of the most useful aspects of the band structure, as it strongly influences the electrical and
optical properties of the material. Electrons can transfer from one band to the other by means of
carrier generation and recombination processes. The band gap and defect states, created in the band
gap by doping, can be used to create semiconductor devices such as solar cells, diodes, transistors,
laser diodes, and others.
A more complete view of the band structure takes into account the periodic nature of a crystal
lattice. The Schrodinger equation is solved for the crystal, which gives Bloch waves as solutions:
Ψn (k, r) = eik.r un (r)
where the function is periodic over the crystal lattice, r is the position vector of the lattice in
the crystal, k is called the wavevector, and is related to the direction of motion of the electron in the
crystal, and n is the band index, which simply numbers the energy bands. The wave vector k can
7
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Figure 2.1: Crystal directions for FCC lattice, Γ is the center of the Brillouin zone.

be reduced to values within the first Brillouin zone (BZ) corresponding to the crystal lattice, and
particular directions/points in the BZ are assigned conventional names like Γ, ∆, Λ, Σ, etc. These
directions are shown for the face-centered cubic lattice geometry in Fig. 2.1.
The available energies for the electron depend upon k, as shown in Fig. 2.2(left) for silicon in
a more complex energy band diagram. In this diagram the topmost energy of the valence band is
labeled Ev and the bottom energy in the conduction band is labeled Ec . The top of the valence band
is not directly below the bottom of the conduction band (Ev is for an electron traveling in direction
Γ, Ec in direction X), so silicon is called an indirect band gap material. For an electron to be
excited from the valence band to the conduction band, it needs something to give it energy Ec − Ev
and a change in direction/momentum. An interaction with the crystal is needed to provide the
missing momentum and make the transition possible. This interaction involves a lattice vibration,
called a phonon. The chance of a required phonon being available to make the transition possible
is low. Transitions that require no interaction with the crystal are therefore much more likely
(Fig. 2.2(right)). In III-V semiconductors (for example in GaAs) both extrema are at Γ, and these
materials are called direct band gap materials. No momentum change is required here for electron
excitation. This kind of undisturbed carrier transitions occur with a high probability for III-V
semiconductors, with almost all injected carriers contributing to light generation in a recombination
process. This phenomenon is utilized in lasers and LEDs. The same is true for the generation of an
e-h pair by absorption of a photon, which is used in detectors.
The binary III-V semiconductors crystallize in the same tetrahedral configuration as the group
IV elements (C, Si, Ge, Sn) with the difference that here two FCC (face centered cubic) sublattices
A and B formed, one from group III elements and the other from group V elements. The resulting
crystal structure is denoted as cubic zinc sulphide or zinc blende. Each primitive cell consists of
eight orbitals, which by sp3 -hybridization give rise to four binding and four antibinding states;
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Figure 2.2: Indirect bandgap of Si (left) and direct bandgap of GaAs (right). Transition from
direct band gap materials do not require photon interactions.

Table 2.1: Material parameters of III-V semiconductors.

Material

Symbol

Lattice constant
[nm]

Band gap energy
at 300K [eV]

Gallium Phosphide

GaP

0.54505

2.272

Gallium Arsinide

GaAs

0.56533

1.424

Indium Phosphide

InP

0.58687

1.344

Indium Arsinide

InAs

0.60583

0.354

giving rise to the valence and conduction bands respectively. For the binary III-V semiconductors
of interest for this thesis, lattice constants and band gap energies between conduction and valence
band are given in table 2.1.

2.2

Quantum wells

The use of heterojunctions in lasers was first proposed in 1963 when Herbert Kroemer [33], thought
of as the father of this field, suggested that population inversion could be greatly enhanced by heterostructures. By incorporating a smaller direct band gap material, like GaAs, between two larger
band gap layers, like AlAs, carriers can be confined so that lasing can occur at room temperature
with relatively low threshold currents. It took many years for the material science of heterostructure fabrication to catch up with Kroemer’s ideas but now it is the industry standard. It was later

10

2. Material Aspects of POLIS

discovered that the band gap could be controlled by taking advantage of the quantum size effect
in quantum well heterostructures. A quantum well is a thin layer which can confine (quasi-) particles (typically electrons or holes) in the dimension perpendicular to the layer surface, whereas
the movement in the other dimensions is not restricted. The confinement is a quantum effect. It
has profound effects on the density of states for the confined particles. For a quantum well with
rectangular profile, the density of states is constant within certain energy intervals.
Typical layer thicknesses correspond to just a number of atomic layers, say 2-10 nm. Such
thin layers can be fabricated with molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD). Both electrons and holes can be confined in semiconductor quantum
wells. Once an electron or a hole is captured into this well, the probability to escape from the well
is small. Moreover, the restriction on the movement of the electron into this plane, i.e. a twodimensional world, affects also the energy of the electron as compared to a "free" electron in the
three-dimensional case. These so-called quantization effects will result in allowed energy levels,
whose energy positions are dependent on the barrier height and the width of the quantum well and
can be calculated by means of fundamental quantum mechanics.
A large number of semiconductor materials can be used to manufacture quantum structures.
In addition, one can mix different semiconductors with favorable properties into an alloy. This
"play" with input parameters is usually referred to as bandgap engineering. It opens fascinating
possibilities for fabrication of e.g. laser structures: One can select semiconductor materials in such
a way that the laser emits at an almost arbitrary wavelength. For telecommunication applications,
optical fibers are used with an optical window associated with smaller losses in the infrared. Thus
it is desirable to have lasers emitting at these wavelengths: the InGaAs/InGaAsP is an excellent
material system for that purpose.

2.3

Strained quantum wells

Strain occurs in quantum well structures when the lattice parameter of the substrate does not match
the lattice parameter of the deposited layer, which therefore deforms in order for the two lattices
to match with each other. In the next section elastic properties of such strained epilayers and the
effect on band structures is considered.

2.3.1

Elastic properties of strained layers

Lattice mismatched epitaxial layers grown on a thick substrate are subject to strain. For instance,
in InP/InGaAs heterostructures the lattice constants of the epitaxial layer ae and the substrate as
generally do not match. The mismatch ∆a/a between the layer and the substrate is given by
∆a ae − as
=
a
as

(2.1)

As long as this mismatch is smaller than a few percent for a thin epitaxial layer ( a few nanometers), the lattice constant of the epitaxial layer parallel to the growing surface adjusts itself to the
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Figure 2.3: The lattices under (a) tensile and (b) compressive strain effects.

lattice constant of the substrate. This leads to strain via elastic tetragonal deformation of the primitive cell of the epitaxial layer in the growth direction. For (001) substrate orientations, the epitaxial
lattice experiences a tetragonal distortion, resulting in a simple form of a strain tensor εi j whose
non-vanishing components are
as − ae
ae

εk = εxx = εyy =

(2.2)

and
ε⊥ = εzz = −2

C12
ε
C11 k

(2.3)

where z is chosen along the growth direction and xand y are in the growth plane, as and ae
are the lattice parameters of the substrate and of the relaxed epitaxial layer respectively. Ci j are
the components of the elastic stiffness tensor. For ae > as i.e. εk < 0, the epitaxial layer is under
compressive strain but if ae < as then it is under tensile strain or simply tensile strain. The strain
breaks the cubic symmetry of the lattice as shown in the Fig. (2.3). For compressive strain the
lattice is compressed in the x-y plane and consequently the lattice parameter is elongated in the
z-direction. For the tensile strain reverse is occurring i.e., the lattice is stretched in the x-y plane
and thus the lattice parameter is reduced in the z-direction.
The strained mismatches between the deformed lattice constant parallel (dk ) and perpendicular
⊥
(d ) to the growth plane and the lattice constant of the substrate are defined as [34]




∆d
d

∆d
d

k

k
=

de − as
as

(2.4)

=

d⊥
e − as
as

(2.5)

⊥
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From elastic theory using eq. (2.1) the relation between strained and relaxed mismatch can be
derived as
∆a
=
a



1−ν
1+ν

 "

∆d
d

⊥



∆d
−
d

k #



∆d
+
d

k
(2.6)

where ν is the Poisson’s ratio which is equal to C12 /(C11 + C12 ). In the case of strained,
dislocation free epitaxial layers, for which (∆d/d)k = 0, eq. (2.6) can be written as
∆a
=
a



1−ν
1+ν



∆d
d

⊥
(2.7)

With increasing the thickness of the epitaxial layer strain accumulates. There exists, however,
a maximum thickness for the strained epitaxial layer on the substrate. Above this critical value,
relaxation of the layer to the strain-free lattice constant starts by the formation of misfit dislocations.

2.3.2

Critical thickness limitation

The strain energy stored in a mismatched layer is linearly dependent on the thickness of the layer,
whereas a certain minimum energy is associated with the formation of a dislocation and plastic
relaxation. Defect free heterostructures can be grown from lattice mismatched materials up to
thickness where the resulting strain can be accommodated by elastic tetragonal deformation of the
unit cell, i.e. the critical thickness. Above this thickness, the elastic energy is released by the
formation of misfit dislocations parallel to the layer interfaces acting as centers for non radiative
recombination and as sources for multiplication of defects. This will deteriorate the performance
and the reliability of the devices. Studies of the critical thickness for the onset of the dislocations
in various material systems have turned out to be quite difficult and sometimes even controversial. Part of this controversy arises as a result of the sensitivities of the different characterization
techniques used to study the coherent growth of strained-layer structures. In practice, the experimentally observed critical thickness to introduce a small number of dislocations is comparable
with the predicted value and practical strained-layer structures are used widely to produce reliable
devices.
There is a critical layer thickness hc below which a dislocation-free strained layer is thermodynamically stable. This was calculated as [35]
  

1 − ν/4
hc
hc =
b ln
+1
4π f (1 + ν)
b

(2.8)

where b is the magnitude of the dislocation Burgers vector, ν is the Poisson’s ration and f is
the misfit strain and is given by f = (as − a0 ) /as , where as and a0 are lattice constants for strained
and unstrained case.
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Strain effects on band structure

When a layer is grown in a state of strain, not only the cubic symmetry of the lattice is affected
but also the degeneracy of the heavy and light hole bands is removed. Large strains, either compressive or tensile, can lead to considerable reduction in the hole mass [36–40] and hence in the
density of the states [40, 41], so that the device characteristics may then approach those of an ideal
semiconductor, with equal conduction and valence band effective masses. Furthermore, the states
composing the top of the valence band have almost pure p-like symmetry [42] and therefore in a
bulk like semiconductor the holes are equally distributed between px , py and pz states and only one
third, e.g. those in the py states can recombine to emit or absorb light along the cavity with the
required polarization, e.g. in the TE mode. However since the strain removes the cubic symmetry
of the lattice it changes the relative energies of the px , py and pz states. This can be used to selectively engineer the states at the valence band maximum so that almost all the injected holes are in
the state of the correct symmetry to take part in the emission or absorption.
Since strain can be accommodated in thin epitaxial layers it adds another degree of freedom to
the combinations of the materials that can be grown. The strain effects on the semiconductor band
lineups can be calculated with the "model solid" theory of Van de Walle and Martin [43]. This
theory has been applied for InGaAs on InP by Wang and Stringfellow [44]. The inplane strain can
be regarded as a sum of hydrostatic and strain in the growth direction. For the energy shifts ∆E
of the three relevant valence bands, namely the heavy hole and light hole bands and the spin-orbit
split off band, the following expressions can be derived (the terms higher than first order in εk are
neglected)





C11 + 2C12
C11 −C12
+b
εk
(2.9)
∆Ehh = −2a
C11
C11





C11 + 2C12
C11 −C12
−b
εk
(2.10)
∆Elh = −2a
C11
C11


C11 −C12
∆Eso = [−2a
]εk
(2.11)
C11
where a is the hydrostatic deformation potential and b is the shear deformation potential for
strain of tetragonal symmetry. The energy shifts in equations 2.9, 2.10 and 2.11 are all calculated
with respect to the levels in case of lattice matched material, while the conduction band edge is
assumed to have a fixed position. The strain effect on the band structure is qualitatively drawn in
Fig. 2.4, where the relations between the energy E and the wavevector in the growth plane (kk ) and
along the growth direction (k⊥ ) are given. At the center of the Brillouin zone Γ, the degeneracy
of the light and the heavy-hole band, observed in the lattice matched case, is lifted by the shear
strain component. This is caused by the tetragonal deformation, which reduces the symmetry of
the primitive cell.
The resulting valence band structure is highly anisotropic (Fig 2.4) with the band which is
heavy along the strain axis, k⊥ being comparatively light perpendicular to that direction, kk and
vice versa. The band structure anisotropy leads to a reduction in the density of the states at the
valence band maximum. For quantum well structures, the mass along the strain axis (growth
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Figure 2.4: Illustration of strain on the valence band of quantum wells.

direction) determines the confinement energy. While, the density of states is determined by the
effective mass in the quantum well plane i.e. perpendicular to the strain axis. Fig. 2.4(right)
predicts there should be a marked reduction in the density of the states in the compressively strained
quantum wells. This has been demonstrated experimentally with the hole effective mass mh being
reduced from the bulk value of 0.5 to a value of 0.155 in strained InGaAs quantum wells [39]. The
situation is more complicated in tensile strained quantum wells. In a lattice matched quantum well,
quantum confinement bring the heavy hole at the top of the valence band. The incorporation of a
moderate amount of tensile strain can then bring the light and the heavy hole into the coincidence,
and subband mixing effects cause the highest valence band to have a very large effective mass
[38, 47, 48]. For larger tensile strain however, the highest light-hole band shifts significantly above
the heavy-hole states and it has been predicted that the effective mass and the valence band density
of states can again be reduced compared to the unstrained bulk case [40].
Due to degeneracy of valence bands the polarization of the emission or absorption of the spectra
also becomes anisotropic [45]. In an unstrained semiconductor (Fig a), since the heavy and the light
hole bands are degenerate at the valence band maximum, there are equal contributions from x, y,
and z- like states, so the emission/absorption from the two bands has equal components polarized
along the three principle axes. Thus equal proportions contribute to TM gain/absorption (polarized
along z) and TE gain/absorption (polarized along y) and the emission/absorption along the direction
of the cavity (here taken along x). Therefore only one third of even those holes at the correct energy
are in the right polarization state to contribute. With compression, the heavy hole state shifts
upward in energy. As this state has no z-component at the center of the brillouin zone, and equal
x and y components, TE gain/absorption will be enhanced and TM gain/absorption suppressed.
One in two carriers near the band edge now contributes directly to the dominant polarization. For
tension, the light hole state shifts upwards in energy. The state has two third z-component at the

2.4 Design considerations for POLIS layer stack

15

zone center for small strains, and thus two out of every three carriers are able to contribute to the
dominant polarization.
As mentioned in chapter 1 polarization (TE or TM) is the parameter that defines the active
or passive part of the circuit. Therefore transparency for one polarization and absorption for the
other is required at the same wavelength. This can be achieved through band gap modification.
The heavy-hole Bloch-functions (Uhh) have only x and y components while light-hole Blochfunctions (Ulh) also have a z-component where z is the growth direction. Light in the TE mode has
a polarization lined out in the plane of the quantum wells. Since both the light-hole and heavy-hole
Bloch-wave functions have x and y components, both electron light hole and electron heavy-hole
transitions couple with the TE polarized light. The TM mode, on the other hand has a polarization
perpendicular to the quantum wells. Since only the light-hole Bloch functions have a z-component,
only the electron light hole transitions couples with TM polarized light. The transition strengths
are found to be
αTM = αx = αelh

(2.12)

3
1
αTE = αx,y = αelh + αehh
4
4

(2.13)

So the hh-transitions are only allowed for in-plane polarization (TE), lh-transitions are allowed for
both in-plane (TE) and out-of-plane (TM) polarizations.

2.3.4

Compressive and Tensile effects on POLIS

Under a compressive strain, the hh band is raised above the lh band. For a propagating photon,
with energy between the hh and lh transition energies, only the hh transitions (TE) will be possible.
Thus compressive strain creates a wavelength region with TM-transparency and TE-absorption.
However this is not true for tensile strain. Tensile strain raises the lh band above the hh band, even
if only lh transitions will take place which are coupled to both TE and TM polarization, this will
result in both TE and TM gain. On the other hand for a passive section, where propagation losses
should be minimum, neither of the two polarizations will be completely transparent. Thus it is only
the compressive strain which serves the purpose well for the POLIS idea.

2.4

Design considerations for POLIS layer stack

Since POLIS uses one material system for both active and passive components, it is important to
design a layer stack suitable for both functionalities. Some important design considerations are
taken into account. The ridge waveguide is found in almost all semiconductor based integrated
optical devices where it acts as a signal carrier. For low loss applications single mode ridge waveguides are required and for practical reasons it is preferable that these waveguides have a relatively
large cross section for ease of coupling. The design of a waveguide is mainly governed by optical
loss considerations. The most significant losses in the semiconductor material come from band to

16

2. Material Aspects of POLIS

band absorption and free carrier absorption. The first can be minimized by simply having a sufficiently high bandgap. Thus for POLIS it is important to have large wavelength separation between
hh and lh transitions. The higher the strain the larger will be the separation, but it is limited by
the relaxation effects in strained quantum wells. For free carrier absorption there are two possible
mechanisms:
• A carrier moves to a higher energy state in the same band by absorbing a photon. This can
occur for both electrons and holes and therefore for both p- and n-type materials. From the
shape of the bands it can be seen that they occur more easily for electrons than holes.
• A carrier moves to another subband by absorbing a photon. This absorption can only occur
for holes, as there is only one conduction band, but multiple valence bands. Thus it occurs
in p-type material only.
Absorption due to n-doping, mainly caused by intraband absorption of free carriers, is estimated as
αn =

4.43 × 10−19 × n
cm−3
0.342 − 0.0172log n

[dB/cm]

(2.14)

From eq. 2.14 absorption for low concentration, for instance 1×1016 cm−3 , is negligibly small,
however, for one order of magnitude higher concentration it goes up to 1 dB/cm. The loss due to
p-doping is higher than for n-doping. Here the dominant loss mechanism is due to intervalence
subband transitions. For a wavelength of 1550 nm the absorption for p-type material is given by
α p = 9.9 × 10−17 p cm−3
1 × 1016

cm−3

[dB/cm]

(2.15)

So a doping concentration of p =
gives α = 1 dB/cm. Keeping these figures in
mind the guiding layer is non intentionally doped (n.i.d) that is slightly n-doped (5 × 1015 cm−3 )
and does not contribute significantly to the loss.
The layer stack in which the waveguide is fabricated consists of an InP substrate and a buffer
layer, an InGaAsP Q(1.25) film which contains the compressive strained quantum well and an InP
cladding of 300 nm. Since nInGaAsP > nInP > nair , the effective refractive index experienced by an
optical field is highest inside the film underneath the ridge, and light is confined both in transverse
and lateral direction. Only a discrete number of lateral optical modes are supported. In order to
allow only the lowest order mode, the width of the waveguides needs to be very small, though
below a certain width the scattering losses are too high. The cladding layer consist of InP layers. It
has a lower refractive index than the waveguide and thus will give the desired optical confinement.
Moreover it has a higher bandgap, so that carriers can easily reach the waveguide and the quantum
well. The designed layer stack is given in table 2.2.
The waveguiding layers, in which the optical mode will be confined, are non intentionally
doped (n.i.d). Since the mode spreads its tail in the adjacent layers the doping in these layers is
important. A compromise has to be found regarding the doping profile. For low series resistance
and high quantum efficiencies high doping levels close to the active region are required. On the
other hand it will result in high losses in passive waveguide regions due to high optical absorption.
A trade off is needed between these opposing requirements. For the passive parts of the devices

2.4 Design considerations for POLIS layer stack

17

Table 2.2: Layer Stack for POLIS devices.

