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Chapter 1
Introduction

1.1 Photonic Integrated Circuits

Photonic integrated circuits (PICs) are devices on which multiple photonic func-
tional components such as waveguides, couplers, multiplexers, modulators, semi-
conductor optical amplifiers (SOAs) and detectors are integrated [1]. Photonic
integration allows for realization of various applications [2,3], like telecommuni-
cation, data communication, tomography, bio-photonics, sensing and smart sys-
tems. Various material platforms for photonic integration exist [4], including
electro-optic crystals such as lithium niobate (LiNbO3), silica on silicon, silicon
on insulator (SOI), silicon nitride (Si3N4), various polymers and semiconductor
materials which are used to make semiconductor lasers such as gallium arsenide
(GaAs) and indium phosphide (InP). Each material platform has its own unique
advantages and shortcomings [5]. For instance, silica based PICs have very desir-
able properties for passive photonic circuits such as arrayed waveguide gratings
(AWGs) due to their comparatively low losses and low thermal sensitivity; Sil-
icon PICs have lowest losses among all platforms and enable co-integration of
the photonics with transistor based electronics; GaAs or InP based PICs allow
the direct integration of light sources. Within this work, we investigate photonic
circuits based on the InP material system.

The concept of PIC was first proposed by Stewart E. Miller in 1969 in the Bell
System Technical Journal [7]. Since then, the number of functions on a chip has
grown exponentially. A large-scale photonic integrated circuit has been demon-
strated and commercialized by the company Infinera in 2005. It is realized by
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Figure 1.1: Architecture of the state-of-the-art in large-scale PICs. The device employs 40
tunable distributed feedback lasers, 80 nested Mach-Zehnder modulators and
other elements to provide more than 1700 integrated photonic functions [6].

integrating more than 50 discrete functions onto a single monolithic InP chip [8].
The state-of-the-art today in large-scale photonic integrated circuits is a mono-
lithic InP-based coherent transmitter with 2.25 Tbit/s capacity. Its architecture
is shown in Figure 1.1, which employs 40 tunable distributed feedback lasers,
80 nested Mach-Zehnder modulators and other elements to provide more than
1700 integrated photonic functions [6]. Nevertheless, the growth rate of the chip
complexity of PICs, which is approximately a doubling every 2.5 years, is slower
compared to a doubling every 2 years of electronic integrated circuits (EICs). The
slower growth for PICs is partially challenged by intrinsic problems existing for
photonics, described by Kaminow [9]:

• Active photonic devices require a much more diverse set of semiconductor
materials (binary, ternary and quaternary) that are harder to control and
manufacture than EICs.

• The fundamental size limit for photonic devices is significantly larger than
that of electrical devices (photon versus electron wavelength) and hence are
not subject to the same level of dimensional scaling.
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• PICs require a more diverse set of components than EICs (lasers, detectors,
modulators, multiplexers, de-multiplexers, attenuators, amplifiers, polar-
ization management devices, phase shifters, etc.).

However, the slower growth is also related to the less efficient research
methodology for photonic integration in the early years of development compared
to electronic integration. For photonic integration, customized research efforts
have been made by different research groups for specific applications. As a result
we have a significant number of integration processes developed which are simi-
lar but cannot be easily transferred from one to another. This prevents spreading
of the developed technologies into a bigger user community, which is neither cost
nor time effective. What we can learn from electronic integration is the so called
generic integration technology [1]. This technology focuses on standardization of
the integration platform through the use of building blocks (BBs), each of which
provides a specific function. The building blocks can be interconnected in differ-
ent numbers and topologies to form functional monolithically integrated circuits.
The generic integration technology enables sharing of the technology develop-
ment cost for different applications. It is a key-enabling technology for speeding
up the development of PICs.

1.2 Generic Integration Technology
Similar to fabless fabrication in microelectronics, generic integration is based
on an emerging system of photonic foundry services that can be jointly accessed
by a large community of users. These photonic foundries provide open access
to their standardized fabrication processes and a low threshold service for pro-
totyping called multi-project wafer (MPW) runs. Meanwhile, they offer process
design kits (PDKs) with BB libraries for circuit and mask design, packaging solu-
tions and test facilities. All those obviates the need for costly proprietary design
and fabrication technologies and thereby significantly lowers barriers of entry for
users from both industry and academia. A typical scheme of a generic integration
approach is shown in Figure 1.2. We explain the work flow as follows:

• In the first place, users interested in creating PICs for specific applications
starts with formulating the requirements for the final circuits. Followed by
the selection of a broker and/or a foundry that offer services meeting their
needs. There are foundries and brokers that provide generic approaches
optimized for different kinds of material platforms and applications. For in-
stance, ePIXfab [10] is a broker for silicon photonics and provides access to
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Figure 1.2: Typical scheme of a generic integration approach.
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SOI technology from foundries such as IMEC and CEA-LETI. JePPIX [11]
is a broker for photonic integration based on InP and Triplex [12] material
systems and provides access to Fraunhofer HHI, Smart Photonics and Li-
oniX MPW services. In this thesis, all chips have been fabricated by the
SMART Photonics foundry [13] through the JePPIX.eu MPW service.