Layer

Material

Function

Thickness
[nm]

Doping
[cm−3 ]

1

InGaAs:Zn

p-contact

100/450

2×1019 (p)

2

InP:Zn

cladding

200/800

1×1018 (p)

3

InP:Zn

cladding

250

5×1017 (p)

4

InP

cladding

50

1×1016 (p)

5

Q(1.25)

waveguiding

300

n.i.d

6

Ga0.34 In0.66 As

Strained QW

2-3

n.i.d

7

Q(1.25)

waveguiding

300

n.i.d

8

InP:Si

cladding

500

1×1017 (n)

9

InP:Si

n-contact

500/800

1×1018 (n)

only a low doped top InP cladding of 300 nm is kept and the rest of the layers are removed during
the processing, so that the propagation loss is minimal. In order to reduce the losses the thickness of
layer-4 is varied for three different doping concentrations in layer-3. The resulted loss is plotted in
Fig. 2.5 (calculated using FIMMWAVE described in chapter 5). In order to provide lower electrical
resistance layer-4 is designed to be 50 nm and the doping level in the adjacent layer layer-3 is taken
as 5 × 1017 cm−3 . For the higher cladding (layer-2) two thickness are considered in the design. For
the active devices the thickness of this layer is not the determining factor as the absorption in the
quantum well is much stronger as compared to the absorption in the cladding layer. However, for
the TM based devices where voltages are applied, a thicker cladding layer is required in order to
minimize TM propagation losses. The TM losses go down from 16 dB/cm to 1 dB/cm for a layer
thickness increase from 100 nm to 800 nm, without a metal contact. With a metal contact the
reduction is from 110 dB/cm to 1 dB/cm for the same thickness range. For that reason in a design
for a switch based on TM polarization, the thickness of layer 2 is taken as 800 nm [51].
The quantum well is the active element responsible for both absorption and generation of TE
light in the structure. For efficient operation of the active devices high absorption in the quantum
well is desired but this is limited by the residual loss of the TM polarization in the quantum wells.
Thus a compromise has to be made between high TE absorption and high TM transmission. This
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Figure 2.5: The TM losses for different layer thicknesses of layer for three different doping
levels in layer 3.

puts a limitation to the number of quantum wells. For most of the devices one quantum well is
used.
A maximum overlap of the optical field with the quantum well is required to get high absorption. As the optical intensity is highest in the middle of the waveguiding layer, TE absorption will
be highest in the middle of the waveguide. Furthermore, the non-dominant field components of
the TM polarized mode in a channel waveguide are sensitive to the high absorption in the quantum
well for electric fields in the plane of the well. These non-dominant field components are zero
in the center of a symmetric waveguide layer, so for better transparency for TM-polarization the
quantum wells should be placed at the center [51]. For one of the POLIS switches presented in
[51] the quantum is displaced from the center and the waveguide is slightly doped. From calculations it was predicted to have a few dB/cm higher loss for TM polarization, which was verified
by experiments. The doping positively influenced the switching efficiency, making the required
switching voltage almost twice as small as compared to the one with quantum well at the center
of the undoped waveguiding layer. This example shows that adjustments in the POLIS-layer stack
can be made to achieve different performance compromises, in this case between propagation loss
and the switching voltage.

2.5

Conclusion

Strain in the quantum wells can be used to obtain TE absorption and TM transmission at the same
wavelength. This is utilized to achieve active and passive components on the same layer stack. The
layer stack is optimized for minimal propagation losses. For this reason, strained quantum well
is required to be at the center of the waveguiding layer. For other positions of the quantum well
a compromise between the propagation loss and the device performance can be engineered. The
devices presented in this thesis contain the waveguiding layers with centered quantum well(s).

Chapter 3
Material Analysis
The choice of the material is crucial for the POLIS technique because the same material system is
used for fabricating components having different material requirements. This chapter describes the
basic techniques used for characterization of the material and the information obtained from these
techniques. The material used in this work is obtained from the Australian National University
(ANU) and the Physics department (PSN) at Eindhoven University of Technology∗ .
Our material system contains InGaAs compressively strained quantum wells (QW) sandwiched
between InGaAsP waveguiding layers, on an InP substrate. The growth starts with the deposition
of n-contact layers, on which the waveguiding layers and QWs are grown. On top, an InP cladding
with graded p-doping and then a heavily p-doped contact layer are grown. The strain in the QW
increases the difference between the light and the heavy hole sub bands in the valence band, and
therefore a difference in the band gap for TE and TM is obtained. The best result is obtained with
the highest strain, however relaxation can occur if the strain is too large. In practice a maximum
1% of strain is possible with the required thickness of the quantum well. This is sufficient for the
POLIS application. The most important and critical information is about the quantum well, i.e.,
it should have high transmission for TM and high absorption for TE at a wavelength of 1550 nm.
Furthermore, the waveguide losses should be as low as possible. This implies that the doping profile
is such that it gives low losses for the passive waveguides but also sufficiently low resistivity for
the active devices. In section 3.1, the quantum well is characterized for its TM and TE polarization
response. First photoluminesence measurements are done, followed by transmission and FabryPerot measurements. In section 3.2.1 the doping level of one of the samples is measured using CV
profiling. From the results corrections are designed for the next grown samples.
∗ H.H.

Tan and C. Jagadish at ANU and P.J. van Veldhoven and R. Nötzel at PSN provided the required material.
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3.1

Quantum well characterization

The different combinations of strain and quantum well thickness give different emission wavelengths. The strain effect is enhanced by increasing the In molar fraction in InGaAs quantum well.
For compressive strain the application of thin wells enhances the strain-induced valence subband
splitting. To find the right combination of well thickness and composition, it is of primary importance to evaluate the quantum well for POLIS behavior. Thereby, a 1550 nm emission wavelength
is required. Calculations show that 4 nm thick InGaAs compressively strained quantum wells have
both TE absorption and TM transparency at 1550 nm wavelength [49]. However in these calculations a perfect square well is considered which might not be the case in a real structure. Quantum
wells are normally characterized by taking the photoluminescence (PL) spectrum, which gives information of the emission peak which in turn leads to information about the width and the quality
of the quantum well.
Three samples have been investigated which are referred here as A, B and C. Samples A and
B have been grown at ANU by MBE, whereas the third sample C is grown at the COBRA facility
(PSN) by MOVPE. Sample A is designed for a quantum well width of 4 nm with 0.9% compressive
strain. The quantum well is at the center of the 600 nm InGaAsP waveguiding layer. A layer of
500 nm InP is grown as a cladding layer with a graded p-type doping. Finally a heavily p-doped
contact layer of 450 nm InGaAs is added. To make the n contact on the back side, the layer stack
is grown on an n+ InP substrate. Samples B and C are slightly adjusted with respect to sample
A, based on the characterization results of the later. The quantum well widths are reduced in the
samples B and C. The substrate is changed from n+ to semi-insulating and an n-doped contact layer
is grown after the buffer layer. The top contact layer has a reduced thickness of 100 nm. Finally,
etch stop layers have been added in order to be more flexible for processing of different devices.
The detailed layer stacks with doping profiles are given in Appendix A .

3.1.1

Photoluminescence

Photoluminescence (PL) is a technique to investigate the quality of the optical material, as it measures the optical radiation emitted by that material as a result of illumination with light. When light
with a photon energy higher than the band gap energy ∆E is incident on a material, photons are
absorbed and electronic excitations are created. Eventually these excitations relax and the electrons
return to the ground state. If radiative relaxation occurs the emitted light is the photoluminescence.
The spectral distribution of these emitted photons shows a peak centered around the fundamental
band gap energy.
A standard PL setup has been used for these measurements† . The limitation of the PL set-up is
that only the TE emission of the material is detected. Therefore, the PL spectra give information
on the intended active use of the POLIS material, but not on the passive waveguide use.
The obtained spectrum for sample A is depicted in Fig. 3.1 after removing the top contact and
cladding layers. The PL measurements show a quantum well emission peak at 1620 nm wavelength. It is obvious from these PL measurements that the quantum well width needs to be adjusted
in order to get the emission wavelength around 1550 nm wavelength. Another sample was grown
† T.

J. Eijkemans at PSN provided PL measurements

3.1 Quantum well characterization

Sample A

12000

PL signal [a.u.]

21

8000

4000

0
1100

1300

1500

1700

Wavelength [nm]

Figure 3.1: Room temperature PL of sample A after etching away the top contact layer.
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Figure 3.2: Room temperature PL measurements for test samples of (a) sample B and (b) sample
C.

at ANU with a reduced well width (2.5 nm), it is sample B. The aim is an emission wavelength
at 1550 nm wavelength with the same amount of compressive strain. The as-grown sample has a
dominant peak from the InGaAsP waveguiding layers (see Fig. 3.2(a)). After etching away the top
contact layer the PL spectrum shows the quantum well peak at 1550 nm wavelength, whereas the
peak at 1250 nm wavelength is from InGaAsP. For sample C, the material grown at PSN, the quantum well width is around 2.25 nm. Here first the emission peak of the strained quantum well peak
is optimized and then the whole layer stack is grown. Fig. 3.2(b) shows the measured photoluminescence of one of the test samples at room temperature. The position of the maximum at 1550 nm
wavelength corresponds to the quantum well peak whereas a peak at 1250 nm corresponds to the
band gap energy of the InGaAsP layer.
In conclusion, sample A which has 0.9% compressive strain shows a PL peak at a wavelength
of 1620 nm. Samples B and C are adjusted and show PL peaks at 1550 nm with the same amount
of strain. In order to investigate further the TE and the TM responses of the material, transmission
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Figure 3.3: Transmission measurement setup for planar waveguides.

and Febry-Perot measurements are carried out which are described in the next sections.

3.1.2

Optical losses for TE/TM polarization

The quality of the material for POLIS devices needs to be investigated for two polarizations, i.e.,
high transparency for TM polarization and high absorption for TE is required. For this purpose
different sets of measurements have been carried out. In order to investigate the optical behavior for
the two polarizations through the POLIS layer stack, the transmission signal is measured through
a slab waveguide, that has been cleaved into a few millimeter long pieces. The transmission curves
give the wavelength range for POLIS behavior. Then, for a particular wavelength, the relative
transmission for the two polarizations is measured. In this way the material can be characterized
while no processing is involved.
Later on, ridge waveguides were measured by using a Fabry-Perot (FP) set up, which allows a
more precise measurement technique. With this technique it is possible to measure low losses at a
fixed wavelength. Thus the optical loss of the TM polarization is measured with FP. Since the TE
polarization has a high absorption, it is not possible to measure it directly with FP. To quantify the
TE behavior an estimation based on the relative transmission of TE and TM polarization is made.
However, it is important to note that for the samples which have high TE absorption, it is not
possible to get any TE signal through waveguides of lengths of a few hundred micrometers. Since
absorption is an important design parameter for POLIS devices, to quantify it the measurement
results from integrated polarization converters with waveguides are taken into account. This is
described in chapter 5.
In order to investigate the active behavior of the two polarizations detectors and LEDs are made.
Absorption and emission spectra on these devices and the loss measurements on the waveguides
give the overall picture of the POLIS behavior for the strained quantum well samples.
Transmission measurements
With transmission measurements on slab waveguides we can get a first idea about the quality of
the material, i.e. about the losses and the uniformity of the material prior to any processing. This
is done by coupling light in and out of the slab waveguide and comparing the signal with the
measurements using the same optical setup, but then without the sample.
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Figure 3.4: Transmission through waveguides on sample A as a function of wavelength for
two polarizations. The first graph shows TM and TE transmission measured with a tuneable
laser, which can measure up to 1590 nm wavelength (a). The second graph is a transmission
measurement with a dye laser for TM polarization (b).

The setup is shown in the Fig. 3.3. It consists of an EDFA with a band pass filter (sometimes
this is replaced with a tunable laser) as the light source which is modulated with a chopper with a
frequency around 1 KHz in order to use a lock-in amplifier. This suppresses the influence of the
background light and reduces the noise in the detection. A polarizer is used to define the TE and
TM polarization. The light is coupled into the plane of the slab waveguide by means of an input
microscope objective and a cylindrical lens. By means of another objective at the output of the slab
waveguide light is collected and detected by a photodetector. A pinhole is used directly in front
of the detector to block stray light so that only the light from the sample will be detected. The
detected signal can be directly read on the lock-in amplifier.
For sample A, the transmission measurements have been performed for both polarizations, TE
and TM. The typical transmission curves obtained with a tunable laser are shown in Fig. 3.4(a). The
curve shows transmission up to 1590 nm wavelength which was the highest achievable wavelength
from the tunable laser. For TM, transmission starts around 1545 nm wavelength and for TE there
is absorption till 1590 nm. Since the PL peak (see section 3.1.1) is observed at longer wavelength,
the most interesting POLIS behavior could be found at higher wavelengths. Also the TM transmission has not reached its maximum yet at 1590 nm wavelength as is evident from Fig. 3.4(b).
To investigate this a transmission measurement at longer wavelengths is required. This is done by
using a dye laser at PSN‡ for a wavelength upto 1700 nm. The result is shown in the second plot of
Fig. 3.4(b). The measurement shows quite high TM transmission at around 1700 nm wavelength.
The TE signal could not be measured. So the POLIS behavior is obvious but the wavelength region
is shifted with respect to the design.
All this information leads to the conclusion that the well width needs to be adjusted in order
to get TE emission at a lower wavelength, which is also clear from the PL measurements. For
‡ J.

E. M. Haverkort and A.Y. Silov at PSN helped in using the dye laser
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Figure 3.5: Transmission measurements for samples B and C for TM and TE polarization.
There is no TE signal found for sample C.

the next grown samples B and C, TM and TE transmission curves up to 1560 nm wavelength are
measured with a tuneable laser. The results are shown in Fig. 3.5. For sample B, the transmission
for the TM polarization is higher as compared to the TE polarization, but still a significant signal
for the TE polarization is found. This is undesirable. For sample C however the transmission
measurement show nearly no signal for TE and a high signal for TM for a 5 mm sample. Thus
sample C seems the most promising. In order to further investigate the POLIS behavior in these
samples quantitative analysis is required, which is given in the next section.
Fabry-Perot measurements
The transmission measurements from the previous section give a qualitative impression of the samples. To quantify the loss behavior of the sample a more sophisticated technique, the Fabry-Perot
(FP) method is used. For this measurement, ridge waveguides are needed and thus the measurements include fabrication effects as well. The ridge waveguides are cleaved at both ends to form
a FP cavity. Optical power transmitted through the waveguides can be obtained from successive
reflections at the cleaved facets. By changing the wavelength, the phase of the transmission coefficient through the cavity is changed and thus maxima and minima of the transmission appear. The
ratio of the maxima Pmax and minima Pmin will in turn give the intensity propagation loss through
the cavity of length L, which is represented as
1 1
ln[ (1 − Pmin /Pmax )/(1 + Pmin /Pmax )]
(3.1)
L R
where R is the intensity reflectivity at the facets. The set up is shown in Fig. 3.6. A narrow line
width, single longitudinal mode laser is required to measure the transmission spectrum. A temperature controlled DFB laser was used. The light beam from the laser is modulated by means of a
α=
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Figure 3.6: Fabry-Perot measurement setup.
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Figure 3.7: Measured TM losses at wavelength 1535 nm for samples B and C in the Fabry-Perot
set up.

chopper at 1 KHz. The light is coupled into the waveguide by means of a microscope objective.
Another objective is used to collect the light coming from the sample. The light is detected by a
photodetector after passing through a pinhole. The photodetector is connected to a lock-in amplifier. It should be noted that this measurement requires monomode excitation of the waveguides, as
higher order modes will lead to complicated resonance patterns.
As expected from the transmission measurements of sample A, the waveguides give very high
losses at 1535 nm wavelength, which is the only possible wavelength to measure losses with our
Fabry-Perot setup. The system can only measure losses reliably up to 10 dB/cm; above that
value the accuracy is doubtful. Sample B and sample C are measured with this technique for TM
polarization, whereas for sample C estimate analysis is done to obtain values for the TE absorption.
This is described in the next section.
Fabry-Perot measurement results of the samples B and C are shown in Fig. 3.7. Sample B is
having almost the same layer stack as sample A, except that now the width of the well is reduced
to achieve the PL emission at 1550 nm wavelength. Also the top p-contact layer thickness is
reduced from 450 nm to 100 nm. Fabry-Perot measurements of sample B show quite high losses
for the TM polarization: 8-13 dB/cm for monomode waveguides. However sample C (including
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Figure 3.8: Estimated loss for sample A for TM polarization.

top layer and shallowly etch waveguides) shows better POLIS behavior. There is nearly no output
signal for TE for 3.85 mm long waveguides and 6-7 dB/cm propagation loss is found for TM
polarization, as shown in Fig. 3.7. Only for one waveguide which is 4 µm wide losses are higher,
which might be due to multimode behavior of the waveguide. These measurements are taken at
1535 nm wavelength. Comparing these loss figures with the transmission measurements the TM
losses can be estimated to be reduced to 4 dB/cm for 1550 nm wavelength.
Analysis of TE polarization of samples B and C is given in next section. The TM behavior of
sample A is also given there.
Estimation analysis from transmission and FP measurements
For high losses estimates are made by comparing the signals with those of reference waveguides
whose losses are known for sample A. These reference waveguides are anti reflection coated, have
a length of 0.43 cm and show losses of 2 dB/cm with FP measurement. The POLIS waveguides
are 0.2 cm in length. Coupling losses lc can be considered the same for the two sets of waveguides.
However, there is an extra 2 dB/cm loss per facet due to the absence of the anti reflection coating.
If Pi is the input power and P0 and Pp are output powers for the reference and the POLIS chips
respectively, then the loss equations will be
10 log Pi /P0 =lc [dB] + 2 [dB/cm] × 0.43 [cm]

(3.2)

for the reference sample, and
10 log Pi /Pp =lc [dB] + 4 [dB] + α [dB/cm] × 0.2 [cm]

(3.3)

for the POLIS sample.
By simply evaluating these equations for the measured output powers Po and Pp at a wavelength
of 1535 nm for the sample A, loss turned out to be around 33 dB/cm for TM and 136 dB/cm for
TE polarization. From the transmission measurements with dye laser upto 1700 nm the estimated
losses for TM are about 5 dB/cm at 1660 nm wavelength and above (see Fig. 3.8 ). This is done
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Figure 3.9: Estimated TE absorption for sample C.

by comparing the signal with and without the sample. This seems to be pretty good, except that
wavelength is too high for the POLIS application.
To get an idea of the TE absorption in sample C a different method is adapted. FP measurements
on sample C is successfully done to get TM polarization losses at 1535 nm wavelength (section
3.1.2), these will be used as reference here. The waveguides on sample C are cleaved to a short
length, i.e., 2 mm so that TE light out of the waveguides can be detected to some measurable level.
Then this TE signal can be compared with TM as follows:
The TE and TM losses are given by
10 log (PTE /Pin ) = αTE L + lc

[dB/cm]

(3.4)

10 log (PTM /Pin ) = αTM L + lc

[dB/cm]

(3.5)

where L is the length of the waveguide, lc is the coupling loss, PTE , PTM and Pin are TE output,
TM output and the input powers respectively. Assuming the same input powers and the same
coupling losses for the two polarizations, equations 3.4 and 3.5 will give
10 log (PTE /PTM ) = (αTE − αTM ) L

[dB/cm]

(3.6)

or
1
10 log (PTE /PTM ) + αTM
[dB/cm]
(3.7)
L
PTE and PTM in the first term are the output signals for the 2 mm long waveguides and the
second term gives the loss for 5 mm long waveguides measured with the Fabry-Perot set up. The
total loss at a wavelength of 1535 nm is plotted as a function of waveguide width in Fig. 3.9. The
loss obtained this way is in the range of 100-150 dB/cm for TE polarization, which is a quite good
absorption for POLIS devices. The data are scattered. The two ratios used are measured differently.
αTE =
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Figure 3.10: Measurement setup for absorption in the detector.

The first term in eq. (3.7) originates from the transmission measurements on 2 mm long waveguides
with input power unchanged for TE or TM polarization. The second ratio is obtained from the
measurement of the loss value in the FP set up for TM polarization for 5 mm long waveguides.
There is a probability that the coupling for the two polarizations is not identical and therefore these
loss numbers are only rough estimates. Furthermore it should be stressed that the very low value of
the TE transmission makes an accurate determination difficult. Some scattered light can be easily
detected. Therefore, even higher TE absorption might be possible (see chapter 5).
So FP measurements results only quantify TM polarization behavior for sample B and C. For
sample A at 1535 nm wavelength, there is no TM transmission. For TE polarization, due to the
high absorption, only rough estimates can be done. The TE absorption is however a very important parameter to investigate for integration of active and passive POLIS components. Therefore
detectors and LEDs are made to get direct information on TE absorption and emission.

3.1.3

Emission and absorption measurements

In order to estimate the behavior of the quantum well for active devices a simple detector structure
is processed on sample A. The absorption and emission measurements have been performed for the
two polarizations. The measurement setup used to obtain the absorption spectrum of the detector
is shown in Fig. 3.10. The light from a tunable laser is coupled to the detector via fiber and optical
lenses. TE and TM polarizations are defined by a polarizer at the input side. A small reverse bias
voltage of 0.1 V is applied at the detector. The output current is measured with a multimeter. The
amount of current generated by the detector with no light applied is called the dark current. It
contributes to the noise of the detector. The realized detectors have shown a very low dark current
of typically 4.8 nA. The absorption spectrum as a function of wavelength is determined. For a
reference input power P0 , output current of a commercial detector is calibrated i.e. input power
in terms of current through the commercial detector is measured, without chip in the same setup.
These two sets of measurements have been used to calculate the responsivity of the detector.
If I photon is the photocurrent generated due to the incident photon, the responsivity R is the
Iphoton obtained for a unit of incident optical power P0 (measured in terms of current at the reference
detector) and can be calculated from the absorption curves as:
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Figure 3.11: (a) Responsivity of the detector for TE and TM polarizations as a function of
wavelength (b) Emission from the LEDs for two polarizations.

R=

Iphoton
P0

P0 in terms of wavelength λ and current I measured at the reference detector is
 
hc
η
P0 = I
λe

(3.8)

(3.9)

where c is the velocity of light, e is the charge of the electron, h is the Plank’s constant and η is
the internal quantum efficiency. Assuming η = 1 for the reference detector. Thus from eqs. (3.8)
and (3.9)
Iphoton λ e
(3.10)
I hc
R as a function of wavelength for two polarizations is plotted in Fig. 3.11(a), for η = 1, which
is the most conservative case. For TE at 1600 nm it is above 0.3 A/W and for TM polarization
the peak value is around 0.2 A/W at 1480 nm wavelength. These values are including coupling
losses. The two peaks are widely separated and the absorption ratio for TE and TM is above 20
at 1600 nm, which is good enough for a POLIS application [50]. Probably the absorption ratio is
much higher at longer wavelengths (here the wavelength range is limited by equipment).
For emission, measurements are carried out by using an optical spectrum analyzer, the setup
is shown in the Fig. 3.12. The measured spectra for two polarizations are shown in Fig. 3.11(b).
For TE polarization the peak value is at 1620 nm, whereas for TM polarization the peaks are
ranging from 1480 nm to 1500 nm for different diodes. Thus TE and TM separation is more
than 140 nm. A slight shift in the TM peak positions for different diodes may be due to the nonuniformity of the wafer. These measurements on sample A, prove the basic concept of POLIS. The
R=
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Figure 3.12: Measurement setup for emission spectra of the LED.

operating wavelength for this sample is not right, which is also confirmed by PL and transmission
measurements.

3.2

Doping characterization

The doping level determines the free carrier concentration in the semiconductor material. High
doping is needed for the active devices in order to reduce the electrical resistance and also for low
power dissipation. However, the free carriers cause high losses in the waveguiding region due to
optical absorption. Therefore there is a need to optimize the doping concentrations. In order to
estimate the doping levels CV profiling is done on sample A.

3.2.1

CV profiling

Capacitance-Voltage (CV) measurements of a reversely biased semiconductor-electrolyte contact
are widely used for determining the doping concentration profile in a semiconductor structure. It
uses an electrolyte to make the Schottky barrier and simultaneously to provide controlled electrochemical etching of the material. There is an automatic equipment to perform the repetitive
etch/measure cycle and generate a profile plot. The most important advantage of this method is
that the profile depth is not restricted by junction breakdown. The disadvantages of the technique
are that it is destructive, that the depth resolution is limited by the etching uniformity, and that
the electrolyte-semiconductor contact dimension can not be controlled as well as in metal contact
techniques. Nevertheless, provided that a good electrolyte is available, it is an effective technique
for the characterization and optimization of epitaxial multi-layers.
The key component of the CV profiler is an electrochemical cell. The semiconductor slice is
held against a sealing ring by means of spring-loaded back contacts. The etching and measuring
conditions are controlled by the potential across the cell. This is done by passing a DC current
between the semiconductor and a carbon electrode in the forward direction. The semiconductorelectrolyte Schottky diode results in a depleted depth xd of the semiconductor layer:
r
xd =

2ε0 εr (V0 −V )
eN

(3.11)

-3

Doping concentration [cm ]
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Figure 3.13: CV measurement of sample A

where V0 is the built-in potential step over the semiconductor-electrolyte interface, V is the
applied voltage in the reverse direction and N is the doping concentration. The depletion depth in
terms of capacitance C of the depleted area and the contact area A is also represented as:
xd =

ε0 εr A
C

(3.12)

Equating eqs. (3.11) and (3.12) and then differentiating with respect to V results in
C3
N=
eε0 εr A3



∆C
∆V

−1
(3.13)

By modulating the voltage at sufficiently low frequency and measuring the resulting modulation
∆C
can be determined. A simplified block diagram of the measurement setup is shown
in C the term ∆V
in the Figure. Alternating etch-measure sequence is controlled automatically. The etch current is
integrated and processed to give the etch depth, which is added to the depletion depth to give
the total depth of the depletion edge with respect to the original surface. The depletion depth is
obtained from eq. (3.11) by measurement of C at 3 kHz, N is derived from eq. (3.13) by measuring
∆C
∆V at 30 Hz. This will give the carrier concentration as a function of depletion depth.
The CV-measurement of sample A is shown in the Fig. (3.13), together with the designed values
of the doping. The layer stack consists of a 450 nm heavily p-doped InGaAs contact layer, a 100 nm
low p-doped InP layer, a slightly p-doped 400 nm InP layer and then the 600 nm intrinsic InGaAsP
layer. The layer stack is measured in a SEM by stain etching the sample first (see Fig. (3.14). The
measurements of the layer thicknesses have been taken for each layer separately, that is etching
away the layers one by one. The designed and measured layer stack is almost the same, see table
3.1
The CV profiler showed higher values for the doping concentration as compared to the designed
ones throughout all the layers. The carrier concentrations are extended to the subsequent layers as
well. The reason for comparatively high measured values of doping concentrations especially for
the contact layer, was the ring. The ring which keeps the sample and the electrolyte in contact was
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Figure 3.14: The SEM photograph of sample A after a stain etch. From right to left: Air, SiNx ,
InP, InGaAsP and then InP substrate.

Table 3.1: Designed and measured thicknesses of sample A

Material

Designed [µm]

Measured [µm]

Air
SiNx
InP
InGaAsP
QW [InGaAs(+InP)]
InGaAsP

0.2
0.5
0.3
0.004
0.3

0.204
0.509
0.287
0.009-0.02
0.3076

somewhat leaky and the etched area was extended outside the ring as well. This leakage was more
than the standard seepage. The higher doping concentrations in the adjacent layers can be attributed
to the diffusion of the carriers into the subsequent layers during the growth. The smoothing of the
profile between differently doped layers indicate this.
From CV profiling of sample A it is evident that diffusion of the carriers from highly doped
layers creates more free carriers into the subsequent layers than was designed. In order to minimize
this problem the top contact layer which is the most heavily doped layer is reduced in thickness
from 450 nm to 100 nm for samples B and C. A thinner layer means less time in the reactor and
thus diffusion will be less. Growth temperature can also influence the diffusion rate. Growth
temperature for sample B is around 650o C (ANU grown sample) where as for sample C (PSN
grown sample), it is 585o C. Thus sample C is expected to show less diffusion and a lower optical
loss.
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Conclusion

In this chapter the search for an optimal POLIS material is described. Three samples have been
characterized. Sample A, the first sample, is thoroughly investigated in order to determine which
adjustments are needed to the layer stack design. Through the transmission measurements it is
found that this sample gives the right POLIS behavior, i.e., TM transmission and TE absorption.
However this was found at a high wavelength (around 1700 nm). This is in agreement with PL
measurements. Waveguides and LEDs/detectors fabricated on this layer stack have given reasonable performances, like low losses for waveguides, quite good responsivity for detectors and wide
wavelength separation between TE and TM emission peaks for LEDs. Based on these results, the
design is improved for sample B and sample C. The quantum well is adjusted to get a PL emission
peak at 1550 nm wavelength. The TE absorption analysis is done by comparing the transmission
and the FP measurements. the sample C gives comparatively the best results in terms of TE and
TM polarization separation, high TE absorption and low TM propagation loss. This sample is used
for the POLIS integration (see chapter 6).
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Chapter 4
Technology
Realizing integrated components and circuits according to the POLIS concept requires the use of
advanced technologies. This chapter describes the various techniques involved for device fabrication. The starting point for the realization of POLIS devices is the epitaxy of the layer stack which
is optimized with respect to the doping, quantum well strain and thickness based on the results of
chapter 3. The available technology in COBRA is mostly suitable for the POLIS devices, but it
has to be developed further to meet the needs of all the POLIS components, in particular the polarization converter. This device has gained a considerable interest in recent years. It does not yet
have a standard technology for all the material systems. Though polarization converters have been
realized before, their integration is still an issue. Furthermore, to have them realized and working
on strained quantum wells is a new challenge.
The techniques used for the fabrication are described in the next sections and the related issues
concerning POLIS material are discussed. The lithography section summarizes the issues involving
with pattern definition. The subsequent sections will treat the issues of deposition and etching. The
last section deals with the process flow of the integrated waveguide-detector.

4.1

Fabrication processes

When the wafer is epitaxially grown with the right specifications the device fabrication starts. It
involves a number of processing steps, depending upon which devices are being fabricated. In
general, the fabrication starts with the definition of waveguides. A precise control of the pattern
width and smooth edge definition is necessary to achieve low loss optical components with good
performance. The devices presented in this thesis have been patterned using three different methods:
• Optical contact lithography
35
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Figure 4.1: Different types of components in a POLIS circuit are shown. From left to right:
3 µm input waveguide connected to 1.1 µm incoupling waveguide through a taper, polarization
converter connected to the incoupling waveguide and butt-coupled connected with the detector.

• High resolution optical lithography (HRL)
• Electron beam lithography (EBL)
The patterns are transferred to the wafer by both dry chemical etch processes and wet chemical
etches. For some devices, where electrical contacts are needed, metal is patterned by a technique
known as lift off, for instance in case of detectors and LEDs. A schematic drawing showing the
different waveguides in a POLIS circuit is shown in Fig. 4.1. It consists of a deeply etched passive
waveguide, a polarization converter with one slanted and one vertical side, and an active device
which is etched down to the contact layers. This implies that the realization of such a circuit
requires the combination of different etching depths and processes. The various processes needed
are described in the next paragraphs.

4.1.1

Lithography

Lithography involves the steps required to get a desired pattern on a wafer, which is subsequently
used as a mask for pattern transfer to other materials. It starts with the preparation of the surface
of the wafer to make it suitable for deposition of a layer of photosensitive material (or electron
sensitive), known as photoresist (or electron beam resist). The deposition of the resist is obtained
by spin-coating the wafer with a few drops of resist on it. Spinning results in a more or less uniform
resist coating on the wafer surface. After spinning the resist a short prebake step is done to remove
the solvents. The temperature and time should be such that the resist remains photo-sensitive, but
that solvents are removed sufficiently. The next step is the definition of the pattern by the exposure
of resist to light through a mask, or by direct writing the pattern with an electron beam. This will
be explained in detail in the following subsections. The exposure is followed by another baking
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step, referred to as a postbake. This is done to reduce the effect of standing waves in the resist. It
improves the line width control and resolution of the process. The temperature during the postbake
should stay below a certain value, higher temperatures will result in resist being unable to develop.
The development time depends on the exposure parameters. In case of positive resist the exposed
portions of the resist are removed, whereas for negative resist the unexposed portions get dissolved
in a suitable developer.
The thickness and uniformity of the resist are important parameters to consider. For fine lines
the thickness of the resist should be small. In case, ridges are present it should be thick enough to
cover those ridges. Thickness can be controlled with the spinning speed or with the viscosity of the
resist. The exposure time varies with the type and the thickness of the resist. In lithography not only
the spinning of the resist and exposure are important, but also the preparation of the surface, the
prebake, the postbake and the development are critical steps for the quality of the pattern definition.
Three types of devices have been fabricated:
1. deeply etched (etched through the waveguiding layer) passive waveguides whose width is
3 µm,
2. active components like detectors and LEDs, with widths of 3 µm or larger.
3. a third device which connects passive components to active ones by changing the polarization
of light: the polarization converter. Its width is around 0.82 µm.
Since the width of the polarization converter is relatively small it is sensitive to fabrication errors.
It needs three lithographic steps in order to respectively define the width of the waveguide, form
the vertical side and define the slanted side. The submicron width of the converter, with a tolerance
of ±50 nm (see chapter 5), is quite difficult to realize with standard contact optical lithography.
The alignment accuracy of protection masks to realize the vertical and slanted sides is also critical. Here the tolerance is ±300 nm, which can in principle be realized with contact lithography.
A possibly more accurate solution is the use of electron-beam exposure to satisfy the fabrication
requirements. Another alternative is exposure with a high resolution optical projection lithography.
The basic processing steps for all these options are almost the same, except for a few minor differences. Polarization converters have been realized with all these three lithographic techniques. Well
functioning devices have been obtained with all three but the best results are from high resolution
projection lithography (chapter 5).
In the next sections first the masks are described and then the three different lithographic techniques which were opted.
Mask plates
Masks for the two optical lithographies are made from silica glass plates covered with chromium,
which is opaque and insensitive to UV light. Mask patterns are first designed in Agilent’s Advanced Design System (ADS) software. These patterns are then written on the electron sensitive
PMMA (Poly Methyl Methacrylate) material by an electron beam pattern generator (EBPG). The
chromium layer, which is about 100 nm thick, is etched in the open regions of the resist pattern
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Figure 4.2: The waveguides fabricated on 1.1 µm high mesa by contact optical lithography. The
line width definition varies depending on the position w.r.t the mesa. The left micrograph shows
the structures close to and on top of the mesa. The second micrograph shows a waveguide at the
bottom but far from the mesa.

with a wet chemical etchant. Masks can be either dark-field or light-field, depending upon the
resist used for their fabrication. Dark field masks are chromium covered glass plates in which the
structures are transparent. The EBPG pattern in that case is written in positive resist to reduce
the amount of exposure. Light field masks are transparent glass plates with written structures in
chromium which are defined in a negative resist.
For the actual sizes of the structures on the mask plate, it must be taken into account that
underetching occurs during the chromium etch. This results in a reduced width of the structures on
a light field mask and wider openings on a dark field mask. The underetch is typically 0.1-0.2 µm,
and pattern designs in ADS should be corrected for this. The mask plates used in this work are
both dark field and light field. When most of the mask is open light field masks are used. For
lithographies where the largest part is covered dark field masks are utilized. For high resolution
lithography (described in section 4.1.1) large mask plates are used. The size is increased five times
in that case, those plates were only suitable for dark field version, due to the predeposited positive
resist.
Contact optical lithography
Contact optical lithography is the most straightforward way to transfer the pattern from the mask
to the photosensitive material on the wafer. The mask plate is directly positioned on the wafer by a
mask aligner, and the photoresist is exposed through the mask by an exposure source. Alignment
of patterns is accomplished by a mechanical stage to superimpose previously printed alignment
marks on the wafer with corresponding alignment marks on the mask.
An UV light source with a wavelength of 405 nm is used. The resolution of this technique is
limited to 0.5 µm due to this wavelength of the light source. However, due to scattering effects
and the non-uniform exposure over the entire wafer, feature sizes less than 1 µm are difficult to
achieve in a reproducible way. Furthermore, any non-uniformity over the topology of the wafer
e.g. because of a dust particle or an irregularity in growth, will lead to non-perfect contact and thus
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Figure 4.3: Variation in the widths of the waveguides due to position in reference to the position
of a mesa.

can drastically affect the exposure and hence the resolution.
In principle this technique is good for feature sizes equal to and larger than 1 µm. If the surface
of the wafer is flat and the resist thickness is uniform then non-uniform exposure is not an issue.
However, this is not always the case. There might be structures which have been previously etched
and during the subsequent lithography the top surface would not be uniform due to the presence of
the mesas. This will result in variations in the feature size as shown in Fig. 4.2(a,b). The width of
the features very close to a mesa can increase up to 0.5 µm. Fig. 4.3 shows the widths at different
positions with respect to a mesa. These curves show that the designed width is always larger than
the actual width obtained except for the regions very close to the mesas. As mentioned earlier
the wet etching of the chromium layer will result in under etch, this will cause in the reduction of
the width of the structure. The structures on top of the mesa are closest to the mask plate during
exposure and therefore experience less diffraction effects. The structures close to the mesa but on
the lower level will result in larger widths due to large diffraction effects. These width variations
are important consideration while designing a mask.
Individual components like waveguides and detectors are fabricated with this technique using
photoresist HPR 504. For all these devices the line width is ≥3 µm. Series of polarization converters have also been fabricated with contact optical lithography. This technique is convenient in
terms of speed of processing and availability, but it does present problems for controlling the small
feature size (≤ 1 µm). The line widths deviate about ±0.25 µm from the design values and over the
chip variations can be as large as 0.5 µm. These variations are acceptable when one only needs to
test a converter; in that case a large number of converters can be made with a width variation, and
one out of five widths might give the right one. This has been done where polarization converters
on samples with zero, one and two quantum wells, are fabricated. The details are given in chapter
5. This procedure is not useful for fabrication of a complete circuit. In that case the polarization
converter must have a controlled width.
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(a)

(b)

Figure 4.4: Line width variation due to different exposure energies by high resolution lithography. Wider gaps are attributed to higher doses and smaller gaps to smaller doses (a). The
required profile for lift off and the right line width definition are obtained with Sumitomo resist
(b).

Figure 4.5: The Sumitomo resist profile for lift off.

High resolution lithography with a wafer stepper
For the high resolution lithography (HRL) an optical 5× reduction wafer stepper is used to expose
at 365 nm wavelength∗ . The lens system of the stepper projects the pattern from the mask plate
onto the wafer and at the same time reduces the pattern by a factor of five. The mask is similar to
that used as in contact optical lithography but the whole mask pattern is magnified by a factor of
five. The use of a projection lens system means that masks are no longer in contact with the resist
on the wafer. This results in a more uniform lithography over the entire wafer. The reduction factor
also results in smoother edges since effectively the resolution is improved by a factor of five.
This high resolution optical lithography is done with an ASML PASS 5500/100D wafer stepper
with an alignment accuracy of ≤60 nm. Basically it is a step and repeat system for multiple
∗ W.

de Laat, M. van de Moosdijk and K. Simon at ASML, Veldhoven assisted exposures with wafer stepper.
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(a)

(b)

Figure 4.6: The SEM photographs of the waveguide patterns after Ti lift off and RIE etching of
SiNx (a) without treatment with oxygen plasma (b) with oxygen plasma.

exposures on four to eight inch wafers (for large scale production). However, we used one quarter
of a two inch wafer. To align and expose on the PAS5500/100D, the quarter was fixed on 6 inch
carrier wafer with tape.
For wafer steppers only dark field masks are available i.e. chromium covered glass plates in
which the structures are transparent. This requires a reversal process to define narrow waveguides.
The various steps involved in this lithography are:
• SiNx deposition
• resist spinning
• exposure and development
• Ti evaporation and lift off
As the patterns are formed in Ti by lift off a negative (overhanging) profile of the resist is required
or atleast straight resist walls. We used Sumitomo and Ultra resists with straight walls. Sumitomo
resist is directly spun over the wafer whereas Ultra resist is used in combination with BARLI
(Bottom Anti-Reflective coating for I-line lithography) layer. Before doing a real exposure, on Si
wafer coated with the resist an exposure with variable energy is done. This is to determine the right
dose for the required resist profile. Fig. 4.4(a) shows the resist patterns after exposure with two
different doses of energy for equally spaced lines. The lines on the top indicate that the exposure
dose is higher than required, so the gaps are wider. The lines on the bottom show that the energy is
too low. Although the lines are spaced well the profile is bad for lift off, as the resist is positively
sloped. Fig. 4.4(b) shows the right line definition and lift off profile. The cross sectional view of
such a pattern is given in Fig. 4.5.
Once the pattern is formed a directional O2 plasma is done in Reactive Ion Etcher (RIE) for
a few tens of seconds. This is done to get rid of the remaining footing of the resist, otherwise
the Ti patterns will be rough, and this roughness will be transferred to the waveguides. Figs. 4.6
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Figure 4.7: Variation of widths from the designed values for polarization converters over
14×14 mm2 area of the chip processed by high resolution lithography. The variation is within a
20 nm range. A fixed deviation is caused by under etching during a wet etch process.

(a,b) show the effect of the O2 plasma step. The roughness is transferred to the Ti and then to the
SiNx -pattern. In the second micrograph the sides of the Ti and SiNx are clearly much smoother.
This lithography was tested for realizing polarization converters on double heterostructures
without quantum wells. The line width variation over the entire chip was ±10 nm from the design
values (Fig. 4.7), which is much better than can be achieved by contact optical lithography. The
polarization conversion for two identical converters therefore shows almost identical measurement
results (see chapter 5).
For the production of an integrated circuit chip, in combination the contact optical lithography
and high resolution lithography are used. The three critical exposures, respectively to define the
waveguides, to protect the slanted side of the polarization converter and to protect the RIE-etched
parts, are made with the 5x reduction stepper at ASML. The rest of the lithographic steps is done
with contact optical lithography at COBRA.
Electron beam lithography
To define small features also an electron beam pattern generator can be used. Electrons accelerated
by voltage differences of several tens of kV can efficiently expose many kinds of resists. In some
respect, electrons have an advantage over light. Their wavelengths are vanishingly short compared
to the wavelengths of optical radiation used for lithography. A 10 keV electron has a wavelength of
0.012 nm and more energetic electrons have correspondingly shorter wavelengths. The smallness
of the wavelength, relative to the feature sizes being printed, means that any diffractive spreading
of the electron beam image can be ignored. This also means that diffraction does not impose any
significant limit on the depth of the focus for an electron beam image. As an added benefit, electron beam exposure systems can be operated as a scanning electron microscope for very accurate
determination of on-wafer alignment marks.
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Electron beam lithography on highly insulating substrates can be very difficult because electrostatic charges induced by the exposure beam can force the beam out of its intended path, distorting
the printed pattern. In addition, electrical forces between electrons in the beam can cause the beam
to lose its collimation, the problem is becoming worse with increasing current density. The electron
beam resist is coated with a thin gold layer of a few nanometer to avoid this problem.
A high resolution can be achieved by using a beam spot size of 30 nm with an overlap of 20 nm
between neighboring spots. To achieve the optimal resolution throughout the pattern, correction
for proximity effects is necessary. Proximity effects are caused by the scattering of the electrons
within the resist and also within the substrate beneath the resist layer. These scattered electrons
slightly expose the resist in a region around each of the exposed features. Especially for narrow
spaced lines, this becomes a problem, since parts of the surface are written more than once, and
therefore a correction is required to avoid the broadening of lines. This is known as Proximity
Effect Correction (PEC).
This technique has several advantages as compared to contact optical and high resolution
lithographies. It is a direct write technique so no masks need to be fabricated. Furthermore it has
higher resolution as compared to other two techniques. However, disadvantages are long exposure
times and a limited write field size.
Polarization converters on a double heterostructue without quantum wells are the only components fabricated with this technique (chapter 5). With EBL only a limited pattern can be written.
To define narrow waveguide lines a large area should be written. Instead, a lift off procedure is
opted in which waveguides are defined in Ti on SiNx , described in the previous section. The width
variation of the polarization converter fabricated using e-beam technique has not been measured,
but the conversion measurements show scatter on the data for polarization converters having the
same width. This implies that the uniformity obtained is less than with HRL. However, the best
conversion ever achieved, i.e. > 99%, is obtained with this technique.