• The foundries and the research institutes they collaborate with are devoted
to the design of building blocks, including basic building blocks (BBBs) and
composite building blocks (CBBs). The BBBs are the smallest (irreducible)
functional building blocks that are required to realize the full function-
ality provided by the generic technology [1], such as a waveguide and a
SOA. The CBBs are building blocks that are composed by combining two
or more BBBs and that do not require additional process steps for the com-
bination [1], such as a distributed Bragg reflector (DBR) laser which is
composed of two DBRs, two electrical isolators and a SOA, connected by
waveguides. Examples of both BBBs and CBBs are shown schematically in
Figure 1.3. The design of BBs is carried out at a physical level and will be
introduced in detail in the next section.
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• The concept of developing a standardized BB library helps avoiding repet-
itive design work at the physical level and increasing the reliability and
complexity of the BBs. The physical models of the standardized BBs, their
mask layout information, design rules, performance and functional behav-
ior are then provided by the foundries as a PDK implemented in software
for circuit simulation and mask generation. As a result the users can design
a circuit with specified performance by making use of the well established
PDKs without knowing the design details of the BBs. There are many com-
mercial circuit-level simulators such as OptSim, VPIphotonics, PICWAVE
from Photon Design.

• Hereafter, the mask design is made by assembling the layout of BBs in a
certain topology to a circuit-level in mask generators. Users only need to
define a few accessible parameters of BBs rather than taking care of all
the layer and fabrication details. The PDK in mask generator offers de-
sign rule check such as minimum bending radius and distances between
devices. This guarantees that design will be compatible with fabrication
specifications. As far as a MPW run is concerned, the foundry will collect
individually designed masks from all users with a variety of applications
and then combine them to generate a single wafer-scale mask set, see Fig-
ure 1.4. The detailed layer and geometry information of BBs are visible for
the foundry for fabrications. Commonly used mask generators for photon-
ics are OptoDesigner from Synopsys, IPKISS from Luceda and Nazca from
nazca-design.org.

• The wafer-scale fabrication is application-blind. The generic process
foundry does not need to know the device details as the fabrication tech-
nology can be applied independent of the number and topology of the BBs.
The investment on fabrication is much reduced for a generic process com-
pared to multiple customized processes. In addition, the quality of the chips
is more guaranteed based on the repeatedly used and more mature process
technologies. After the process, the wafers are cleaved and the chips are
delivered to users.

• Characterizations will be made in the first step by the foundries once the
chips are produced. They mainly focus on basic qualification of BB perfor-
mance. For instance, waveguide properties such as propagation loss and
threshold current for FP lasers. These parameters give a preliminary judg-
ment of the fabrication quality. By making qualifications over different fab-
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Figure 1.4: Example of a wafer-scale mask layout consisting multiple design cells from
different users for various applications. There are a few copies of the same
cell. The wafers are typically 2 or 3 inches and the chips are 4 mm×4.6 mm in
the SMART Photonics foundry.

rication runs, the repeatability of the technology can be obtained as well.
This information is extremely important for further optimization and sta-
bilization of the generic process technology. Users can focus on the charac-
terization of the circuit performance and they can understand their circuit
behavior better based on the basic qualification results from the foundries.

• At last, the chips will be packaged and tested for final applications. For
packaging, the layout of electrical and optical ports on chips should be de-
signed according to the company standards when generated masks. This
is the generic packaging approach and ensures a sustained reductions of
the total cost of the packaged device. A photograph of a packaged chip with
a multi-wavelength laser which will be presented in Chapter 5 is shown
in Figure 1.5 as an example. The overview photograph shows an element
for thermal control (the white part below the chip), two PCBs and a lensed
fiber coupled into an angled facet. Wire bondings between the chip and the
PCB can be observed from the zoom-in photograph.
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Figure 1.5: Example of a packaged chip with a multi-wavelength laser which will be pre-
sented in Chapter 5.

1.3 Design of Building Blocks

The generic integration approach is still young for photonics and we are on our
way towards a mature and reliable stage. A few key aspects have drawn attention
of foundries and research institutes:

• Optimize BB performance to fulfill more critical requirements on photonic
applications. For instance, waveguide crossings are essential components
for complex circuits, however their spurious reflections may affect the sta-
bility of laser systems. In this case more sophisticated designs of waveguide
crossings such as crossings composed of tapered waveguides are required
to sufficiently suppress the spurious reflections.

• Enlarge the BB libraries to realize a broader range of photonic applications.
For example, components for on-chip polarization handling are still missing
for all InP based generic foundries, adding of those would facilitate the
development of coherent optical communication. In addition, circuit BBs
such as tunable lasers or pulse lasers are promising candidates to be added
into the libraries as well.

• Stabilize the generic process technologies in order to produce chips with a
guaranteed accuracy and precision. Taking AWG-based devices as an ex-
ample. A variation of the waveguide geometry will lead to an increase/de-
crease of its effective refractive index and hence a shift of the AWG pass-
bands. This offset between the fabricated AWG compared to the original
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Figure 1.6: Typical scheme of a development cycle of building blocks.

design may cause a failure of the final circuit.

In this section, we introduce the development cycle of BBs and discuss the
critical steps for achieving a high-precision BB, see Figure 1.6.

Design and Simulation

Once the target is defined we start with physical level simulations and designs.
The design is carried out for different aspects, involving optimization of material
composition or doping concentration, exploring the structural parameter space,
planning of process flow, developing of fabrication technology and prediction of
manufacturing tolerance.

• The material composition and doping concentration determine the band



10 Chapter 1. Introduction

structure of semiconductors and hence operation wavelength, gain, loss and
carrier injection efficiency. They should be designed to fulfill the criteria of
all parameters. For example, efficient modulators or tunable DBR lasers
require a high carrier-injection efficiency. The optimized material compo-
sition and doping fraction for achieving this typically leads to a relatively
high loss of passive waveguide structures that share the same top-cladding
structure. This requires a design that offers a trade-off between the carrier-
injection efficiency and the propagation loss. Alternatively, more complex
fabrication could remove the trade-off.

• The design of the structure and geometry of BBs is facilitated by soft-
ware that simulates the optical, electro-magnetic and electro-optical be-
havior based on physical solvers or models. There is a variety of optical
solvers [14–16] for simulating light propagation and mode fields in dielec-
tric waveguides, such as finite-difference time domain (FDTD), film mode
matching (FMM), eigenmode expansion (EME) and effective index mode
(EIM) solvers. The equivalent circuit model [17] can be applied for simulat-
ing the electro-magnetic behavior, which describes the microwave charac-
teristics of a traveling-wave electrode. The frequency response and time do-
main models [18] are aimed at simulating electro-optical properties, which
refer the optical output intensity modulations to its electrical input signal.

• The process flow is strongly connected with the BB structure and vice versa.
A new BB should be designed to be compatible with the standardized layer
structure and process flow. Once the BB structure is determined, the stan-
dardized process flow should be adjusted accordingly. The fabrication tech-
nology plays a critical role in determining the accuracy and precision of BB
performance. For example, the sidewall roughness which is controlled by
both lithography and etch steps has a strong influence on the waveguide
loss. Therefore, fabrication technologies should be optimized at each fabri-
cation step.

• Photonic integration requires lots of fabrication steps such as epitaxial
growth, deposition, evaporation, sputtering, spin-coating, lithography and
etching. Each involves fabrication parameter variations. It is important to
predict the manufacturing tolerance of BBs before fabrication in case the
existing technologies are not sufficient for realization of the desired BB per-
formance. Moreover, the simulation of the BB performance deviation along
with each parameter variation provides us the knowledge of how critical
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each parameter is. Based on this knowledge, the foundry can develop the
fabrication technologies more purposively and effectively. It therefore facil-
itates the improvement of the manufacturing accuracy and reliability.

The last but not least is the design of BB test structures which play an impor-
tant role on the evaluation of the fabricated BB. The test structures are generally
integrated circuits themselves, which require circuit-level simulations for proof-
of-concept of the design method. A few examples of BB test methods are listed
here:

• A widely used method for characterization of waveguide propagation loss
is the Fabry–Pérot interferometer method [19]. It requires a very simple
test structure consisting of two important elements: the waveguide and the
cleaved facets which together form an interferometer.

• A generic method for measuring the refractive index of dispersive wave-
guides is based on three Mach–Zehnder interferometers with low and high
order [20].

• A fast and robust method for SOA gain measurement employs a multi-
section SOA and one optical connection [21].

Mask Generation to Circuit Demonstration

Once the design work is done, the generation of the mask and the fabrication are
done as introduced in the previous section for the generic integration approach.
There are inline measurements to keep a comprehensive track of the fabrication
process and to ensure a good control of it. After receiving the delivered chips
from the foundry, the BB performance will be characterized based on the studied
test method for verification of the fabricated BBs. The characterization should be
made for different chips, wafers and MPW runs for statistical analysis of the BB
performance which indicates the reproducibility of the BB. Typically, the BBs can
be well defined after a few times of review and refinement so several development
cycles might be experienced to reach the targeted performance. After obtaining
the desired BB, a wide range of applications based on the BB can be developed
and demonstrated.
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1.4 Motivation of the Thesis
This work addresses the development of high-precision DBR in a generic photonic
integration platform from the following two perspectives: device wise, we focus
on the realization of a high-precision DBR for a generic integration technology
and its application into a multi-wavelength laser. Technology wise, we aim at 1)
investigating high-precision mass-production technology for small feature device
fabrications; 2) developing high-accuracy generic testing methods which could
benefit not only DBR but also a variety of reflective structures and 3) demon-
strating an optical feedback mechanism for improving multi-wavelength laser
stability. To be more specifically, we discuss each aspect in details.