4.1.2

SiNx deposition and etching

Pattern transfer from the photoresist to the semiconductor material cannot always be done by using
resist as masking material in the etching process. Dry etching of the semiconductor material in
the Reactive Ion Etcher (RIE) damages the resist surface and drastically influences the uniformity
and smoothness of the etch. Therefore the pattern is first transferred to a SiNx layer (and in some
cases to Ti), then is used as masking material for etching semiconductor material RIE. SiNx is
not only used as a masking material but can also be applied as an isolation layer for interconnect
metalisation and as a passivation layer.
SiNx layers are deposited with Plasma Enhanced Chemical Vapor Deposition (PECVD). In
order to avoid interfacial reactions with the InP substrate the SiNx layers are deposited at temperatures as low as 3000 C. SiNx is deposited from silane (SiH4 ) and ammonia (NH3 ). Its adhesion to
the substrate is very good and an excellent step coverage is obtained. All of these features are a
requirement for high quality passivation layers, which are very much needed in the development
of electro-optical components based on III-V compounds [52, 53].
After SiNx deposition, a pattern is formed in resist on top of the SiNx layer. The resist pattern
can be transferred to SiNx by a Reactive Ion Etching (RIE) technique as well as by wet chemical
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Figure 4.8: The schematic view of Reactive Ion Etcher (RIE), showing the inside of the chamber.

etching. Wet etching is done by using a BHF solution. This is an isotropic etch which equally
etches in both vertical and lateral directions, and thus leads to undercut. For waveguide definition
this is undesirable. In order to avoid this a directional etch in the RIE with a CHF3 plasma is
preferred. In both cases good adhesion of resist to the SiNx -layer and high etch selectivity of the
nitride with respect to the resist pattern are required. A fresh surface of a thermally grown SiNx
is nonpolar and good adhesion is possible with the resist (non polar), it gets oxidized if left for a
little while and becomes polar. In order to improve the adhesion, the SiNx surface is intentionally
oxidized and is then subjected to an atmosphere containing hexamethyl-disilazane (HMDS) [57].
HMDS is a colorless liquid having molecules with polar and non polar ends. Thus it enables the
resist to adhere to the surface of SiNx . Good adhesion of SiNx to the InP substrate and resist to
SiNx can be achieved in the following process:
1. Removal of the native oxide on InP by 2 min rinsing in 10% H3 PO4 followed by 5 min
rinsing in ultra-pure water and then drying.
2. Deposition of SiNx by PECVD.
3. Oxidation of the SiNx surface by O2 plasma at 300 W for 5 min followed by rinsing in water
and deposition of HMDS layer. Oxidation and water rinsing will result in OH-bonds on the
surface of the SiNx and the reaction with HMDS will result in better adhesion of the resist
on the SiNx .
4. Patterning of the resist as already explained in detail in section 4.1.1.
5. O2 plasma at 50 W for 5 min. This low energy plasma would not harm the resist shape, but
removes residue resist and footing occurring at the interface of the resist and the SiNx -layer.
6. Hard bake at 120o C for 5 min to remove water, solvent and developer from the resist and
smoothen surface to some extent.
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After this, etching of SiNx layers can be done in a reactive ion etcher (RIE). A RIE consists of
two electrodes that create an electric field for acceleration of ions towards the surface of the sample.
A schematic is shown in Fig. 4.8. When a gas is injected in, CHF3 in this case, a plasma is formed.
The fluoride ions created in the plasma are accelerated in the electric field which cause them to
collide on the surface of the sample. The resist mask protects the area from etching, exposing only
the parts to be etched. The reactive ions are accelerated into the etching region, where they react
with SiNx . Then the gaseous reaction products are dispersed. Since the electric field accelerates
ions towards the surface, the etching caused by these ions is much more dominant than the etching
of the ions traveling in varied directions. Therefore the etching is anisotropic. The etch rate of
SiNx is about 115 nm/min and that of HPR 504 resist is 10 nm/min, so selectivity is better than
1:10. SiNx is etched with 50 sccm pure CHF3 .

4.1.3

Etching of InP/InGaAsP

After the patterning of the structures in SiNx , the next step is the removal of the semiconductor
material. This can be done either by dry etching in RIE or by a wet chemical etch process. The
next paragraphs describe these two techniques in more detail. It is important to mention here
that before etching the semiconductor material for real devices, the layer stack should be known
precisely, so that etch depths can be calculated accurately. The layer stack measurement can be
done by selectively wet etching each layer and measuring the corresponding etch depth in a step
height profiler (Tencore).
Wet chemical etching
Selective etching of InP is achieved with HCl-based etchants. Dilution can be achieved by weak
acids such as H3 PO4 and CH3 OOH. This results in a linear relation between HCl concentration
and the etch rate. Dilution in water results in a strong non-linear relation, because the etch rate is
related to the number of non-dissociated HCl molecules. Before chemical etching of InP can occur,
the native oxide layer has to be dissolved. This layer is also dissolved in the presence of HCl but
then variable removal times for the various oxide films have to be taken into account.
To form the sloped side of the polarization converter an anisotropic etch is required. The
standard selective etchants result in a very rough sloped wall as shown in Fig. 4.9(a). This is done
on a POLIS layer stack. First the selective wet etching of InP and InGaAsP layers is done. There is
a strained quantum well (QW) at the center of the InGaAsP layer. The etch is stopped at reaching
the QW layer. In order to etch through strained QW layer etching with RIE is done and then the wet
etch is continued for the InGaAsP layer. The etching speed, different for different etchants, results
in a non uniform slope. Furthermore, at the strained QW layer the etching becomes isotropic. Thus
to get a smooth slanted side wall, a non selective etch is required.
Various etchants used in InP technology are based on bromine [54–56]. Bromine can be dissolved either in an organic solvent, for instance methanol or in an aqueous solution. Bromine
dissolved in very small quantities in methanol, i.e. 1:1500, is used for the sloped side of the polarization converter. It etches uniformly through all the layers and form a smooth sloped wall. Such a
sloped wall is shown in Fig. 4.9(b).
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Figure 4.9: Selective HCl based wet etches of InP and InGaAsP layers to get the slope side for
the polarization converter resulted in rough sloped side wall (a) The second micrograph shows
wet etch by bromine methanol. Etch is smooth all over the layers resulting in a very smooth
slope side (b).

Reactive ion etching
The Reactive Ion Etcher (RIE) for InP related material and SiNx is the same, for which the
schematic is shown in Fig. 4.8. The etch plasma consists of a mixture of different gases in the
two cases. For semiconductor etching, the gas mixture contains CH4 and H2 . Between etching
steps O2 descumming steps are introduced to remove polymer that is deposited on the mask. Due
to large (positive) voltage between the plasma and the lower electrode, positive ions are accelerated towards the wafer carrier, where they collide with the sample to be etched. The ions react
chemically with the materials on the surface of the sample, but can also sputter some material by
transferring their kinetic energy. Due to the mostly vertical delivery of reactive ions, this technique
can produce very anisotropic etch profiles.
InP and InGaAsP have different etch rates. If the etch depths are critical, prior to any etching,
etch rates for each material should be known. To etch upto a certain depth into the layer stack the
etch should be done in steps, measuring the obtained depth after each step with a surface profiler.

4.1.4

Passivation and metalization

Once the waveguide ridges are etched, the next step is to define electrical contacts for the active
components. In order to avoid optical losses caused by the metal layer and for electrical isolation
purposes, a SiNx buffer layer with a thickness of 150 nm is used in which contact openings are
made. The openings are needed on top of the ridges for the p-contact and on the sides of the
detector for the n-contact. A contact opening can be defined with contact optical lithography. The
ridges are 1 − 3 µm deep so the resist should be thick enough to cover such height differences. Fine
lines on top of the ridges and broad lines along side the ridges should be opened simultaneously. A
dark field contact opening mask in combination with a thick positive resist layer is applied here.
The metal can be patterned by evaporating it on the wafer and then etching away undesired
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metal with wet etchant, using resist as a mask. This is a quite straightforward technique, but in this
way it is difficult to define fine lines of a few micrometers width. The reason for this is the bad
adhesion of fine resist lines on top of the metal in the first place. Furthermore, the wet etching of
metal with fine lines of resist as a mask is impossible due to strong under etching. However for
large metal pads, with sizes of 10 µm or larger, this works quite well.
The metalization can also be done by lift-off . As mentioned before this requires a negative
profile (over hanging) in a thick resist layer so that evaporated metal does not cover the side walls
of the resist. After evaporation of the metal with such a resist profile, the thick resist can be lifted
off leaving behind the metal which is in contact with the semiconductor material in the openings
of the resist pattern.
For lift-off the negative resist MaN 440 has been used. It is applied by spinning with speed
3000 rpm for 30 sec, leaving a thickness of 3 µm, exposed for 400 sec and then developed with
pure developer. The metal contacts consist of a layer stack of titanium (Ti), platinum (Pt) and gold
(Au) with the corresponding thicknesses 60 nm, 75 nm and 250 nm. The last step before cleaving
and measurements is annealing. It is done at 325o C for 30 sec.

4.2

Fabrication of integrated waveguide-detector

In the previous sections the general descriptions of the processes involved are discussed. However
the processing varies to some extent for different devices. This section describes the process flow of
the integrated chip (presented in chapter 6). This includes not only all the steps for the processing
of individual devices, but extra steps introduced due to integration itself as well.
Due to tolerances in the epitaxial growth the layer stack is not exactly as designed. It is therefore
important to verify the thickness of each layer prior to processing the chip, so that the design and
etch depths may be adjusted if needed. This has been done by cleaving a small piece from the wafer
and coat this with 50 nm SiNx . On this a stripe of resist is made. After baking the resist, SiNx is
etched with RIE and the resist layer is removed by acetone. The thickness of the SiNx is measured
at a few reference points. Next, each layer semiconductor is subsequently etched with a selective
chemical solution and the corresponding thicknesses are measured with a surface profiler in which
a needle scans the surface. For sample C (see chapter 3), used in the integration, the designed
and measured layer stacks are given in table 4.1. Since the thicknesses of the waveguiding layer
and the cladding layer on the passive structures are slightly off, the design needs to be adjusted
accordingly. The dominant effect will be on the polarization converter. The width of the converter
has to change. Initially it was 0.86 µm, but simulation with this layer stack suggested 0.9 µm as
the optimum width. The width of the in-coupling waveguide changed from 1.1 µm to 1.5 µm.
The mask design was adjusted accordingly. The mask contains individual components such as
waveguides, polarization converters and detectors and also the integrated waveguide-detector.
Fabrication of this integrated device involves both standard and high resolution lithography to
transfer patterns from the mask to a photosensitive resist layer. First, an overview of the designed
process is given in section 4.2.1. Due to the complications in the fabrication process the actual process involved more processing steps. The detailed description of the processing and the corrections
because of the complications are discussed in sections 4.2.2 and 4.2.3.
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Table 4.1: Simplified layer stack

Layer
Purpose

Designed
thickness [nm]

Measured
thickness [nm]

P contact

100

100-108

detector cladding
high doped

200

185

etch stop

20

20-25

waveguide cladding
low doped

300

315-345

Waveguide

600

675

n-contact
graded doping

500+500

cannot be
measured

InGaAs
InP

InGaAsP
InP

Q(1.25)+QW
InP

4.2.1

Overview of the process flow

Fig. 4.10 shows the outline of the designed process. The letters A to H indicate the relevant
schematic in the figure.
A

Fig. 4.10(A) represents the as-grown wafer except that a top 20 nm InP protecting
layer is removed by selective InP wet etch. The first step in the fabrication of this chip
is to make alignment marks which will be used in all critical exposures with the HRL
(section 4.1.1). These marks are made by standard optical contact lithography on a
50 nm thick SiNx layer with positive resist HPR. The SiNx layer is etched with RIE
and then a 120 nm InGaAs etch with RIE is done. After the right etch depth has been
achieved, SiNx is removed.

B

For active regions, extra layers are needed for contacts, whereas in passive regions
these will introduce propagation losses. In order to avoid this, the top contact layers
and the heavily p-doped layers are removed from the passive sections, using SiNx as
masking material. 100 nm InGaAs, 100 nm Q(1.25) and 200 nm InP is removed using
RIE. In order to reach the required depth for passive components accurately (which is
especially critical for the polarization converter), an etch stop layer has been added to
the layer stack. The last few nanometers of InP and the etch stop layer are removed
with wet etchants. This gives a slight undercut in the detector regions. However, the
area where the contact layers are kept (the pedestal of the detector plus the detector
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Figure 4.10: Schematic of the process flow of the integrated device.
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width) is slightly larger than the width of the detector itself so this would not be a
problem. After etching, SiNx is removed.
C

The next step is to pattern the waveguides for all devices. It is done by Ti lift off on
top of 100 nm SiNx . Positive Sumitomo resist is used for the lift off. The slope and
the side wall roughness of the resist pattern are critical issues as well as the width of
the pattern. This exposure is done with HRL.

D

Once the pattern is formed in Ti, the SiNx needs to be opened where vertical sides
have to be etched. The SiNx is opened on all parts of the chip except on wet etch
regions using Sumitomo resist as mask. Here the pattern is also generated with HRL.
After opening SiNx , resist is removed and InP/InGaAsP layers are etched down to the
n+ InP to form deep etched waveguides and also to reach the level for the n-contacts.

E

A second SiNx deposition is needed to protect the vertical side walls during the wet
etch. For this an additional 150 nm SiNx layer is deposited. This increases the total
nitride thickness to 250 nm on top of the ridges. The nitride is opened up in the regions
that have to be wet etched. This is also done with HRL exposure.

F

The wet etch is done to obtain the sloped side wall of the polarization converter with
bromine methanol. After that, all the Ti and the SiNx layers are removed from the chip
by BHF.

G

Contact pads are made on the semi-insulating substrate. For this purpose, 100 nm
etching through the n-doped layers and into the substrate is done by RIE.

H

The detectors are passivated with 100 nm SiNx and after that, the metalization (TiPtAu) pattern is formed through a lift off procedure. The last step before cleaving the
chip is annealing. It is done at 325o C for 30 sec.

The actual process run has eight masking steps. Due to complications in the processing, four additional masking steps were needed. Once the processing has been corrected, these additional steps
can be omitted. These complications and additional information on the processing are discussed in
detail in the next sections.

4.2.2

Ridge definition

In order to test the processing of the integrated circuit, a dummy wafer was processed in parallel.
The dummy has almost the same layer stack, with the only difference that it does not contain
the quantum well layer and the doping profile. Especially the realization of various waveguide
structures on one chip needs to be tested before hand. There are three types of waveguide structures
(see Fig. 4.1):
1. Simple ridge waveguides which are 3 µm wide for the in-coupling, connected to tapers
tapering from 3 µm to 1.5 µm.
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Figure 4.11: Ti pattern after lift off on top of 100 nm SiNx , for one and two micrometers lines
and spacing to estimate the accuracy in line width.

2. Detector waveguides whose widths vary from 3-6 µm. These are higher than the other
waveguides, because of the presence of the contact layers.
3. Polarization converters, which have a width of less than 1 µm.
The critical lithography steps involve the fabrication of the polarization converter. This concerns
achieving the right width within 50 nm, aligning a masking pattern somewhere on the top of this
structure, preferably at the middle, and to etch one side while the other is protected. Again the same
alignment is done to fabricate the other side while protecting the previously etched structures. Here
the lithography is quite difficult, as a thick resist layer is required to protect the deep etched waveguides while keeping the alignment accuracy. For these three critical lithographic steps exposures
are done with HRL at ASML (section 4.1.1). The rest of the processing steps, which involve resist
baking before and after exposure, pattern transfer from resist to SiNx and etching are done with the
standard procedures at the COBRA facility.
To align the wafer on the ASML exposure system special alignment marks are made at the
boundary of the whole structure. Here standard lithographic steps are used. That is 50 nm SiNx
with positive resist used as masking material to etch 120 -140 nm deep into the semiconductor
material with RIE. Once the ASML alignment marks are made the heavily doped top contact and
the cladding layers are removed, except in the areas where the detectors are to be realized. In the
same etch step the formation of standard alignment marks for rest of the processing steps is done.
This is done again using 50 nm SiNx as masking material. Etching was done in steps to control the
depth, by checking the depth after each step. The first step is 8 min RIE which results in etching of
200 nm of InGaAs and InGaAsP and almost 165 nm of InP, leaving behind 30 nm of InP above the
etch stop layer. These are removed by selective wet chemical etching. Since wet etching results in
under etching, the alignment marks can be damaged. Therefore they are first protected with hard
baked resist stripes. The SiNx was removed after finishing each of the above two etching steps.
The next step is the definition of waveguides, which has to be done on a non-flat topology,
because the detectors areas are 400 nm higher than the rest of the wafer. Nevertheless the detector
and waveguide ridges have to be defined with a single exposure. This is achieved in the following
way:
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with resist

PC waveguide

Unwanted open area
on detector ridge
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Figure 4.12: Microscopic pictures of parts of a real chip after SiNx etch step are shown (a)
only the waveguides close to each other are left with resist mask (dark grey lines) and the ones
which are at a large distance from neighboring waveguides are apparently open (b) parts of PC
and detector are shown, open area (left) is an opening for wet etch. Open area at detector ridge
is open due to an error.

First 100 nm SiNx is deposited by PECVD. Sumitomo resist is used for masking. After prebake,
exposure and development are done. Here the line width accuracy (for feature definition) and the
slope of the resist (to allow a lift off process) are very important. The line width has been judged
with a microscope by inspection of 1 µm lines with 1 µm spacing. The slope of the resist could
only be checked by SEM on the dummy sample as it involves cleaving. It is assumed that on the
real sample this resist profile reproduces. A 30 nm Ti layer is evaporated and lifted off in acetone
for a few minutes, followed by a few seconds in an ultrasonic bath. The top view of the test pattern
for line width accuracy is shown in Fig. 4.11.
Once the pattern is generated in Ti, the next step is to open areas for RIE etching of vertical
sides. For that we need a light field mask, or a mask with major open parts, with covering in small
regions, the wet etch regions where the sloped sides are to be defined. Since the large glass plates
for the ASML masks are available only in dark field variety, only the critical regions around the
converter sections are opened with the HRL. During this exposure resist has been changed to Ultra
due to unavailability of Sumitomo. BARLI layer and Ultra resist are spun with a total thickness
of around 900 nm. After prebake, exposure and development were done. Later another contact
optical lithography was done to open up the rest of the SiNx . RIE etch is done again in steps to get
the right etch depth.
The following step is the formation of the sloped sides of the converter sections. For that
purpose 150 nm SiNx was deposited to protect the vertical sides and lithography (HRL) is done
to open up the wet etch regions. The SiNx was etched with RIE and then the resist layer was
removed. However, this step did not go perfect. The top views of the real sample after these steps
are shown in Fig. 4.12(a,b). In Fig. 4.12(a) the waveguides are shown, the two which are close to
each other have thick resist (dark grey in colour), as the effective width during resist spinning is
increased. Whereas the one which are widely separated from the neighboring waveguides seem
open. Furthermore, in the overlapping region for the two masking steps in the previous lithography
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(b)

Figure 4.13: (a) A part of dummy sample showing waveguides after subjected to wet etching by
bromine methanol. The solution is leaked through the openings at the edges of the waveguides
and wet etching is extended into the waveguides. (b) After protection with SiO2 mask wet
etching is done on another piece of dummy sample. The edges of the waveguides and tapers are
protected during wet etching and only polarization converter part is wet etched.

step the Ti masking layer has been exposed to the etch twice, so that part of the overlap region is
also seemed to be open on the detector ridge (Fig. 4.12(b)). For the investigation of the problem
only a dummy is subjected to wet etching. Fig. 4.13(a) shows waveguides on a dummy sample
after wet etching by bromine methanol. The solution leaked through the openings at the edges of
the waveguides and destroyed them completely.
An extra masking step was required to protect these structures during wet etch. Only a material which has high etching selectivity towards SiNx could serve the purpose. SiO2 etch in
BHF:H2 O = 1:1 gives a selectivity 7:1 with respect to SiNx . So a mask was made which opens the
area around the converter and covers the rest of the chip. In this way the damaged SiNx structures
are covered with SiO2 . A SEM picture showing the dummy sample after SiO2 etch and resist removal, is shown in Fig. 4.13(b). Once the structures are successfully protected (ofcourse except
the sloped side regions) the sample was ready for BrCH3 OH etching. 37 sec in BrCH3 OH with
constant stirring resulted in 1.3 to 2 µm deep etches, depending upon the density of the structures.
After that all masking materials (SiNx , Ti and SiO2 ) are removed in a BHF solution for 9 min.
One more masking step was done to reach the final stage of ridge formation: etching up to
the semi-insulating level, the regions where later contact pads for the n-contacts are to be placed.
Those are large openings at the back of the detector sections, defined by optical lithography in a
50 nm thick SiNx layer.