High-precision Mass-production Technology

For this research we had the opportunity to use a 193 nm ArF deep-ultraviolet
(DUV) scanner which enables mass-production of structures with feature sizes
down to 100 nm. The DUV scanner has been widely used in Si micro-electronic
manufacturing, but has not previously been used for InP-based photonic struc-
tures. In this thesis, we explore theoretically the potential benefits and draw-
backs of using DUV for the InP generic integration process, particularly for the
fabrication of DBRs. The fabrication process development [22] will not be covered
in this thesis.

The fabrication of DBR requires two main lithography steps for defining the
waveguide width and writing gratings, respectively. Contact lithography with
operation wavelength in range of 350−450 nm are typically used for defining the
waveguides. E-beam lithography (EBL) is the state-of-the-art for writing grat-
ings in the InP platform, with a half-pitch of around 120 nm. We aim at simulat-
ing and comparing the performance of DBRs fabricated by conventional and DUV
technologies. The input variables in the simulation are the DBR geometry and
its variations induced by the respective fabrication uncertainties and the output
is the DBR performance.

High-accuracy Generic Testing Methods

The evaluation of the fabrication accuracy and precision of BBs requires an ac-
curate testing method. There are multiple methods for characterization of DBR
performance. The most straightforward way is to measure the spectral behavior
of DBRs on anti-reflection coated chips. However, the method accuracy is sen-
sitive to the fiber-to-waveguide coupling quality. We are strongly motivated to
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develop a coupling insensitive method which provides a good accuracy for char-
acterization of DBR and other distributed reflections. In addition, a method for
characterization of various localized reflections, e.g. reflections from waveguide
crossings and active passive butt-joint, is in our research interests as well.

High-stability Laser Mechanism

We are interested in demonstrating the performance demonstration of a DBR-
based laser utilizing the developed BB. In the meanwhile, we aim for a high-
stability multi-wavelength DBR laser by the approach of integrating an optical
feedback. That is an external reflector which reflects a portion of the laser output
back into the laser cavity. There are a few exciting research questions which
have drawn our attention: 1) how to design a compact multi-wavelength laser
which requires multiplexing light into a common output and a common feedback,
i.e. two times multiplexing functions? 2) How to design the optical feedback
to ensure it works on stabilization of the laser performance? An inappropriate
design or operation condition of feedback can easily cause degradation of the
performance of the laser. 3) Will the feedback affect multi-wavelength lasers
differently compared to single-channel lasers?

1.5 Thesis Outline

The outline of the thesis is given as follows:

• Chapter 1 has introduced the importance of PIC and its generic integra-
tion approach. The generic integration is a key-enabling technology for
reducing the entry cost for PICs. The development cycle of a high-precision
BB is discussed which is the core of this thesis work.

• Chapter 2 discusses the design of DBRs. We introduce the theory and
numerical method for modeling DBRs and present simulation results on
DBR characteristics and deviations would be introduced in manufacturing.

• In Chapter 3, a novel method, based on optical frequency domain re-
flectometry, will be developed, showing high accuracy on characterization
of DBR spectral behavior. The method is realized by de-embedding non-
related reflections through spatial domain filtering and then taking an in-
verse Fourier transform to retrieve the spectrum in the frequency domain.
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• Chapter 4 explores another important application of optical frequency do-
main reflectometry, that is the characterization of localized reflections in
PICs by analyzing the positions and reflection magnitude of the decoded
reflection peaks in the spatial domain. A high-resolution approach of the
method will be optimized as well.

• Chapter 5 presents the design and characterization of a multi-wavelength
DBR laser integrated with optical feedback. We discuss the experimental
results for the DBR laser performance and the feedback effect on suppres-
sion of relaxation oscillations and narrowing of the laser linewidth.

• Chapter 6 summarizes the main achievements of this thesis and gives an
outlook on possible directions for future research.



Chapter 2
Design of DBRs

The Distributed Bragg Reflector (DBR) is a key waveguide component for inte-
grated multi-wavelength and tunable laser sources [23]. It is our goal to develop
a high-precision DBR building block to enable a broader range of functionalities
of photonic integrated circuits (PICs). In this chapter, we start with presenting
the theory and numerical method for modeling uniform and non-uniform DBRs,
perform simulations and investigate spectral characteristics of DBRs. Then we
look into the DBR performance deviations induced by manufacturing errors. In
particular, we will address the following questions:

• What are the involved parameters and their influence on DBR characteris-
tics?

• Where do the uncertainties of DBR performance come from? How sensitive
is the DBR performance to each parameter change?

• What is the extracted manufacturing tolerance of DBRs in the platform
under development (SMART Photonics generic platform)?

2.1 Theory
In order to interpret the optical behavior of Bragg gratings, some knowledge of
the underlying principles is required. Extensive reviews of the properties and
performance of Bragg gratings are available. References [24], [25] and [26] pro-
vide very detailed discussions on principles of a wide variety of gratings, includ-
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Figure 2.1: Schematic of a uniform Bragg grating.

ing uniform, apodized, chirped, discrete phase-shifted, superstructure gratings
and so on. In this section, we give a brief overview of the theory and modeling
method of gratings based on those literature. Our focus is restricted to uniform
and discrete phase-shifted gratings, which will be designed and evaluated in the
subsequent sections.

2.1.1 Uniform Bragg Gratings

A uniform Bragg grating consists of a periodic modulation of the refractive index
in a waveguide, shown schematically in Figure 2.1. At each change of refractive
index a reflection of the propagating light occurs. The repeated modulation of
the refractive index results in multiple reflections of the forward traveling light.
The period Λ of index modulation relative to the wavelength of the light deter-
mines the relative phase of all the reflected signals. At a particular wavelength,
known as the Bragg wavelength λB, all reflected signals are in phase and add
constructively. A back reflected signal centered about the Bragg wavelength is
observed (blue curve). Reflected contributions from light at other wavelengths do
not add constructively and are canceled out and as a result these wavelengths are
transmitted through the grating (red curve). Bragg gratings are widely used as
an in-line optical filter to block certain wavelengths or as a wavelength-specific
reflector [24].

Here we give a brief summary of uniform Bragg grating performance, includ-
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ing Bragg wavelength, reflectivity and bandwidth. We consider first-order grat-
ings with rectangular grooves, which are identical in structure as the gratings
developed in this thesis. The refractive index modulation profile along the prop-
agation direction z is shown in Figure 2.1. The peak-to-valley refractive index
difference is represented by ∆neff.

Bragg Wavelength

The periodic modulation of the refractive index creates an interaction between
the forward-traveling and backward-traveling modes of an optical waveguide.
The interaction should obey the principles of energy and momentum conserva-
tion. Momentum conservation requires that the sum of the incident wave-vector
ki and the grating wave-vector k must equal the wave-vector of the reflected wave
kr:

ki +k = kr (2.1)

When the Bragg condition is satisfied, kr =−ki, Equation 2.1 can be rewritten as:

2π
λ

neff +
2π
Λ

=−2π
λ

neff (2.2)

which in turn simplifies to the equation relating the Bragg wavelength:

λB = 2neffΛ (2.3)

It shows that the Bragg wavelength is dependent on both the effective refractive
index neff and the period of gratings Λ.

Reflectivity

The complex amplitudes of the forward-traveling mode R(z) and backward-
traveling mode S(z) vary along the propagation axis and are described as fol-
lows [25–27]:

dR(z)
dz

= iδR(z)+ iκS(z)

dS(z)
dz

=−iδS(z)− iκ∗R(z)
(2.4)
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where R(z) = A(z)exp(iδz), S(z) = B(z)exp(−iδz). κ and κ∗ are the coupling coef-
ficients for the forward-traveling and backward-traveling modes, defined as:

κ= κ∗ = k0∆neff

2
= π∆neff

λ
(2.5)

where λ is the propagating wavelength. δ is the detuning obtained from the
difference between propagating wavelengths λ and λB:

δ=β−βB = 2πneff

(
1
λ
− 1
λB

)
(2.6)

Equations 2.4 are coupled first-order ordinary differential equations with con-
stant coefficients, for which closed-form solutions can be found when appropriate
boundary conditions are specified. For a uniform Bragg grating with a length L,
the boundary conditions are: {

R(0)= 1
S(L)= 0 (2.7)

where R(0) is the amplitude of the forward-traveling mode at z = 0 and S(L) is
the amplitude of the backward-traveling mode at z = L, see Figure 2.1. The power
reflectivity can be found as:

R =
[

S(0)
R(0)

]2
=

sinh2
(
L
p
κ2 −δ2

)
cosh2

(
L
p
κ2 −δ2

)
− δ2

κ2

(2.8)

where S(0) is the amplitude of the backward-traveling mode at z = 0. Equa-
tion (2.8) allows the maximum reflectivity to be calculated as:

Rmax = tanh2(κL) (2.9)

Thus the maximum reflectivity is dependent on both the coupling coefficient κ
and the grating length L.

Bandwidth

A convenient measurement of the bandwidth of the filter response ∆λ0 can be
taken from the first zeros on either side of the maximum reflectivity and is com-
monly expressed as [25,26]:

∆λ0

λB
= ∆neff

neff

√
1+

(
λB

∆neffL

)2
(2.10)
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Thus the bandwidth is also dependent on both the coupling coefficient κ and the
grating length L.

2.1.2 Non-uniform Bragg Gratings
The optical properties of Bragg gratings can be adjusted by tailoring the grating
parameters, such as effective index perturbation, along the propagation axis. The
design of those parameters leads to various types of non-uniform Bragg gratings
such as apodized, chirped and discrete phase-shifted gratings. They are attrac-
tive for a number of applications. For example, chirped gratings are useful for
dispersion compensation [28] and discrete phase-shifts can be used to open an
extremely narrow transmission resonance [29]. Sometimes, modulation of the
uniform grating parameters could also happen when manufacturing errors oc-
cur which might lead to unwanted non-uniformity. For example, stitching error
between different writing fields of e-beam lithography (EBL) results in discrete
phase-shifts, this may introduce an unexpected deviation to the designed proper-
ties. Therefore, both the design of special grating functionalities and inspection
of grating quality require modeling of non-uniform gratings.