4.2.3

Metalization

The detector section needs electrical contacts and contact pads to collect the generated photocurrent. The contact pads are designed for HF-probes to allow high frequency measurements. Contacts
are made by a liftoff procedure. For this the negative resist MaN 440 is deposited by spinning with
3000 rpm for 30 sec, exposed for 400 sec and developed with a pure developer. Before the depo-
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(a)

(b)

Figure 4.14: The dummy structure for the metalization test. (a) The top p-contact is perfectly
connected whereas the side n-contacts lose the connection at the ridge of the polyimide. The
second micro graph (b) shows the zoom in view of the n-contact region.

(a)

(b)

Figure 4.15: The realized integrated detector with varying lengths (a). The zoom in view of n
and p contact region where metalization was done a few times to cover the polyimide ridges (b).

sition of the contacting metal SiNx buffer layer is deposited in order to avoid high optical losses
caused by a metal layer and for isolation purposes. This is done by depositing a layer of 100 nm
SiNx after which HPR resist is spun on and patterned using a (dark field) mask to open the top of
the detector and the side n-contact regions of the detector. The rest is protected with a thick HPR
resist. The resist needs to be very thick to cover the ridges (up to 2 µm). Then SiNx in open areas is
removed in BHF for a few minutes. The alignment was not perfect, the mask is slightly displaced
and the top of the ridges is not completely opened. Application of 1 min RIE etch of SiNx is done
after removing the resist, so that the top of the ridges is opened with the side walls still protected
by SiNx . This is possible because the RIE etches highly directional.
The SiNx around the detector section in the second masking step resulted in thin walls being
created around the detector when the detector region was defined. The walls along the length of
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the detector would not be a problem, as the n-contacts are a few microns away and carriers can
flow through the n+ layer underneath those thin walls. However, at the back of the detector these
walls were an issue as the metal pattern has to run from the top of the detector ridges (p-contacts)
over these walls towards the contact pads. They should still be perfectly connected. This is nearly
impossible to achieve by evaporation and lift off. In order to solve the problem these structures are
bridged with polyimide. The polyimide is spun, prebaked for 5 min with a temperature ramped
from 40o C to 90o C. Then it is exposed and developed so that the polyimide was starting from a
few microns on top of the detector and extended along the whole contact pads regions over the
thin walls. In order to stabilize the polyimide pattern it is cured for three hours. During curing
temperature is ramped from 22o C to 300o C during 1.5 hr and then cooled down from 300o C to
22o C in the next 1.5 hr. After curing another layer of polyimide is patterned in the same way
and cured to get the desired height. The n-contacts on the n-doped layers have to be connected to
contact pads on top of the polyimide.
The dummy sample is shown in Fig. 4.14 after polyimide deposition and metal evaporation.
The p-contacts are perfectly connected, however there is a slight opening at the n ridges. To cover
that, a mask was made which had opening of 20 µm where metal was evaporated twice, at an angle
of 30o and with rotation. It is done twice in order to be really sure that the n-contacts are connected.
The top view of the real chip is shown in Fig. 4.15. A metal layer of TiPtAu is evaporated and lift
off was done by placing the sample in acetone for some time. Annealing is the last step before
cleaving the chip for measurements. It is done in a Rapid Thermal Processor (RTP) at 325o C for
30 sec. The complete characterization of this integrated waveguide-detector is given in chapter 6.
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Chapter 5
Polarization Converter
The polarization converter is the most fundamental and critical component for the POLIS circuit.
It changes one polarization into the other and thus defines the active and passive parts of the circuit.
This chapter gives an introduction of the polarization converter, theoretical modeling, a simulation
and design study and experimentally obtained results for both a normal double hetero structure
(DH) and for the POLIS material i.e, a double heterostructure including a strained quantum well
(QW).
The importance of polarization manipulation is increased as optical fiber systems evolve to
higher data rates. Photonic integrated circuits should be insensitive to the state of polarization
of the light emanating from fibers if they are to be used as detectors, add-drop mutiplexers or
cross connects. Either all the integrated components have to be polarization independent or only
one polarization direction should be used. For either method, a compact polarization converter
is useful. In recent years different types of polarization converters have been demonstrated and
analyzed. They can be categorized in active and passive converters. In an active polarization
converter, polarization can be controlled only if an external voltage is applied whereas in a passive
polarization converter an external voltage is not required. Originally electro-optic or photoelastic
effects were used [58–60]. Later, Shani [61] demonstrated a polarization converter by employing
a rib waveguide with an asymmetric periodic load. This asymmetric loading causes a perturbation
in the waveguide axes, resulting in a non zero TE/TM coupling coefficient. Periodic application
of this perturbation allows coherent accumulation of the desired polarization. The best result for
a high conversion contained 106 waveguide sections, is 3.7 mm long and has an excess loss of
2-3 dB. The waveguide width is 3 µm and the width of each periodic top Q(1.3)-InP perturbation
is 1.5 µm. H. Heidrich et al. [62] describe a passive polarization converter equipped with an
InP/InGaAsP waveguide with periodically tilted and shifted waveguide sections. Rotation of the
dominant component of the TE-mode at the interface of the two waveguide sections, with laterally
opposite steps, causes the excitation of a TM-mode as required to match the boundary conditions
at the interfaces between the sections. 90% rotation is achieved by using 4 waveguide sections
57
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with a total length of 2.8 mm which has an excess loss of 6 dB. One of the ways to fabricate such
a waveguide structure is to concatenate pairs of oppositely slanted waveguide sections [63, 64].
Converters can also be fabricated using integrated bends [65]. All such designs result in either a
component length on the order of millimeters and/or high excess losses at the interfaces between
alternating sections. The fabrication is also complicated, due to etch stop layers and overgrowth of
layers, which limits the possibilities for monolithic integration.
An alternative to periodic polarization converters is a single section waveguide with one vertical
wall and one slanted wall [67]. The vertical wall can be achieved by dry etching and the slanted
side, oriented along the (111) crystal plane, by a selective wet chemical etch. Such a device is
investigated in this thesis work, as it is most promising for use in our integrated circuits. We
reported [68] an integrated polarization converter of length 150 µm length, with a total length
of 500 µm including connecting waveguides and input and output tapers. We later succeeded to
optimize the converter length to 125 µm with a total device length of 325 µm. The loss of the
integrated device is less than 1 dB. A similar converter has been fabricated by other groups as well
but this was a non integrated one with a conversion length of 330 µm [69]. An integrated converter
on GaAs/AlGaAs has also been reported in [70], where the device length is 724 µm.
In recent years, different types of single section converters have been reported. One of these
has a device length of 1.6 µm with 96% conversion efficiency and 3 dB loss [71]. This is achieved
with only narrow and deep slits in a shallow waveguide, using Chemically Assisted Ion Beam
Etching (CAIBE). These slits are oriented at an angle of 450 with the surface normal. This involves
two etch step processes, one for the fabrication of the waveguide and the other for the slits. In
another approach [72], instead of introducing slits, both sides of the waveguide are tilted in the
same direction with CAIBE. A device length of 48 µm, a conversion efficiency of 97% and loss
of 1 dB is reported. The narrow slit technique is also utilized by Beggs et al. [73] but with straight
slits of varying etch depths and widths. The lag effect in RIE is employed to achieve different etch
depths. A 96% efficiency and 2.5 dB loss is reported for a device length of 280 µm. However slit
widths and depths have to be accurately controlled, which makes this device difficult to fabricate.
The devices reported in the early years are too long for use in integrated circuits, with complicated fabrication processes. The recent devices with tilted slits or sides, though showing promising
results, are fabricated with CAIBE which is not compatible with the technology opted for the POLIS devices. However, in the future, depending upon the available technology, such polarization
converters can be incorporated in POLIS. The device with a vertical wall and a slanted wall is
successfully implemented in our traditional integration technology [74] and seems currently most
suitable for POLIS. A wet etch to fabricate the sloped side introduces an extra processing step,
but leads to well defined slopes and good fabrication tolerances. In the next sections the operation
principle of such converters is discussed. A simulation and design study, as well as realized devices
on double heterostructures with and without strained quantum wells, are presented.

5.1

Principle of operation

The principle of operation of the passive polarization converters is based on the well-known properties of birefringent optical devices. The field propagates at different speeds along the fast optical
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Figure 5.1: Polarization converter based on an asymmetric waveguide.

axis (polarized parallel to the main axis of anisotropy) and slow optical axis (polarized perpendicularly to the main axis of anisotropy), respectively called ordinary- and extraordinary-axis. In
a waveguide with constant birefringence, the time delay between the two polarized eigenstates is
given by
∆t =

L
L
−
υi υ j

(5.1)

where L is the propagation distance, υi and υ j are the phase velocities along the slow- and fast-axis,
respectively. Since the phase velocity is related to the propagation constant by υ = ωβ , the phase
delay between these two modes is expressed as
ϕ = ω∆t = L(βi − β j )

(5.2)

where ω = 2π f is the angular frequency, f is the frequency, β = Nk0 is the propagation constant,
√
N is the effective index, k0 = ω ε0 µ0 = 2π/λ is the free-space wavenumber, λ is the free space
wavelength, and the subscripts i and j are for the two fundamental polarization states along the
slow- and fast-axis, respectively. When the phase delay becomes π, the propagating distance is
called the half-beat length, Lπ , which is defined as
Lπ =

π
π
λ
=
=
βi − β j
(Ni − N j )ko
2(Ni − N j )

(5.3)

The slanted-angle polarization converter is a narrow waveguide with an optical axis rotated by
an angle φ with respect to the geometrical axis as illustrated in the Fig. 5.1. The two asymmetric
boundaries close to the modes will act as a source of birefringence. It carries two orthogonal modes
M1 and M2 , with effective indices N1 and N2 . The polarization directions of the modes are at an
angle φ with the x- and y-axis, respectively. The two birefringent modes will be in phase at beat
length and out of phase at half beat length. If a polarization TM or TE is entering through a straight
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waveguide it will excite the two tilted modes in the asymmetric waveguide and at half beat length
the two modes combine into the orthogonal polarization.

5.2

Modeling of the polarization converter (PC)

The tilted M1 and M2 modes, introduced in the previous section, contain Transverse Electric (TE)
and Transverse Magnetic (TM) components. When the two components equally exchange the
energy while traveling through a cavity, as in the case of double heterostructures without quantum
wells, these modes can be used to describe the polarization conversion. However, in the cases
where TE and TM experience different losses the mode description is not easy to deal with. It is
much more convenient to describe the conversion in terms of coupling between the TE and TM
modes, where asymmetries between the two can be included. In case of the POLIS structure, TE
suffers extra losses due to absorption in the strained quantum wells in the waveguiding region. A
model for the PC is built up in three stages. First the simple case of coupling between TE and TM
will be considered using coupled mode theory, next strain effects will be introduced, i.e. extra TE
absorption. Finally, also the phase mismatch due to possible unequal propagation constants for TE
and TM will be added. In this section the main equations are given and the detailed solution is
given in the Appendix B.

5.2.1

Polarization converter without absorption

Consider the complex amplitude of the two modes for TM and TE polarizations as A(z) and B(z)
respectively. As the modes propagate along the cavity of the double hetero converter section, the
change in amplitude along the length z (z is the propagation direction of the modes) depends on the
presence of the other mode. This can be represented by differential equations as [75]
dA(z)
= iκB(z)
dz

(5.4)

dB(z)
= iκA(z)
dz

(5.5)

where κ is the coupling strength and the "i" in these equations implies the inherent 90o phase
shift in these coupling processes. The solution is easily obtained by differentiating eq. (5.5) and
substituting in eq. (5.4), which gives a second order differential equation:
d 2 B(z)
= −κ 2 B(z)
dz2

(5.6)

This is a second order differential equation Its auxiliary equation is x2 + κ 2 = 0 with roots
x = ±iκ. Assuming that only the TM mode is entering in, the corresponding power in the two
polarizations can be obtained by simply multiplying the amplitudes with their respective complex
conjugates.
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Figure 5.2: (a) Plot of equations (5.7) and (5.8) which gives the TM and TE output polarization
for a simple double heterostructure, (b), the two polarizations for a double heterostructure with
absorption for TE polarization (equations 5.12 and 5.13).

PTM (z) = PTM (0) cos2 κz

(5.7)

PTE (z) = PTM (0) sin2 κz

(5.8)

Similarly for TE input polarization PTE (z) = PTE (z)) cos2 κz and PTM (z) = PTE (0) sin2 κz. This is
the case of ideal polarization conversion i.e the device transforms all the power in one polarization
state to the other polarization sate. The plots are shown in Fig. 5.2(a).

5.2.2

Polarization converter with absorption

For the POLIS structure the material contains compressive quantum wells which leads to TE absorption. In the differential equation for TE, an extra term is applied for the absorption (α) of TE,
Thus the differential equations for the amplitude will be
dA(z)
= iκB(z)
dz

(5.9)

dB(z)
= iκA(z) − αB(z)
dz

(5.10)

Note that α describes the amplitude absorption. Again differentiating eq. (5.10) and substituting in eq. (5.9) the value of A(z) from first equation leads to
d 2 B(z)
dB(z)
+α
= −κ 2 B(z)
dz2
dz

(5.11)
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Figure 5.3: Plot of equations (5.24) and (5.25) without (a) and with (b) absorption, but with a
finite value of phase mismatch between the two polarizations.

√
√

the auxiliary equation is x2 + αx + κ 2 = 0 with roots x =

α 2 −4κ 2
2

−α±

α 2 −4κ 2
.
2

If we define ik/ =

and solve for the condition that A(0) = A0 and B(0) = 0 we find;
PTE (z) = PTM (0)e−αz (

κ 2 2 /
) sin k z
k/

(5.12)

α
) sin k/ z + cos k/ z]2
(5.13)
2k/
These functions are plotted in Fig. 5.2(b). The converted power due to absorption of one
polarization is clearly reduced with respect to the absorption free case. The maximum and the
minimum power for the two polarizations are shifted. At the maximum of the TE mode there is
a small component of TM. In case of TM applied at the input, there is initially no interaction of
light with the quantum well and the signal is converted to TE. The power converted to TE will
however be partly absorbed. The build up of TE mode will thus require longer conversion length.
By comparing the two plots in Fig. 5.2(a) and Fig. 5.2(b), we can see that the conversion length for
conversion of all the TM power changes from 120 µm to 130 µm.
PTM (z) = PTM (0)e−αz [(

5.2.3

Polarization converter with absorption and mismatch

In practice due to unequal phase constants resulting from the deviations in the fabrication, the two
polarizations can experience a small phase mismatch. This phase mismatch builds up between the
converted signals along the length of the converter. Including this in the complex amplitudes, the
resulting differential equations include an extra phase factor
dA(z)
= iκB(z)eiδ z
dz

(5.14)
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dB(z)
= iκA(z)e−iδ z − αB(z)
dz

(5.15)

where δ is the difference in the propagation constants βTE and βTM .
Again combining the two equations will give a second order equation as
dB(z)
d 2 B(z)
+ (α + iδ )
+ (iαδ + κ 2 )B(z) = 0
dz2
dz

(5.16)

with an auxiliary equation x2 + (α + iδ )x + (iαδ + κ 2 ) = 0 and roots
x=

−(α + iδ )
1p 2
±i
4κ + δ 2 − α 2 + 2iαδ
2
2

(5.17)

√
Taking k/ ≡ 12 4κ 2 + δ 2 − α 2 + 2iαδ and assuming that only mode A(z) is entering the resulting amplitude equations (the full derivations of following equations can be found in Appendix B
section B.3) we find
−(α+iδ )
/
/
κ
B(z) = e 2 z ( / )(eik z − e−ik z )
(5.18)
2k
A(z) = e

−(α+iδ )
z
2

eiδ z [(

α − iδ + 2ik/ ik/ z
α − iδ − 2ik/ −ik/ z
)e
−
(
)e
)]
4ik/
4ik/

(5.19)

For k/ = a + ib, the following definitions are made:
(bδ − aα)
(2a2 + 2b2 − bα − aδ )
+i
2
2
4(a + b )
4(a2 + b2 )

(5.20)

(−2a2 − 2b2 + bα + aδ )
(bδ − aα)
+i
2
2
4(a + b )
4(a2 + b2 )

(5.21)

c + id =

e+if =

The amplitude equations (5.18) and (B.29) can now be written as:
B(z) = e
A(z) = A0 e

−(α+iδ )
z
2

−(α+iδ )
z
2

κ
[eiaz e−bz − e−iaz ebz ]
2(a + ib)

eiδ z [(c + id)ei(a+ib)z − (e + i f )e−i(a+ib)z )]

(5.22)
(5.23)

and the corresponding powers in two polarizations, TE (B(z)) and TM (A(z)) will be
PTE (0) = PTM (0)e−αz

κ2
4(a2 + b2 )

(e−2bz + e2bz − 2 cos 2az)

(5.24)

PTM (z) = PTM (0)e−az [(c2 + d 2 )e−2bz − (e2 + f 2 )e2bz
−2(ec + d f ) cos 2az − 2( f c − de) sin 2az]

(5.25)
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These two equations (5.24, 5.25) give the output power in two polarizations with TM as input,
in double heterostructures with strained quantum wells. The plot of these functions are shown in
Fig. 5.3(a, b). The curves in Fig. 5.3(a) show the power in two modes for TM input power in
the absorption free case (α = 0), but with a finite mismatch. In Fig. 5.3(b) the curves include
the absorption as well. These curves show that due to the phase mismatch no full build up of the
converted polarization is possible.

5.3

Polarization converters on double heterostructures without
quantum wells

Initially the polarization converters on double heterostructures without the quantum wells have
been designed and optimized and later fabricated on quantum well material. It is beneficial in two
ways, first to test the reliability of the technology and second to verify the designed parameters
through realized converters.
In this section design of PCs, fabrication with two methods, electron beam lithography and
high resolution projection masking, and the experimental results obtained will be discussed.

5.3.1

Design

The commercially available software packet FIMMWAVE (Film Mode Matching for dielectric
WAVEguides) [76] is used to simulate polarization converter waveguides on double heterostructures. The program finds the propagating modes, and the properties and the relevant values are
given and also how they propagate along different coupled waveguides. The aim of the field mode
matching method is to calculate the mode fields in dielectric waveguides, by splitting them into
slices. Every mode is characterized by the values of the effective index, the electric and magnetic
field profile, the propagation constant, the loss per cm along the waveguide, the state of polarization
as a percentage of a pure TE mode and a complete view of the intensity in all the directions and
dimensions. FIMMWAVE has its own propagation module for integrated circuits, Fimmprop 3D.
This program allows the construction of a series of passive waveguide based devices and the analysis of the field that propagates along the circuit. It uses an eigenmode expansion algorithm, where
the optical properties of the structures are described by the modes of each part of the structure,
which are calculated with FIMMWAVE.
The polarization converter is designed in a layer stack consisting of a 600 nm InGaAsP or
Q(1.25 µm) waveguiding layer and a 300 nm InP top cladding on an InP substrate. The design of
the waveguides is aimed at high conversion, low losses and a minimal length of the device.
All the waveguides are deeply etched, including the PC section, which means that the etch
level is below the Q(1.25 µm) layer. Since the mode will be confined in the waveguiding layer, the
etch depth will therefore not influence the PC performance. Furthermore, realizing the converter
waveguide with wet chemical etching leads to a fixed angled facet of φ = 55o . Thus, only two
design parameters, width and the length of the polarization converter, need to be optimized. The
program takes the slices into account for the mode confinement, the angled facet requires a staircase
approximation with a limited number of steps (see Fig. 5.4). Initially 20 discretization steps have
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Figure 5.4: The PC waveguide is divided into slices and mode matching through each of these
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Converter
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Figure 5.6: Schematic of integrated polarization converter based on an asymmetric waveguide.
Both sides of the converter section (i.e. the asymmetric waveguide) are connected to waveguides
of 1.1 µm width which are connected to tapers, tapering from 1 µm to 3 µm. .

been taken. Once the relevant range of widths and lengths of the PC is known, a finer discretization
is used with 40 steps.
In Fig. 5.5 simulations results for the layer stack used in the integrated chip are given. This
layer stack is slightly deviated from the designed one. The thickness of the Q(1.25) layer is 670 nm
and the cladding layer is 330 nm. Simulations predict a conversion efficiency of TE to TM or vice
versa of around 99% for a 0.88 µm wide and 150 µm long converter. Due to fabrication errors
or constraints, a variation in the width of the PC is possible. From these simulation study we
found a small width tolerance i.e. within 100 nm, conversion efficiency remains higher than 95%
(Fig. 5.5(a)).
In order to integrate the PC with in-coupling and out-coupling waveguides, the widths of these
waveguides require optimization as well. Such an optimization was done using Fimmprop. The
coupling waveguide width of 1.2 µm gives a maximum converted output (Fig. 5.5(b)). The tolerance factor here is ±0.5 µm for above 95% conversion efficiency.
In an asymmetric waveguide containing an angled facet, the intensity distribution center of a
particular mode is displaced from the core of the waveguide towards the straight facet. A lateral
offset is introduced to the coupling waveguide sections to compensate for this. Optimization of
this lateral offset reduces the excess loss of the component. However, simulation results have
shown zero offset for maximum conversion. That means, the straight side of the converter section
aligns with one of the sides of each coupling waveguide. In order to couple light from a fiber
or an objective, 3 µm waveguides are connected via tapers of 50 µm length to these 1.2 µm wide
in-coupling and out-coupling waveguides. The schematic of the full design of the PC is shown in
Fig. 5.6.
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Realization

The polarization converter needs three lithographic steps in order to first define the width of the
waveguide, then to form the vertical side and finally to create the slanted side. The sub micron
width of the converter, with a tolerance range of 100 nm, is quite difficult to realize by standard
contact optical lithography (see chapter 4). The alignment accuracy of protection masks to realize
the vertical and slanted sides is also critical. A possible solution is to use electron-beam exposure
(EBL). An alternative is to do exposures with a high resolution optical lithography (HRL). This
high resolution optical lithography is much better suited for large-scale production than electron
beam lithography. An optical 5× reduction wafer stepper is used for exposure at 365 nm wavelength. The basic processing steps for the two options, EBL and HRL, are almost the same, except
for a few differences to meet the need of each. In the next two sections realization of PCs with the
two methods is given; one is completely done by EBL and the other is completely done by HRL.
Realization by electron beam lithography
The realization of the converter is done in the layer stack described in section 5.3.1, but with an
accidental deviation in the quaternary layer Q(1.25 µm), which has a thickness of 550 nm. The optimized length for the polarization converter in such a layer stack is 112 µm and the corresponding
width is 0.82 µm. The processing steps which are illustrated in Fig. 5.7 are as follows:
A

The realization starts with depositing a 400 nm SiNx -masking layer. The waveguides
cannot be defined directly in SiNx with EBL. The reason is that too large area needs
to be exposed in that case. Therefore to reverse the writing pattern lift off process in
Ti is used. For this purpose the pattern is written in a PMMA resist with EBL, after
which a thin layer of Ti (70 nm) is evaporated and lift-off is done. This pattern is
transferred into the SiNx layer by a CHF3 RIE in such a way that half of the SiNx
(200 nm) remains. Together with this waveguide pattern, alignment marks are defined
for the next lithographic steps.

B

The next step is the formation of the vertical walls of the waveguides and the PCwaveguide. Again in order to reduce the writing area, an extra Ti-cover is defined with
EBL on the region where later wet etching will be done. The SiNx layer is etched with
RIE and the access waveguides and the straight side of the polarization converter are
then etched.

C

The third processing step involves the formation of the slanted side. To protect the
vertical sides of the waveguides and the PC, 150 nm SiNx is deposited.

D

An opening window is defined in PMMA with EBL. SiNx and Ti layers are etched in
this window.

E

The angled side is realized with the wet etch.

F

Finally all the SiNx and Ti layers are removed by a BHF solution.
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Figure 5.7: Process flow to fabricate polarization converters with EBL.
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(b)

Figure 5.8: (a) SEM images of PC with SiNx on top fabricated by EBL showing an under
etch of 150 nm (b) 3 µm straight waveguide after removal of SiNx . The vertical wall shows a
roughness little higher than the standard waveguides roughness.
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Figure 5.9: Polarization converters fabricated by EBL lithography, points are the measurement
results for different devices and the solid line is the fit to the model (a) Length dependence (b)
Width dependence.

Micro graphs of the device are shown in Fig. 5.8. The slanted side is etched somewhat deeper than
the vertical wall, but that has no influence on the mode since all etches are completely through
the guiding layer. The realized asymmetric waveguides show some under etch with respect to the
mask patterns. This originated in the wet-etch process and resulted in a reduction of the actual
width with 150 nm.
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Characterization
The performance of the polarization converters is determined in a transmission setup for a wavelength of 1550 nm. Losses are found by comparing the total throughput of the devices with that of
straight waveguides on the same chip. Excess loss of the converters was determined in this way to
be less than 2 dB. Simulations suggest that the remaining loss is mostly due to coupling loss between different waveguide sections (access waveguides, tapers, input and output waveguides and
the asymmetric waveguide).
In the transmission the polarization is defined by polarizers in the input and output optical lines.
The polarization is very stable throughout the measurements. Polarization conversion is measured
by injecting a pure TE or TM signal into the devices, and then determine the optical output power
in both the TE- and the TM-mode with an accurately oriented polarization filter (∼1o accuracy).
Conversion efficiency is determined as the fraction of the converted polarization in the output
power. The conversion C is assumed to be reciprocal for the two polarizations and is determined
from the following equations
Pi j = αi α jCPj

i 6= j

Pi j = αi α j (1 −C)Pj

i= j

(5.26)
(5.27)

where Pj is the input power with polarization j, Pi j is the output power with polarization i when
input polarization is j, αi and α j are the attenuation factors for the two polarizations in the output
and the input waveguides and tapers. C follows as:
√
x
√
(5.28)
C=
1+ x
where
x=

Pi j Pji
Pii Pj j

i 6= j

(5.29)

In this way uncertainties due to polarization dependent losses outside the actual converters can
be eliminated.
The measured results are given in Fig. 5.9(a) as a function of length, and in Fig. 5.9(b) as a
function of width. It is seen that the highest conversion measured is 99%, for a design width of
0.78 µm and a length of 112 µm. This very high conversion is found in both converters with
these parameters. Taking into account the length of the input and output waveguides and of the
tapers for connecting to the access waveguides the total length for the converter is 312 µm. This
can be reduced by reducing the lengths of tapers and coupling waveguides. As mentioned before
under etch occurred during wet etch and resulted in a reduction of the actual width with 150 nm.
Therefore the best conversion is obtained for a realized width of 0.63 µm.
The result show that high conversion of the polarization converter can be obtained with the design and technology available. However, for optimal behavior the design width should be corrected
for the under etch. Furthermore, the scatter on the experimental data shows that the uniformity obtained with EBL is not very good.
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Realization by high resolution lithography
The mask design for this realization is improved as compared to the EBL realization. Here we are
not limited to the write field size, so more features can be realized at the same time. The mask
design includes length variations from 50 µm to 300 µm in steps of 50 µm, for a fixed width
of 0.82 µm. The width is varied from 0.78 µm to 0.9 µm for each of three lengths: 110 µm,
120 µm and 130 µm. Each device is put on the mask twice to check the reproducibility and to
supply sufficient measurement data. The total device contains the asymmetric waveguide as the
converter section and 1.1 µmm wide input and output waveguides each with a length of 50 µm,
coupled to 3 µm wide waveguides via 50 µm long tapers at both sides. In order to determine the
loss contributions for tapers, 16 tapers between 1.1 µm and 3 µm wide waveguides are cascaded.
The three exposures, respectively to define the waveguides, to protect the wet and the RIEetched parts, are all made with a 5x reduction wafer stepper. These exposures are described in
detail in chapter 4. Apart from three critical lithographic steps, an extra exposure was done in
order to define the alignment marks for HRL. The outline of the processing is as follows (see
Fig. 5.10):
A

Using standard contact lithography alignment marks are defined and etched 120 nm
deep into the InP layer with RIE. These marks are needed for the alignment in the
wafer stepper.

B

Once the alignment marks are made, the next step is to define the waveguide width of
the PC and the waveguides. SiNx is the standard masking material during reactive ion
etching of InP to form vertical sides of the waveguides. However, we used SiNx for the
protection masks in the next lithographic steps, so it cannot be used alone as a masking
material. To define the width of the waveguides Ti is used. The Ti pattern is formed
by a lift off procedure on top of a 100 nm SiNx , using Sumitomo resist (described in
section 4.1.1).

C

After defining the width of the waveguides in Ti, SiNx is opened with RIE except in
the regions where wet etch will be done for the PC-waveguide. This region is protected
with the resist mask. Then the resist is removed and InP/InGaAsP is etched with RIE
using the remaining SiNx as masking material.

D

Another layer of SiNx is deposited to protect the waveguides and the vertical side of
the PC-waveguide.

E

The other side of the PC-waveguide is opened to form the slanted side. Then a wet
etch is done.

F

Finally all the SiNx and Ti layers are removed with a BHF solution.

In order to reduce the side wall roughness a few alternate cleaning steps are done. This includes
O2 plasma and H3 PO4 (10%) dip. Processed PCs are shown in Fig. 5.11. The fabricated devices
show very little roughness on the two sides of the converter section. The waveguide width, which
is the critical parameter, varies less than 20 nm with this lithography. During the wet etch an under
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Figure 5.10: Process flow to fabricate PCs by HRL.
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Figure 5.11: PCs fabricated by high resolution lithography (a) slanted side of the PC is smooth
due to non selective Br-methanol etch (b) straight side of the PC is formed by dry etching with
RIE.
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Figure 5.12: (a) For TE input the conversion efficiency as a function of length for a designed
width of 0.82 µm. At 125 µm length of the converter section TE is converted to TM. (b) For TE
input the conversion efficiency as a function of the designed width for three sets of lengths..

etch of 150 nm occurred, so that the widths of the realized converters is reduced by this amount
with respect to the designed widths.
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Characterization
The measurements on polarization converters are done in the same way as defined in section 5.3.2.
The measured results are shown in Fig. 5.12. Conversion C is determined as the fraction of converted polarization in the output power defined by equation 5.28. The maximum conversion occurs
at 125 µm length. The conversion efficiency, for this particular converter’s parameters (125 µm
length and 0.82 µm designed width) is 95%. Fig. 5.12(b) shows the maximum conversion efficiency as a function of width for three different lengths. Here the best point corresponding to 96%
conversion is for 0.86 µm design width and 130 µm length. Taking into account the length of the
input and output waveguides and of the tapers for connecting to the access waveguides the total
length for the converter is 330 µm. The window for width tolerance to keep the efficiency above
90% is 100 nm.
Loss measurements have also been carried out with a Fabry Perot set up as described in chapter
3. The deep etched 3 µm wide waveguides showed losses of 1.6 dB/cm to 2.4 dB/cm at different
positions on the chip for TE polarization; this variation is within the measurement accuracy of the
set up. For TM it is 1.5 dB/cm to 2.7 dB/cm. Tapers have also been characterized. There were 16
tapers between 1.1 µm and 3 µm waveguide widths cascaded and their total loss was less than 0.4
dB. Thus the loss per taper is negligibly small. For the loss of the converter section, 250 µm length
was chosen which is the full beat length, i.e. at the output polarization is back to the initial state.
Comparing the losses through these sections to straight waveguide losses, the loss of the slanted
waveguide of 250 µm length is found to be less than 1 dB, including the coupling losses between
waveguide sections.
The best conversion with this realization is a little less as compared to what was expected.
The maximum conversion occurs for 130 µm length and 0.71 µm width. The deviation of the
optimal width from the design is due to the fact that the grown layer stack is slightly changed.
The technology to process the polarization converter with HRL works well. The good fit to the
measurement data from the devices over an area of 14×14 mm2 suggests that reproducibility is
much better than that of EBL.

5.4

Polarization converters on double heterostructures with quantum wells

Three sets of PCs have been fabricated to test the effect of strained quantum wells, one with two
quantum wells identified as 2QW, another with one quantum well (1QW) and a third without a
quantum well (0QW). The last one is simply a double heterostructure as was fabricated before.
This is used here for reference to compare with polarization converters fabricated earlier. The layer
stacks for these three sets are meant for other devices as well, especially for the integration of active
and passive structures. The full layer stacks and the PL measrement result are given in Appendix
A. To fabricate the PCs, most of the top cladding needs to be removed. An etch stop layer is present
on top of the 300 nm cladding layer to facilitate this.
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Realization by contact optical lithography
Contact optical lithography is not ideal for making converters when a well defined width is required
due to feature size limitations both in size and variations. However, to test the converters this is
the fastest way to go. Large numbers of variations in width and length can be tested to get the
optimum values. For this reason PCs on double heterostructures on strained quantum well material
have initially been fabricated by contact optical lithography. Later, knowing the optimum values
through transmission measurements, the precise definition of the width of the converter is utilized
on the integrated chip by HRL. Unlike with EBL and HRL here feature size is achievable down to
1 µm in a reproducible way. Furthermore, lift off using Ti is not an option because of the positive
resist profile of HPR 504. A negative resist (MaN 440) cannot be used because only a feature size of
10 µm±1 µm can be achieved. Two different masking materials are required to keep the definition
of the PC ridge safe and to provide a cover to one side while etching the other one, either by RIE
or wet etchant. These materials should also have good selectivity in a particular etchant. SiNx
and SiO2 are used for the purpose; SiNx to define the width of the PC (instead of Ti as with EBL
and HRL) and SiO2 while fabricating the straight and slanted sides. They have good selectivity in
BHF:H2 O = 1:1 i.e. SiO2 etches 7 times faster than SiNx . Due to this wet etching SiO2 encounters
an underetch depending upon the etching time. In order to compensate this underetch the protection
mask is slightly displaced (0.5 µm) during the second exposure. During the third exposure a thick
resist is used to cover the ridge formed due to RIE etch, so exposure time is increased as well. Due
to all these constraints, fabrication with contact lithography is not as uniform as in the other two
cases. The line width definition may vary from one run to another, depending upon uniformity of
the resist, topology of the exposed surface and placing of the wafer. In order to compensate any
of these variations sets of PCs with five different widths (0.8 µm, 0.85 µm, 0.9 µm, 0.95 µm and
1 µm) for a range of lengths from 50 µm to 300 µm have been included. The overview of the
processing steps is shown in Fig. 5.13 and is given as follows:
A

Top layer removal by wet selective wet etchants. Width definition of the PC: patterns
in positive resist are defined on 70 nm thick SiNx , exposed, developed and then the
SiNx is etched with RIE. (75 nm HPR 504 with 3000 rpm for 30 sec).

B,C

Fabrication of the vertical side with RIE: using 100 nm SiO2 for a protection mask
covering the opposite side of PC waveguide and other waveguides.

D,E

Fabrication of the slanted side with the Bromine methanol with a new 100 nm SiO2
layer as a protection for the vertical walls of waveguides and PC. The same HPR504 resist is used in this step but now about 1100 nm thick, with a spinning speed of
2000 rpm for 30 sec.

F

Removal of SiO2 and SiNx layers with BHF.

The last step is the cleaning of the devices with alternate O2 plasma and H3 PO4 (10%) dip, to
reduce the side wall roughness. One of the fabricated devices is shown in Fig. 5.14. The width on
the double heterostructure without the quantum well (0QW) is reduced 50 nm with respect to the
design width. On the other hand for the 1QW and 2QW chips the width is increased by an amount
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Figure 5.13: Process flow to fabricate polarization converter by contact optical lithography.
Three samples 0QW, 1QW and 2QW are processed with this method.

5.4 Polarization converters on double heterostructures with quantum wells

(a)

77

(b)

Figure 5.14: PCs fabricated by contact optical lithography on quantum well structures (a) PC
with taper and coupling waveguides are shown (b) cross section of PC .
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Figure 5.15: Conversion factor as a function of length for a structure without the quantum well
(0QW). Points are the measurement results and the line is the fitted curve.

of 50 nm. Thus the smallest converter width for 2QW and 1QW is 0.85 µm instead of 0.8 µm.
This is close enough to the design to allow a reliable determination of the effect of the QWs on the
performance of PC.
Characterization
Fabry Perot measurements are done on all three samples 0QW, 1QW and 2QW. They show 45 dB/cm, 5 dB/cm and 6 dB/cm propagation loss for 1.1 µm wide waveguides for TM polarization
respectively at a wavelength of 1535 nm.
The performance of the polarization converters is determined in a transmission setup (described
in section 5.3.2) for a wavelength of 1550 nm. Sample 0QW, the double heterostructure without
the quantum well is identical to the samples processed by EBL and HRL. The measurement results
for conversion efficiency for varying lengths are shown in Fig. 5.15. The maximum conversion
efficiency is limited to 90%, this is due to the large deviation in width. For this converter, the
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Figure 5.16: For TM input, the TM output is measured as a function of length for double
heterostructure with 1 quantum well (1QW). Points are the measurements for different devices,
solid line is the fit to the model and dotted line is the calculated values for TE polarization for
the fitted parameters.
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Figure 5.17: For TM input, the TM output is measured as a function of length for 2QW. The
TE curve is calculated from the fitted parameters.
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Table 5.1: The fitting parameters for the polarization converters.

Fitting parameters
[µm−1 ]

0QW

1QW

2QW

α

0

0.00209

0.0036

κ

0.0105

0.00947

0.006

δ

0.0085

0.0084

0.0165

designed width is 0.8 µm, and the actual width is reduced to 0.75 µm. The data for different
lengths is slightly scattered, this is also due to variations in the width of the converter sections at
different places of the sample.
The two samples 1QW and 2QW are characterized in a different way, since TE is absorbed in
the output waveguide, so only TM output can be measured as a function of length and width. The
optimum width comes out to be 0.85 µm for the designed value of 0.8 µm. The measurements and
the corresponding fit of the eq. (5.25) are shown in Fig. 5.16 and Fig. 5.17. The fitting parameters
are given in table 5.1. From these fitting parameters the power in TE polarization is calculated
by eq. (5.24). This is shown by the dotted curves in the corresponding figures. The α parameter
gives the TE absorption. This comes out to be 181 dB/cm for 1QW sample and 312 dB/cm for
2QW. The corresponding conversion efficiencies to TE for TM input polarization are 67% and
25% respectively.
The fitting parameters show that the difference in the propagation constants of TE and TM
polarizations increases with the number of quantum wells. However, this mismatch is not found
in the other samples, e.g., sample C on which the results are presented in chapter 6. It appears
that both the width deviation of the polarization converters and the number of quantum wells can
influence the propagation mismatch between TE and TM. This needs to be investigated further.

5.5

Conclusion

A model is developed for the mode propagation and conversion in the waveguide of the slanted
side polarization converter based on double hetero structures. The model is extended to include
polarization dependent absorption and phase mismatch. Polarization converters on different double
heterostructures (with and without quantum wells) have been designed and are realized by three
different processing techniques: electron beam, high resolution and contact optical lithographies.
The performance of the realized converters can be well described with the model.
The results show that a very high conversion (99%) can be obtained in polarization converters,
with losses that are acceptably low. The width for optimal conversion has a tolerance of ±50 nm
for absorption free cases to obtain conversion above 95%. For structures containing quantum wells
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the converted power goes down, but acceptable for application within POLIS for single quantum
well case. The two quantum well sample gives high absorption but low conversion. This is partly
due to a large phase mismatch possibly caused by strain effects from the quantum well. Further
investigation on this is required.
For use in POLIS integration the material with one quantum well is the most appropriate, having
the best compromise between conversion and the TE absorption.