We introduce a piecewise-uniform approach which is also called a transfer
matrix method (T-matrix method) to model non-uniform gratings [30, 31]. The
method is based on identifying 2× 2 matrices for each uniform section of the
grating, and then multiplying all of these together to obtain a single 2×2 matrix
that describes the whole grating. We divide the grating into m uniform sections
and define Ri and Si to be the field amplitudes after traversing section i. The
propagation through each uniform section is described by a matrix Fi defined
such that: [

Ri
Si

]
= Fi ·

[
Ri−1
Si−1

]
(2.11)

The matrix Fi is given by solving Equations 2.4 and the boundary condition 2.7,
described as [25,26,32]:

Fi =
[

cosh(γB∆z)− i δ
γB

sinh(γB∆z) −i κ
γB

sinh(γB∆z)
i κ
γB

sinh(γB∆z) cosh(γB∆z)+ i δ
γB

sinh(γB∆z)

]
(2.12)

where ∆z is the length of the ith uniform section, the coupling coefficient κ and
the detuning δ are the local values in the ith section, and

γB =
√
κ2 −δ2 (2.13)
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Figure 2.2: Principle diagram of the T-matrix method for non-uniform Bragg gratings.

The T-matrix F of the entire grating for R(0), S(0) and R(L), S(L) is given as:[
R(L)
S(L)

]
= F ·

[
R(0)
S(0)

]
F = Fm ·Fm−1 · ... ·Fi · ... ·F1 =

[
F11 F12
F21 F22

] (2.14)

The reflectivity of the non-uniform DBRs can be derived from the total T-matrix
F and equals:

R =
(

F21

F11

)2
(2.15)

The transmission equals:

T =
(

1
F11

)2
(2.16)

The number of uniform sections m may not be made arbitrarily large, since
Equations 2.4 are not valid when a uniform grating section is only a few grating
periods long [25]. Thus, it requires the length of each uniform section is much
greater than the grating period ∆z ÀΛ. For modeling for example chirped grat-
ings, given m of around 100 is generally sufficient. The coupling coefficient κ and
the detuning δ for determining Fi are evaluated at the center of each section.
For phase-shifted gratings, a phase-shift matrix Fpi should be inserted between
the factors Fi and Fi+1, an example diagram is shown in Figure 2.2. The phase-
shifted Bragg grating includes two uniform sections with transfer matrix F1 and
F2 and a phase-shift matrix Fp1 corresponds to a separation of ∆z0 between the
two uniform sections. The phase matrix Fpi is given as [25,33]:

Fpi =
[

exp(−iβB∆z0) 0
0 exp(iβB∆z0)

]
(2.17)
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The T-matrix F of the entire grating becomes:

F = F2 ·Fp1 ·F1 (2.18)

In Section 2.3, we will calculate the uniform DBR performance based on equa-
tions presented in Section 2.1.1 and evaluate the stitching error induced perfor-
mance deviations based on the modeling method discussed in Section 2.1.2.

2.2 Design Background
As reviewed in Section 2.1, the effective index of gratings neff, the coupling co-
efficient κ, the detuning δ and the length of gratings L are the theoretical pa-
rameters that determine the DBR characteristics. Most of them are determined
by more than one structural parameters of DBRs. Knowledge of the structural
parameters and their accuracy is important for the design of the DBR character-
istics. Therefore, we introduce the DBR structure and process flow of the SMART
Photonics multi-project wafer (MPW) runs in this section.

2.2.1 DBR Structure
A schematic diagram of the uniform buried DBR in a shallow-etched waveguide
in the SMART Photonics platform is shown in Figure 2.3. The geometry is not
to scale. The layer stack is simplified by excluding the doping fraction variations
as their influence on the refractive indices of materials is small. The waveguide
top cladding is etched until 0.1 µm into the waveguide core and has a width of
2 µm. The DBR consists of an n-doped InP substrate, a waveguide core which is a
0.5-µm-thick Q1.25 layer, an n-doped InP layer with a thickness D which controls
the distance between the grating layer and the waveguide core, a grating layer
with a thickness T and a p-doped top cladding with a thickness of 1.5 µm. The
periodic modulation of the refractive index in the grating layer is realized by the
switching between InP and Q1.25. The duty cycle of the gratings is designed to
be 0.5. The period of the gratings Λ, the thickness of the grating layer T, the
distance between the grating and the waveguide layer D and the length of the
gratings L are variables in the manufacturing process.