Chapter 6
POLIS Integrated Detector
The basic building block for a photonic integrated circuit (PIC) is a waveguide. In its simplest form
it is used to route the signal, that is it provides the transportation of signal between the various devices on the optical chip. Furthermore, one of the essential functions of an optical communication
system is the conversion between electrical and optical signal formats in the transmitter and the
receiver. With the main focus towards reducing costs, while improving yield, performance and
functionality, an early thrust of optoelectronic integrated circuits has been to integrate the source or
photodetector onto the same chip as the driver or the amplifier electronics, respectively. This has
been most successful for receivers, primarily because photodetectors tend to be somewhat more
flexible than lasers with regard to materials and fabrication techniques.
Several types of photodetectors have been employed, to varying degrees, for lightwave applications. In roughly ascending order of structural complexity, the lightwave photodetectors are
photoconductors, metal-semiconductor-metal (MSM) photodiodes, PIN photodiodes, phototransistors and avalanche photodiodes (APD). Photoconductors and phototransistors have not been widely
utilized for hybrid lightwave receivers, and it does not appear that it will change for PICs receivers.
Photoconductors are limited by their relatively slow speed of response [13, 22, 24, 25, 78]. Phototransistors have not exhibited a performance advantage compared to the PIN/field effect transistor
(FET) combination [79, 80]. Avalanche photodiodes, on the other hand, have been successfully
implemented in many receiver circuits, particularly for high bitrates where the performance advantage of the APD is maximized [81]. However, APDs have not been incorporated into receiver PICs.
One reason for this is the complexity of the APD structure. At present, receiver PICs rely almost
entirely on PIN photodiodes or MSM photodetectors. The facts that both structures are relatively
easy to produce and that their performance is not easily degraded by small variations in material
or fabrication procedures are strong advantages for PICs, where incompatibility of materials for
the optical and electronic components can add significantly complexity to the integration process.
The key performance parameters for these devices are noise, capacitance, bandwidth and quantum
efficiency. The MSM is easier to integrate but has somewhat higher dark current due to trap related
81
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gain and because the current flows laterally, which can also introduce excess noise at low frequencies. Furthermore, as a result of contact shadowing in the MSM, it has lower quantum efficiency
than the PIN and tends to have higher capacitance per unit area.
PICs require three basic optical functions, light generation and amplification, light guiding and
coupling and finally light detection. For the initial tests of the POLIS concept, an LED for light
emission, a waveguide for light propagation and a PIN detector for light detection have been fabricated and characterized (chapter 3). Passive components, waveguides and polarization converters,
on POLIS material are discussed in chapters 3 and 5 respectively. POLIS is basically an integration technique. Therefore, it is important to demonstrate one circuit where active and passive
components are integrated and for which overall device performances are evaluated. We selected
a combination of a ridge waveguide and a PIN detector, connected by a polarization converter, as
the first demonstration of a POLIS integrated circuit.
The next section gives the design of the detector, based on the results obtained from the test
detector presented in chapter 3. Later sections deal with the realization and characterization of the
integrated detector with the waveguide and polarization converter.

6.1

PIN detector

When light enters a detector, the photons are absorbed and excite electrons from the valence band
into the conduction band, resulting in the creation of an electron hole pair. Here we use an edgeilluminated PIN detector, where PIN refers to a diode having doped p and n layers and an intrinsic
region in between, in which electron and holes can be generated by incident photons. The upper
and lower p and n layers allow application of an electric field across the absorption region with a
reverse bias voltage. This electric field spatially separates the electrons and holes, thereby avoiding
spontaneous recombination of the carriers. The highly doped p and n layers provide a low resistive
transport of the carriers to an external circuit.

6.1.1

Design

In POLIS the compressively strained InGaAs quantum well is the absorption layer. This well is
surrounded by InGaAsP waveguiding layers. The quantum well is transparent for TM polarization
and absorbent for TE polarization. For a detector or an emitter an additional electronic circuit is
needed for the transportation of carriers. This is provided by the p and n layers, respectively above
and below the waveguiding layers. The detailed layer stack is given in appendix A.
Two types of the configurations have been employed for the detector design. In the first case
an n-type substrate is used. A detector is processed on this with a back n-contact on sample A
. For this structure TE and TM responsivity analysis is done, as already given in chapter 3. In
this chapter this detector is used for rf bandwidth analysis. Later the results from this detector are
translated to the second configuration, the integrated detector for which a semi-insulating substrate
is used and side n-contacts are applied (sample C). The later detector is employed in the integrated
device.

6.1 PIN detector
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Figure 6.1: Equivalent circuit of the detector.

Doping profile
The doping profile in the PIN detector is very important for the high frequency performance. The
absorption layer should be depleted completely, providing an electric field for the separation of
electrons and holes. To ensure a low resistive transport of electrons and holes from the depleted
region to the contacts, the region outside the depleted region should be as highly doped as possible.
However, there are restrictions which determine the choice of the doping profile, which result from
fabrication technology and the integration with optical waveguides. The lowest doping which can
be achieved is limited by the background doping level, typically in the range of 1015 cm−3 . The
highest doping is limited by the incorporation efficiency of donors and acceptors. Furthermore,
a high doping level in the waveguide layers leads to an increase of waveguide loss in the optical
circuit, especially for the p-doping. In order to achieve both good electrical conduction and low
optical loss graded doped regions of InP are created between the intrinsic layer and the highly p
and n doped contact layers. The designed doping profile is given in table 6.1.
Frequency response
The photodiode is a current generator with a parallel junction resistance R j and capacitance C j ,
a series bulk resistance Rb and a load resistance RL . The relative resistance values are related as
R j >> RL > Rb . The equivalent circuit is shown in the Fig. 6.1. The capacitor C j discharges
through the resistance RL + Rb , where as R j represents the resistance to the dark current.
There are two factors which have an influence on the frequency response of the detector:
(i) the transit time tc of carriers through the depletion region,
(ii) the RC time tRC constant of the equivalent circuit,
Combining the two time constants tc and tRC in one response time t:
t=

q
2
tc2 + tRC

(6.1)

Obviously t needs to be minimized by the choice of the material, dimensions and applied bias.
The value of tc represents the maximum time taken to cross the depletion region, and hence leads
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to a low value of the maximum frequency response. The quantum well lies in the middle of the
depletion region wd . The transit time therefore relates to the physical characteristics of the device
by the simple expression
wd
(6.2)
2v
where v is the carrier saturation velocity if the device is biased to operate in the standard part of
the velocity-field characteristic. In terms of measurable components it becomes (v ∼ µE, E ∼ V /w)
tc =

tc =

w2d
2µiV

(6.3)

where µi is the carrier mobility ( i =electron/hole ) and V is the applied bias. Assuming that the
intrinsic layer of 600 nm is completely depleted, then at an applied voltage of 5 V the transit time
will be about 7 psec.
The time tRC is the time taken to discharge the detector capacitance C j through the detector
resistance Rb + RL . The intrinsic capacitance of the detector is formed by the highly doped n and p
type layers on both sides of the depletion layer and it is given by
Cd =

ε0 εA
wd

(6.4)

where A is the detector area. Since the capacitance decreases and the transit time increases
with increasing thickness of the depletion layer, a trade off occurs between the transit time and
RC-limited operation when tuning the thickness of the depletion layer. The total bulk resistance is
the sum of the contact resistance and the series resistance of heavily doped p and n layers, which
transport the carriers outside the depletion region i.e.
Rb = Rc,p + Rs,p + Rc,n + Rs,n

(6.5)

where subscripts c, s, p and n stands for contact, series, p-type and n-type.
The contact resistance in terms of specific contact resistivity ρc and the area of the contact A is
given as
ρc
(6.6)
A
the contribution to the series resistance is dependent on the carrier concentration, carrier mobility, layer thickness and the corresponding area. If their respective values are Nd , µ p , d p and A p
for p layer, then
Rc =

Rs,p =

ρd p
dp
=
Ap
σ Ap

where σ p is the conductivity due to the carriers in a particular layer and is given by
σ p = eµ p Nd

(6.7)

6.1 PIN detector
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Figure 6.2: The schematic diagram of the detector showing different parameters for the two
configurations.

Table 6.1: The values for different parameters to calculate resistance, e = electronic charge

Layer
n-InP
n-InP
n-InGaAsP
p-InP
p-InP
p-InGaAs

Thickness

Doping n

Mobility µ

Conductivity σ

[nm]
500
500
600
400
100
350

[cm−3 ]

[cm2 /V s]

1018
1017
1016
1017
1018
1019

2400
3500
6300
150
80
130

[1/Ωcm]
(240×e) 1019
(35×e) 1019
(6.3×e) 1019
(1.5×e) 1019
(8×e) 1019
(130×e) 1019

For the n layer the resistance will be
Rs,n =

dn
eµ p Na An

(6.8)

The values of the capacitance and the resistance can be estimated for the designed detector,
shown in the Fig. 6.2(a). It is a waveguide detector having a p-contact at the mesa and an ncontact at the backside of the n substrate. The top contact area A, is smaller than the detector area,
because the metalization pattern is not completely extended to the sides of the detector ridge, which
results from limitations given by the fabrication technology. Using eq. 6.4 the total capacitance is
calculated to be 2.27 pF.
The p-contact resistance Rc,p is much larger than the n-contact resistance as the contact area
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at the n-side is extended over the whole chip, thus reducing the Rc,n and Rs,n to negligibly small
values for the first configuration. Using the values in table 6.1 and assuming the specific contact
resistance at the p-contact ρc,p of the metal pattern as 10−5 Ωcm2 , the total series resistance is
calculated. For a detector of length l=1.5 mm and width w= 3µm the series and contact resistance
of the p layers are Rs,p = 0.69 Ω and R p,c = 0.22 Ω respectively, which results in a total p-side
resistance as 0.91. Ω Taking the load resistance to be RL = 50 Ω, the RC time constant will be
115 psec. The 3 dB point of the frequency response of the detector in terms of tRC and tc is given
by
f3dB =

1
q
2 + t2
2π tRC
c

(6.9)

Since tRC  tc (tc = 7 psec and tRC = 115 psec) this detector is RC-frequency limited. The
value for the 3 dB point of the frequency response comes out to be 1.45 GHz.
The values of the resistance and capacitance for the test detector are also measured. This
detector is shown in Fig. 6.3. The capacitance is directly measured from CV measurements and
the resistance is taken from the measured current-voltage characteristic curve (IV-curve) shown in
Fig. 6.4. Capacitance measurements for a detector with 1.5 mm length and 3 µm width are shown
in Fig. 6.5. The measured and experimental values of the capacitance are in good agreement. The
capacitance at -5 V is 2.5 pF. The value of resistance obtained from the slope of the IV-curve is
R = 4 Ω, which is higher than the calculated one. In the calculations the value of ρc,p is taken from
the literature and can be different for the actual contact. With this detector design it is not possible
to do the frequency measurements, as planar rf contact pads are not present. Planar contact pads
are only possible with lateral n-contacts. So for the integrated detector the design is changed from
an n+ substrate to a semi-insulating substrate with a highly n-doped layer of 500 nm introduced
on the substrate for n-contacts. The n-contacts are designed in such a way that they are 5 µm
away from the detector ridge. Due to such a configuration (see Fig. 6.2) the total bulk resistance
is slightly higher (Rs,n = 0.12 Ω). Furthermore, the new design is aimed at high TE absorption,
around 180 dB/cm, which will give a short detector length. For 90% absorption of the input signal
550 µm absorption length is sufficient, leading to a frequency response upto 5 GHz.

6.2

Realization of the integrated circuit

For the realization of the integration of a waveguide and a detector a layer stack is chosen which
is similar as for the individual components, with a few changes. Sample C, for which a complete
characterization has been given in chapter 3, is used for this realization. It is designed to have
the PL emission from the quantum well at 1550 nm wavelength and to provide low waveguide
losses by including high strain in the quantum well, so that the TE and TM bandgaps are widely
separated. The substrate material has been changed to semi-insulating for the reasons explained in
the previous section. Transmission measurements on sample C (chapter 3) indicated high signal
transmission for TM polarization and no signal transmission for TE signal. The TM losses were
estimated to be around 6 dB/cm and TE absorption as high as 100-150 dB/cm for 3 µm wide
waveguides in the wavelength range of 1535-1550 nm. For high absorption, in case of sample C,

6.2 Realization of the integrated circuit
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Figure 6.3: Detector with back n-contact configuration. Emission and absorption spectra on this
detector are given in chapter 3.
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Figure 6.4: Current voltage characteristics of the detector with back n-contact configuration.
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Figure 6.5: Capacitance as a function of applied voltage.

it is not possible to measure any transmission through a waveguide of measureable length. Thus to
get a better idea of the TE absorption, the polarization converters are processed on quantum well
samples (chapter 5). The polarization converter containing one quantum well gave 181 dB/cm TE
absorption. This measurement result is not done on sample C, but it has an identical layer stack,
with the exception that that PL emission peak is at 1570 nm wavelength. This suggests that a higher
absorption is expected at 1550 nm wavelength.
The schematic of the integrated detector is shown in Fig. 6.6. The mask design contains individual and integrated components. Polarization converters with varying lengths ranging from
100 µm to 600 µm in steps of 50 µm for a width of 0.9 µm are included. The large number of
length variations provide many data points for the conversion vs length curve. In this way a better
fit can be obtained to fit with the model described in chapter 5. Detector lengths varying from
250 µm to 2 mm, in order to accommodate the estimated (100-150 dB/cm) and measured absorption (181.5 dB/cm on a different sample) are used in the design. However, due to space limitations
on the integrated chip it is not possible to include all these lengths and widths, so a few are chosen.
The width for polarization converter is 0.9 µm and its length is 150 µm in the integrated detector.
The fabrication details are given in chapter 4. The SEM photographs of waveguide and polarization converter are shown in Fig. 6.7. The speckle covering the two devices is caused by the
residues of the polyimide, which is used to correct some fabrication complications which occurred
during the processing (see section 4.2). Due to this speckle a higher contact resistance is expected.
Fig. 6.8 gives the microscopic picture of the integrated device.

6.2 Realization of the integrated circuit
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Figure 6.6: The schematic of the integrated detector on the semi-insulating substrate, after
reaching all the etch depths. The 3 µm input waveguide is used for input TM signal, the length
of this waveguide varies from 500 µm to 1 mm. This input waveguide is connected to 1.1 µm
width waveguides of 50 µm length using a taper of length of 50 µm. Polarization converter is
coupled with this waveguide. Directly after polarization converter a detector (varying lengths
and widths are used) is employed.

(a)

(b)

Figure 6.7: SEM pictures of the waveguide and the polarization converter.
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Figure 6.8: The SEM picture of the integrated detector.

6.3

Measurements

To characterize the different components in the POLIS integrated circuit three sets of measurements
have been performed:
1. Febry Perot measurements to measure the losses of the waveguides.
2. Transmission measurements on polarization converters to determine the conversion efficiency for TM input and output polarization, and the TE absorption.
3. Electrical measurements, i.e., IV-measurements with and without input light. This gives
information for the dark current and photocurrent respectively.
The Fabry Perot measurements give losses of about 7-8 dB/cm for 2.5 µm wide waveguides at
1535 nm wavelength. This is a little higher than the values measured before (chapter 3), which are
6-7 dB/cm (measured) at 1535 nm wavelength and 4 dB/cm (estimated) for 1550 nm wavelength.
Also, here we estimate losses at 1550 nm to be a little bit lower (around 5 dB/cm) since this
wavelength is further away from the TM bandgap.
In order to determine the polarization converter behavior, the transmission signal is measured
for a TM input signal and the corresponding TM output polarization is measured. Measurement
results are plotted in Fig. 6.9. The points give the output power for the PCs with different lengths.
The drawn line is the fit with the model. Note that two measured points do not match with the fit
(at lengths 200 µm and 300 µm). These components appear to fall outside the trend of the other
devices, and are probably damaged. The extracted values from the model are used to estimate the
values for TE output polarization. The conversion efficiency from TM to TE polarization is about
67% and the TE absorption is 310 dB/cm, which is much higher than previously estimated value
i.e. 150 dB/cm. It is also higher than the value of 181 dB/cm for one quantum sample (1QW)
reported in chapter 5, as is expected. This is explained by the PL emission spectra of the two

6.3 Measurements
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Figure 6.9: Experimental data for TM out put polarization through the polarization converter
for TM polarized input power. The solid curve is the fit to equation 5.25 and dotted curve is TE
conversion for the corresponding fitting parameters.
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samples: the present sample has its PL-peak exactly at 1550 nm wavelength and thus maximum
absorption is expected there.
The opto-electrical measurements are performed on the full circuit, i.e. the TM-polarized light
signal is coupled from a fiber into the waveguide. This signal is converted to TE polarization
in the PC and then converted to a photocurrent in the detector, which is butt coupled to the PC.
The residues of polyimide are left all over the chip (see Fig. 6.7). This occurred before the metal
deposition and thus caused a high contact resistance. Therefore only static measurements on the
response of the integrated detector could be done.
The current-voltage (IV) characteristics of integrated detectors with different lengths have been
measured. This includes 700 µm long input waveguides, 150 µm polarization converter and a
detector with 250 µm length. Measurement results of a 250 µm long detectors for both TE and
TM input polarizations are given in Fig. 6.10(a). The responsivity as a function of the length of the
detector is plotted in Fig. 6.10(b). An external response of 0.234 A/W is measured for a 1 mm long
detector, corresponding to an external quantum efficiency of 20%. These numbers are uncorrected
for coupling losses, around 5 dB, into the waveguide and for losses in the structure. Due to the
high contact resistance not all the photogenerated carriers are collected, as is evident from the
linear increase of photocurrent with voltage and with length (which means linear decrease of the
contact resistance). This implies that much higher responsivities can be expected if both the contact
resistance and the coupling losses can be reduced. The dark current is very low, in the order of a
few nanoamperes. The absorption length is however below 250 µm. This is in agreement with
the high absorption measured on the polarization converters. This length is short enough to allow
detection at frequencies above 10 GHz with usual contact resistances.

6.4

Conclusion

A POLIS circuit is successfully realized, with reasonable device performance. This includes low
waveguide losses, reasonable conversion efficiency and good responsivity for detectors. Though
frequency measurements could not be performed, the small absorption length of around 250 µm
suggests the device can be used for frequency as high as 10 GHz. However these measurements
could not be done to high contact resistance due to error caused in the processing.
The integrated device shows more or less the same results as the individual components except
for the high contact resistance, which can be easily avoided in the next run. Thus there is no
performance penalty for the components, due to the integrated technology. Together these results
show that the POLIS technique is useable and can provide devices and circuits with acceptable
performance parameters. Several straight forward adjustments on the technology are needed to
benefit from the full potential of the POLIS technique.

Chapter 7
Conclusions and Outlook
Integration of components with different material requirements is the ultimate bottleneck for photonic integrated circuits. This holds especially for the combination of active components, like lasers
and detectors, and passive ones, like waveguides and filters. Overgrowth is one of the techniques
being developed to overcome this. In POLIS (POLarization based Integration Scheme) overgrowth
is avoided by using the polarization dependent properties of strained quantum well materials.
The project investigated the possibilities to use this integration technique, POLIS with indium
phosphide. This material is suitable for application in telecommunication, in the important wavelength range around 1.55 µm.
The project is successfully accomplished with the following achievements:
• Within the project, technology to process strained quantum well material for different components is developed.
• The Polarization converter which manipulates and controls polarization on chip, is essential
for all electro-optical circuits. A model is developed for polarization converter based on double
heterostructure with and without strained quantum wells. Polarization converters are also realized
for the two cases with three different lithographic techniques: electron beam lithography, high
resolution lithography and contact optical lithography. The realized converters can be described
well with the model.
• An integrated circuit with this novel technique is designed, realized and published. It contains
waveguides as passive components, detector as an active component and polarization converter to
switch from passive to active part of the circuit. This integrated waveguide detector shows more or
less results as expected from the individual components. Thus there is no performance penalty for
the components due to the integrated technology.
In order to investigate the versatility of the technique, various other devices are simulated on
the POLIS layer stack. In all cases the simulation results predict reasonable performances, which
are not reported here. Among these are a multiwavelength laser [50], a switch [51] and a 2R93
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regenerator [83, 84]. The switch is fabricated as well, showing very low switching voltages (4.6 V
and 2.8 V for different quantum well positions).
Integration techniques which are already known are either complicated in terms of growth, such
as regrowth and selective area growth, or need additional processing steps to accommodate active
and passive functions such as quantum well intermixing. The disadvantages are not only the complex growth but also the introduction of impurities into the wafer, prior to device fabrication. This
can result in low device yields and performances, and high costs. The POLIS technique enables
a simpler growth procedure, since it requires only a single step growth. Furthermore, different
functionalities are defined during the device fabrication and share the same material, thus it is very
flexible with respect to layout. Though POLIS reduces the growth problems it adds extra processing due to the polarization converter. Since the polarization manipulation in PICs is becoming very
important [74], the aim is to integrate this processing with the standard PIC-fabrication. Once this
integrated processing procedure is developed, high fabrication yields of POLIS-based devices can
be expected which can allow for the commercialization of low cost components.
As all integrated optical functions must share a similar material structure, a number of trade offs
have to be taken into account when designing a layer stack for POLIS circuits. First of all, there are
opposing requirements with regard to the number of the quantum wells. For efficient operation of
the active devices a high number seems desirable, but this is limited by the residual loss of the TM
polarization in the quantum wells. Higher absorption due to more quantum wells also deteriorates
the polarization converters performance. A second issue is the position of the quantum wells in
the waveguide layer. The non-dominant field components of the TM polarized mode in a channel
waveguide are sensitive to the high absorption in the quantum well for electric fields in the plane
of the well. However these non-dominant field components are zero in the center of a symmetric
waveguide layer, so for better transparency of the TM-polarization the quantum wells should be
placed at the center. A third issue is the amount of absorption for the TE polarization. Finally,
a compromise has to be found regarding the doping profile. For low series resistance and high
quantum efficiencies and high doping levels close to the active region are required. On the other
hand this will result in high losses in passive waveguide regions due to high free carrier absorption.
A trade off is needed between these opposing requirements.
Some issues can be easily addressed. For instance, efficient and also fast devices need high
absorption (short lengths) whereas the TE absorption for an efficient polarization converter should
not be too high. Polarization converters are becoming an important optical component in recent
years and many groups are working towards smaller size and high conversion efficiency. For
instance the polarization converter reported in [71] can be a good choice to resolve the limitation
on the TE absorption. The conversion length in this converter is only a few micrometers. For such
a length absorption in the polarization converter will not be an issue and thus much higher TE
absorption, e.g. by using two or more quantum wells, can be allowed. This can lead to shorter and
faster active devices, but at the cost of somewhat higher TM-losses
Furthermore, POLIS imposes the condition on the input signal that it is of a certain polarization
(usually TM). This will be a problem in applications where the polarization is not controlled, as
e.g. for detector circuits in fiber optic networks. The problem can be addressed by implementing a
bimodal polarization converters as presented in [66], which converts the TE zero order mode into
a TM first order mode and the TM zero order mode into a TM zero order mode. Thus a signal with
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mixed polarizations can be converted to TM polarization. This component should be at the edge of
the POLIS chip which can be achieved with precision cleaving [85].
Finally it should be noted that the POLIS integration is not limited to the use of compressively
strained quantum wells. Quantum dots (QDs) show a similar polarization dependent absorption
behavior. This opens up the possibility to realize very fast POLIS-devices, because the recombination times in QDs can be much shorter than in QWs. Fast optical POLIS 2R regenerators in [84]
would then become feasible.
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Appendix A
Layer Stacks
The layer stacks of POLIS samples are given in this appendix. Samples A and B have been grown
at Australian National University and samples C, 1QW and 2QW have been grown at Eindhoven
University of Technology. The order of the growth is reverse i.e. the top most layer is grown in the
end.

Table A.1: Sample A: grown on n+ substrate

Material

Function

Thickness [nm]

Doping [cm−3 ]

InP:Zn
InGaAs:Zn
InP:Zn
InP:Zn
InP:Zn
Q(1.25)
Ga0.34 In0.66 As
Q(1.25)
InP
InP:Si
InP:Si

Cap
p-contact
cladding
cladding
cladding
waveguiding
QW (0.9% compressively strained)
waveguiding

20
450
100
400
5
300
4
300
5
500
500

2×1019
1×1018
1×1017
5×1015
n.i.d
n.i.d
n.i.d
n.i.d
1×1017
1×1018

cladding
n-contact
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Table A.2: Sample B and C: grown on iron doped semi-insulating.

Material

Function

Thickness [nm]

Doping [cm−3 ]

InP:Zn
InGaAs
Q(1.4)
InP:Zn
InP:Zn
Q(1.25)
InP:Zn
Q(1.25)
InP:Zn
Q(1.25)
Ga0.34 In0.66 As
Q(1.25)
InP
InP:Si
Q(1.25)
InP:Si

Cap
p-contact
diffusion stop layer
cladding
cladding
etch stop layer
cladding
etch stop layer
cladding
waveguiding
QW (0.9% compressively strained)
waveguiding

20
100
100
100
100
20
250
20
50
300
2.25
300
5
500
20
800

2×1019
1×1018
1×1018
5×1017
5×1017
5×1017
5×1017
1×1016
n.i.d
n.i.d
n.i.d
n.i.d
1×1017
5×1017
1×1018

cladding
etch stop
n-contact

Table A.3: 1QW sample: grown on iron doped semi-insulating.

Material

Function

Thickness [nm]

InP:Zn
InGaAs
Q(1.4)
InP:Zn
Q(1.25)
InP:Zn
Q(1.25)
Ga0.34 In0.66 As
Q(1.25)
InP
InP:Si
Q(1.25)
InP:Si

Cap
p-contact
diffusion stop layer
cladding
etch stop layer
cladding
waveguiding
QW (0.9% compressively strained)
waveguiding

20
100
100
800
20
300
300
2.25
300
5
500
20
800

cladding
etch stop
n-contact

Doping [cm−3 ]
2.6×1019
4.8×1018
1×1018
5×1016
n.i.d
n.i.d
n.i.d
n.i.d
1×1017
> 5×1017
1×1018
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Table A.4: 2QW Sample: grown on iron doped semi-insulating (epi ready quality).

Material

Function

Thickness [nm]

InP:Zn
InGaAs
Q(1.4)
InP:Zn
Q(1.25)
InP:Zn
Q(1.25)
Ga0.34 In0.66 As
Q(1.25)
Ga0.34 In0.66 As
Q(1.25)
InP
InP:Si
Q(1.25)
InP:Si

Cap
p-contact
diffusion stop layer
cladding
etch stop layer
cladding
waveguiding
QW (0.9% compressively strained)
spacer layer
QW (0.9% compressively strained)
waveguiding

20
100
100
800
20
300
300
2.25
10
2.25
300
5
500
20
800

cladding
etch stop
n-contact

2.6×1019
4.8×1018
1×1018
5×1016
n.i.d
n.i.d
n.i.d
n.i.d
n.i.d
n.i.d
1×1017
> 5×1017
1×1018

PL signal [a.u.]
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Figure A.1: PL for test sample of 1QW and 2QW samples.
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Appendix B
Modeling of the Polarization
Converter
The polarization converter is a crucial device for POLIS applications. It is important to develop
a model which describes the TE and TM behaviors through the polarization converter waveguide.
In chapter 5, the physical interpretation of the results obtained with this model is given and it is
applied to the polarization converters on double heterostructures with and without quantum well.
Here the detailed mathematical steps are added to the model. First the simple case of coupling
between TE and TM will be considered using coupled mode theory, later strain effects will be
introduced i.e. extra TE absorption. Finally phase mismatch due to possible unequal propagation
constants for TE and TM will be added.

B.1

Polarization converter without absorption

Considering the amplitudes of the two modes for TM and TE polarizations. As the modes propagate
along the cavity of the doublehetero converter section, the change in amplitude along the length z
will be represented by differential equations as
dA(z)
= iκB(z)
dz

(B.1)

dB(z)
= iκA(z)
dz

(B.2)

where A(z) and B(z) are the complex amplitudes of TM and TE polarizations respectively, z is
the propagation direction of the modes and κ is the coupling strength. The solution is easily obtained by substituting one equation into the other, which gives a second order differential equation
101
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d 2 B(z)
= −κ 2 B(z)
dz2

(B.3)

Its auxiliary equation is x2 + κ 2 = 0 with roots x = ±iκ. Thus, the general solution is
B(z) = c1 eiκz + c2 e−iκz

(B.4)

A(z) = c1 eiκz − c2 e−iκz

(B.5)

and

The coefficients c1 and c2 are determined by the input values of the modes i.e. if only TM
(A(z) = A0 and B(z) = 0) is present at the input (z = 0) of the PC c1 + c2 = 0 and c1 − c2 = A0 ,
resulting in c1 = 21 A0 , c2 = − 12 A0 .
The amplitudes will be
B(z) = iA0 sin κz

(B.6)

A(z) = A0 cos κz

(B.7)

Power in the two polarizations can be obtained by simply multiplying the amplitudes with their
respective complex conjugates.
¯ = A2 sin2 κz
B(z)B(z)
0
¯ = A2 cos2 κz
A(z)A(z)
0

(B.8)
(B.9)
cos2 κz

Thus if only TM is applied as the input polarization then power in TM varies as
and
power in TE varies as sin2 κz .
Similarly for TE input polarization B(z) = B0 cos κz and A(z) = iB0 sin κz, i.e for the case of polarization converters on double heterostructures without the strained quantum wells the conversion
is fully reciprocal.

B.2

Polarization converter with absorption

In the equation for B (TE polarization), an extra term is applied for the absorption (α) of TE. Thus
the amplitude differential equations will be
dA(z)
= iκB(z)
dz
dB(z)
= iκA(z) − αB(z)
dz
Substituting the value of A(z) from eq.B.11 into eq.B.10 gives

(B.10)
(B.11)

B.2 Polarization converter with absorption
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d 2 B(z)
dB(z)
+α
= −κ 2 B(z)
(B.12)
2
dz
dz
√
√
2
2
2
2
the auxiliary equation is x2 +αx+κ 2 = 0 with roots x = −α± 2α −4κ . Defining ik/ = α 2−4κ
the solution for B(z) is
α

/

/

B(z) = e− 2 z [c1 eik z + c2 e−ik z ]

(B.13)

and for A(z), substituting the value of B(z) in eq.B.11:

A(z) =

/
/
/
/
/
/
α
1 −α z
e 2 [(− )(c1 eik z + c2 e−iik z ) + ik/ (c1 eik z − c2 e−ik z ) + α(c1 eik z + c2 e−ik z )] (B.14)
iκ
2

which can be rewritten as:
A(z) =

/
/
/
/
1 −α z α
e 2 [( )(c1 eik z + c2 e−ik z ) + ik/ (c1 eik z − c2 e−ik z )]
iκ
2

(B.15)

c1 = 2kκ/ A0 and c2 = − 2kκ/ A0 are determined by the initial condition that A(0) = A0 and B(0) =
0. Thus the amplitude equations become
B(z) =

α
/
/
κ
A0 e− 2 z [eik z − e−ik z ]
/
2k

(B.16)

α
κ
A0 e− 2 z sin k/ z
/
k

(B.17)

or
B(z) = i
the complex conjugate of this is:
¯ = −i κ A0 e− α2 z sin k/ z
B(z)
k/

(B.18)

¯ = A2 e−αz ( κ )2 sin2 k/ z
PTE (z) = B(z)B(z)
0
k/

(B.19)

so that the power in TE is

and
A(z) =

α
/
/
/
/
1
α
κ
A0 ( )e− 2 z [( )(eik z − e−ik z ) + ik/ (eik z + e−ik z )]
/
iκ
2
2k

(B.20)

or
α
/
/
/
/
1
1
1 α
A(z) = A0 ( )e− 2 z [ / ( )(eik z − e−ik z ) + ik/ / (eik z + e−ik z )]
i
2k 2
2k

thus,

(B.21)
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α

A(z) = A0 e− 2 z [(

α
) sin k/ z + cos k/ z]
2k/

(B.22)

which gives the TM power:

√
where ik/ =

B.3

¯ = A2 e−αz [( α ) sin k/ z + cos k/ z]2
PTM (z) = A(z)A(z)
0
2k/

(B.23)

α 2 −4κ 2
.
2

Polarization converter with absorption and mismatch

In practical devices the limited fabrication tolerances can lead to different propagation constants
for TE and TM, and thus to a phase mismatch in the coupling between them. This can be included
with exponential phase factors in the differential equations:
dA(z)
= iκB(z)eiδ z
dz

(B.24)

dB(z)
= iκA(z)e−iδ z − αB(z)
dz

(B.25)

where A(z) and B(z) are the amplitudes of TM and TE polarizations α = TE amplitude absorption (POLIS material), δ =difference in propagation constant of TE and TM polarizations and κ =
coupling strength
From eq. (B.25) follows:
1 dB(z)
[
+ αB(z)]eiδ z
iκ dz
substituting this value in eq. (B.24) will result
A(z) =

d 1 dB(z)
[ (
+ αB(z))eiδ z ] = iκB(z)eiδ z
dz iκ dz

(B.26)

(B.27)

resulting in:
d 2 B(z)
dB(z)
+ (α + iδ )
+ (iαδ + κ 2 )B(z) = 0
dz2
dz
The auxiliary equation for this case is
x2 + (α + iδ )x + (iαδ + κ 2 ) = 0

(B.28)

(B.29)

with two solutions:
x=

−(α + iδ ) ±

p
(α + iδ )2 − 4(iαδ + κ 2 )
2

(B.30)
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rearranging this as:
x=

−(α + iδ )
1p 2
±i
4κ + δ 2 − α 2 + 2iαδ
2
2

(B.31)

−(α + iδ )
± ik/
2

(B.32)

1p 2
4κ + δ 2 − α 2 + 2iαδ
2

(B.33)

or
x=
where
k/ ≡
Thus B(z) is
or
B(z) = e

−(α+iδ )
z
2

/

/

(B1 eik z + B2 e−ik z )

(B.34)

and

A(z) =

−(α+iδ )
/
/
/
/
1 d −(α+iδ ) z
{ [e 2 (B1 eik z + B2 e−ik z )] + αe 2 z (B1 eik z + B2 e−ik z )}eiδ z
iκ dz

(B.35)

the solution will be

A(z) =

−(α+iδ )
/
/
/
/
1 −(α + iδ ) −(α+iδ ) z
{[
e 2 (B1 eik z + B2 e−ik z ) + ik/ e 2 z (B1 eik z − B2 e−ik z )]+
iκ
2

αe

−(α+iδ )
z
2

/

/

(B1 eik z + B2 e−ik z )}eiδ z

(B.36)

rearranging the equation will result in
/
/
1 −(α+iδ ) z iδ z −(α + iδ ) + 2ik/ + 2α)
−(α + iδ ) − 2ik/ + 2α)
e 2 e [
B1 eik z + {
B2 e−ik z }]
iκ
2
2
(B.37)
this implies

A(z) =

A(z) =

/
/
1 −(α+iδ ) z iδ z α − iδ + 2ik/
α − iδ − 2ik/
e 2 e [(
)B1 eik z + (
)B2 e−ik z )]
iκ
2
2

(B.38)

For only TM polarization as input B0 = 0 and A0 = 1 so from eq.B.34) reduces to B1 = −B2
and eq.B.38 result in B1 = 2kκ/ and B2 = − 2kκ/ . Substituting these values in eq.B.34 and eq.B.38
will give the amplitude B(z) and A(z) :
B(z) = e
rearranging this equation

−(α+iδ )
z
2

(

/
κ ikz
κ
e − / e−ik z )
/
2k
2k

(B.39)
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B(z) = e

−(α+iδ )
z
2

(

/
κ
)(eikz − e−ik z )
/
2k

(B.40)

and
A(z) =

/
α − iδ − 2ik/
1 −(α+iδ ) z iδ z α − iδ + 2ik/ κ ik/ z
κ
e 2 e [(
)( / )e + (
)(− / )e−ik z )]
iκ
2
2
2k
2k

(B.41)

thus,
A(z) = e

−(α+iδ )
z
2

eiδ z [(

/

α − iδ + 2ik/ ik/ z
α − iδ − 2ik −ik/ z
)e − (
)e
)]
/
4ik
4ik/

(B.42)

/

+2ik
−2ik
k/ , ( α−iδ
) and ( α−iδ
) are complex numbers. We describe their real and imaginary
4ik/
4ik/
parts as follows:

1p 2
4κ + δ 2 − α 2 + 2iαδ ≡ a + ib
2

k/ =

(B.43)

(

α − iδ + 2ik/
) ≡ c + id
4ik/

(B.44)

(

α − iδ − 2ik/
) ≡ e+if
4ik/

(B.45)

Thus B(z) can be rewritten as:
B(z) = e

−(α+iδ )
z
2

(

κ
)[ei(a+ib)z − e−i(a+ib)z ]
2(a + ib)

(B.46)

κ
[eiaz e−bz − e−iaz ebz ]
2(a + ib)

(B.47)

or
B(z) = e

−(α+iδ )z
2

in order to calculate the power B is multiplied by its complex conjugate
B̄(z) = e

−(α−iδ )z
2

κ
[e−iaz e−bz − eiaz ebz ]
2(a − ib)

(B.48)

therefore

PTE (z) = B(z)B̄(z) = e−αz

κ2
4(a2 + b2 )

¯ = e−αz
B(z)B(z)

(eiaz e−bz − e−iaz ebz )(e−iaz e−bz − eiaz ebz )

κ2
(e−2bz + e2bz − e−2iaz − e2iaz )
4(a2 + b2 )

(B.49)

(B.50)
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κ2
(e−2bz + e2bz − 2 cos 2az)
4(a2 + b2 )

(B.51)

eiδ z [(c + id)ei(a+ib)z − (e + i f )e−i(a+ib)z )]

(B.52)

e−iδ z [(c − id)ei(a−ib)z − (e − i f )e−i(a−ib)z )]

(B.53)

¯ = e−αz
B(z)B(z)
and for TM:
A(z) = e
Ā(z) = e

−(α+iδ )
z
2

−(α−iδ )
z
2

¯ = e−az [(c+id)ei(a+ib)z −(e+i f )e−i(a+ib)z )][(c−id)ei(a−ib)z −(e−i f )e−i(a−ib)z )]
PTM (z) = A(z)A(z)
(B.54)
A(z)Ā(z) = e−az [(c2 +d 2 )e−2bz −(e2 + f 2 )e2bz )−(ec+d f +i f c−ide)e−2iaz −(ec+d f −i f c+ide)e2iaz )]
(B.55)
¯ = e−az [(c2 +d 2 )e−2bz −(e2 + f 2 )e2bz )−(ec+d f )(e−2iaz +e2iaz )−i( f c−de)(e−2iaz −e2iaz )]
A(z)A(z)
(B.56)
¯ = e−az [(c2 + d 2 )e−2bz − (e2 + f 2 )e2bz ) − 2(ec + d f ) cos 2az − 2( f c − de) sin 2az] (B.57)
A(z)A(z)
In order to calculate the values of a,b, c,d,e and f in terms of the original parameters α, κ and
δ we proceed as follows
p
1p 2
4κ + δ 2 − α 2 + 2iαδ 4κ 2 + δ 2 − α 2 − 2iαδ
4
if we use cylindrical coordinates a + ib = r cos θ + i sin θ then
(a + ib)(a − ib) =

(B.58)

1
1
a2 + b2 = r2 = [(4κ 2 + δ 2 − α 2 )2 + 4α 2 δ 2 ] 2
4

(B.59)

1
1
r = [(4κ 2 + δ 2 − α 2 )2 + 4α 2 δ 2 ] 4
2

(B.60)

(r cos θ + ir sin θ )2 − (r cos θ − ir sin θ )2 = (a + ib)2 − (a − ib)2

(B.61)

Thus,

The angle θ follows from:

1
1
2(2ir2 cos θ sin θ ) = (4κ 2 + δ 2 − α 2 + 2iαδ ) − (4κ 2 + δ 2 − α 2 − 2iαδ )
4
4

(B.62)
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1
r2 sin 2θ = αδ
2

(B.63)

(r cos θ + ir sin θ )2 + (r cos θ − ir sin θ )2 = (a + ib)2 + (a − ib)2

(B.64)

1
r2 cos 2θ = (4κ 2 + δ 2 − α 2 )
4

(B.65)

tan 2θ =
θ=

2αδ
(4κ 2 + δ 2 − α 2 )

2αδ
1
arctan[
]
2
(4κ 2 + δ 2 − α 2 )

α − iδ + 2ik/
)
4ik/
α − iδ + 2i(a + ib)
c + id =
4i(a + ib)
c + id = (

(B.66)
(B.67)

(B.68)
(B.69)

(2a2 + 2b2 − bα − aδ )
(bδ − aα)
+i
4(a2 + b2 )
4(a2 + b2 )

(B.70)

(−2a2 − 2b2 + bα + aδ )
(bδ − aα)
+i
4(a2 + b2 )
4(a2 + b2 )

(B.71)

c + id =
Similarly
e+if =
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Summary
Polarization based Integration Scheme (POLIS)
One of the most fundamental problems to overcome in the integration of guided-wave photonic devices is the proper engineering and fabrication of the coupling between active and passive components. In this thesis a novel integration technique based on polarization manipulation, is presented.
It is called Polarization based Integration Scheme (POLIS). Experimental results have shown that
it is possible to design a layer structure on a substrate of indium phosphide (InP), which can guide
light with one polarization, but absorbs light with the opposite polarization. The polarization in
this case is a parameter that determines the material properties. Thus instead of changing the material the polarization state of the signal is changed to realize active and passive components. With
polarization converters it is possible to obtain the required polarization, transparent or absorbent,
in each component of the optical circuit. This creates the possibility to integrate lasers and detectors together with waveguides, switches and demultiplexers on one material. One such device, an
integrated detector, is studied and experimentally demonstrated here.
Transparency for one polarization and absorption for the other polarization at the same wavelength, is achieved with strain in a quantum well. The strain splits the heavy hole(hh) and the
light hole(lh) subbands in the valence band, and thus the two transitions give absorption at different wavelengths. The hh transition is linked with transverse electric (TE) absorption, while the lh
transition is primarily connected with transverse magnetic (TM) absorption. If compressive strain
is applied to the quantum well the hh transition is at a higher wavelength than the lh transition.
Therefore, the splitting of the subbands creates a wavelength region in which the TE-polarization
is absorbed, while the TM-polarization is not.
The crucial component for POLIS is the polarization converter. A model is developed for the
mode propagation in a slanted side polarization converter based on double heterostructures. The
model is extended to include absorption and propagation mismatch. Polarization converters on
different double heterostructures (with and without quantum wells) have been designed and realized by three different processing techniques: electron beam, high resolution and contact optical
lithographies. The realized converters can be described well with the model. From the fitting of
the experimental results to the model the TE-absorption can be determined. This is an important
parameter in the design of active devices.
Several POLIS devices have been successfully realized, with reasonable device performances.
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Summary

This implies low losses for waveguides, quite good responsivity for detectors and wide wavelength
separation between TE and TM emission peaks for LEDs. An integrated waveguide detector shows
more or less the same results as expected from the individual components. Thus there is no appreciable performance penalty for the components due to the integration technology.
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