2.2.2 DBR Manufacturing Process Flow
The novelty of the DBR manufacturing in SMART Photonics platform is the use
of the 193 nm deep-ultraviolet (DUV) scanner (ASML PAS5500/1100B) for pre-
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Figure 2.3: Schematic diagram of designed uniform DBRs in SMART Photonics platform.
The geometry is not to scale. The layer stack is simplified by excluding the
doping fraction variations as their influence on the refractive indices of mate-
rials is small.

cise control of small features down to 100 nm. The DUV scanner enables mass-
production and is flexible for patterning different types of features which has
been widely used in Si market but is new for InP platforms. The challenge for
InP platforms is the surface flatness of InP wafers is much poorer compared to
Si wafers which cannot satisfy the limited depth of focus (DOF) of DUV scanner.
The problem has been overcome by using a double-sided polishing process to im-
prove the surface flatness and optimization of the illumination conditions of the
DUV scanner. There are two DUV lithography steps involved in DBR fabrica-
tion. One is for writing the gratings and the other is for defining the waveguide
width. Up to now, the state-of-the-art technologies for writing gratings were e-
beam [34,35] and holographic lithography [36]. The EBL has good resolution and
great flexibility in feature control, however, it has the drawbacks of limited writ-
ing area and being time consuming. The holographic lithography is time efficient
and cost effective, while it is limited to patterning arrayed features or uniformly
distributed aperiodic patterns only which restricts the design freedom. The first
generation tool for defining the waveguide width in the SMART Photonics plat-
form is a contact aligner (Karl Suss MA6), which has lower resolution compared
to the DUV scanner due to a longer working wavelength of 350−450 nm.

Figure 2.4 shows the manufacturing process flow of DBRs in the generic inte-
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Figure 2.4: DBR manufacturing process flow: (a) Patterning of photo resist using DUV or
e-beam lithography; (b) Etch the hard mask with Nitride Reactive Ion Etch
and remove photo resist; (c) Dry etching of the grating layer and remove hard
mask; (d) Regrowth of InP; (e) The SEM image of the gratings.
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gration platform and the MPW runs of SMART Photonics [37]. The layers on top
of the substrate and below the top-cladding, described in Figure 2.3, are firstly
defined with a number of epitaxial growth steps. A hard mask of SiNx is then
deposited, followed by a spin coating of the photo resist. The introduction of a
hard mask is for providing a better etching selectivity between the mask and the
grating layer. The photo resist is exposed to the DUV or e-beam sources through
the DUV or EBL technology. The periodic patterns of the photo resist, as shown
in Figure 2.4a, are generated by transferring the images from the reticle in DUV
or by a direct writing in EBL. The pattern of the photo resist is then transferred
to the hard mask as shown in Figure 2.4b with a Reactive Ion Etch (RIE) step
followed by the removal of the photo resist. A dry etch is applied to etch the
grating layer and the SiNx is removed. The result of this step is shown in Fig-
ure 2.4c. A following regrowth provides the top-cladding as shown in Figure 2.4d.
As the last steps, the ridge waveguide structure is created by defining its width
using contact or DUV lithography, etching through the epitaxially grown layers
and subsequent passivation and planarization. A SEM image of the fabricated
gratings is shown in Figure 2.4e. A selective etch has been introduced in order to
make the gratings visible for the SEM image. The grating has a period of 237 nm.

2.2.3 Design Parameters
The parameters involved in the manufacturing discussed above, their empirical
value ranges and accuracy are listed in Table 2.1 [38]. There are three main epi-
taxially grown layers: the waveguide core with a thickness Tcore of 0.5 µm, the
grating layer and a layer in between to control the distance from the grating
layer to the waveguide core. The grating layer thickness T and the distance D
are design variables. The accuracy of the thickness of each epitaxially grown
layer typically varies between ±(5−10)%. The accuracy improves when the layer
is thicker. The duty cycle F is designed to be 0.5. It can be off by even ±0.1
from wafer to wafer, but has a relative variation less than ±0.02 within the same
wafer. A shallow-etched waveguide is made by etching 0.1 µm into the waveguide
core. The etch depth Tetch is a sum of the cladding layer thickness Tclad = 1.5 µm,
the grating layer thickness T, the distance between the grating layer and the
waveguide core D and the target value of 0.1 µm into the core, which has a max-
imum variation range of ±50 nm. The waveguide width W in MPW runs earlier
than run SP20 were defined by MA6. Since then the DUV lithography has been
used which improves the width variation from ±200 nm to ±50 nm. EBL intro-
duces stitching errors into gratings. The stitching error, shown in Figure 2.5, is
created when stitching small writing fields together by stage movements to gen-
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Table 2.1: Design parameters

Symbol Parameter Value Manufacturing Accuracy
Tcore Thickness of the waveguide core 0.5 µm ±(5−10)%

T Thickness of the grating layer (0.02−0.1) µm ±(5−10)%
D Distance between the grating (0.02−0.2) µm

layer and the waveguide core ±(5−10)%
F Duty cycle 0.5 ±0.1 (wafer2wafer)

Tetch Etch depth (1.6+D+T) µm ±50 nm
L Length (0−0.8) mm -

MA6 EBL DUV
W Waveguide width 2 µm ±200 nm - ±50 nm
Λ Period (236−240) nm - - -
∆L Stitching Error 0 - ±20 nm ±5 nm

Perfec�on

S�tching errors

Wri�ng field 1 Wri�ng field 2

Figure 2.5: Schematic diagram of stitching errors.

erate continuous patterns which take up more space than a single writing field.
The stitching error for a 500 µm main field is specified to be within ±20 nm [39].
The photomask, or reticle, that contains the image to be patterned by the scanner,
is itself fabricated by EBL. The scanner has a lens system that projects the reticle
pattern and reduces the size, typically by a factor 4 or 5. Therefore, the stitching
errors transferred to the wafer are reduced by the same factor to ±(4−5) nm. On
the other hand, the larger reticle pattern area calls for an increased number of
writing fields in EBL, which leads to an increased number of stitching errors.
Therefore, a study on the effect of the stitching error size and number is neces-
sary.

2.3 Design Concept

In this section we discuss how to target the theoretical parameters such as the
coupling coefficient κ through structural parameter controls and thus achieve
the desired DBR characteristics. And we look at the manufacturing tolerance of
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DBRs according to simulations.

2.3.1 Define Structural Parameters
We first explore the parameter space by assuming a perfect manufacturing accu-
racy.

Coupling Coefficient

As defined in Equation 2.5, the coupling coefficient κ is determined by the prop-
agating wavelength λ and the effective index modulation ∆neff. The ∆neff for
rectangular gratings is given as [26,40]:

∆neff =
k0

β
·
(n2

H −n2
L) ·sin(πF) ·Γgrating

π
= (n2

H −n2
L) ·sin(πF) ·Γgrating

π ·neff
(2.19)

where nH and nL are the refractive indices of Q1.25 and InP, respectively. The
Q1.25 has a higher refractive index of 3.364 and the InP has a lower refractive
index of 3.166. Γgrating is the confinement factor of the grating layer and neff is
the effective index of the mode. They are obtained from simulations performed
using FIMMWAVE [41] by calculating the fundamental TE mode properties of
the 2D cross-section of an unperturbed waveguide. The refractive index in the
grating layer of the unperturbed waveguide is defined as nL+(nH−nL) ·F, where
F is the duty cycle. The simulated mode profile of an unperturbed waveguide
cross-section with parameters Tcore = 0.5 µm, D = 32 nm, T = 30 nm, F = 0.5,
Tetch = 1.6 µm+D+T, W = 2 µm and Λ= 237.8 nm is presented in Figure 2.6.

The confinement factor Γgrating and the effective index of the mode neff are
strongly dependent on the mode properties. Therefore, the coupling coefficient
which is determined by these two factors is a function of structural parameters
that have influences on the mode properties, i.e. κ(Tcore,D,T,F,Tetch,W). We
study the coupling coefficient κ dependence on the distance between the grating
layer and the waveguide core D and the grating layer thickness T, while fix the
thickness of the waveguide core Tcore, the duty cycle F and the waveguide width
W to 0.5 µm, 0.5 and 2 µm, respectively. Figure 2.7 is a contour plot of the calcu-
lated coupling coefficient κ as a function of T and D. It indicates that a decreased
distance D or an increased thickness T which enhances the confinement factor
Γgrating in the grating layer results in a higher coupling coefficient κ. Through
this contour plot, we can find the exact layer thicknesses to fulfill the coupling
coefficient values that we are aiming for. For example, a coupling coefficient κ
of 50 cm−1 can be realized by any combination of T and D on the black line. A
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Figure 2.6: Simulated fundamental TE mode profile of a cross-section structure with pa-
rameters Tcore = 0.5 µm, D = 32 nm, T = 30 nm, F = 0.5, Tetch = 1.6 µm+D+T,
W = 2 µm and Λ= 237.8 nm.

Figure 2.7: Contour plot of the calculated coupling coefficient κ as a function of the dis-
tance between the grating layer and the waveguide core D and the thickness
of the grating layer T.

distance D of 32 nm and a thickness T of 30 nm lead to a coupling coefficient κ
of 48 cm−1. These values are selected for fabrication in the SMART Photonics
platform, as indicated with the red star in the figure.
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(a)

(b)

Figure 2.8: Calculated reflection spectra (a) at different coupling coefficients κ with a DBR
length L of 0.2 nm and (b) at different DBR length L with a coupling coefficient
κ of 50 cm−1.

Reflectivity and Bandwidth

The reflection spectrum of a DBR can be extracted in two steps: first, perform
simulations in FIMMWAVE to extract the confinement factor Γgrating and the
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Figure 2.9: The Bragg wavelength λB as a function of the period Λ. The effective index
neff in this case is 3.26, which is obtained from a DBR with Tcore = 0.5 µm,
D = 32 nm, T = 30 nm, F = 0.5, Tetch = 1.6 µm+D+T and W = 2 µm.

effective index neff of the DBR; second, calculate the coupling coefficient κ ac-
cording to Equation 2.5 and 2.19 followed by the calculation of the reflectivity
R(δ(λ, neff), κ, L) at different propagating wavelength according to Equation 2.6
to 2.8. The obtained reflection spectra of DBRs with different coupling coefficient
κ but the same length L = 0.2 mm are presented in Figure 2.8a and of DBRs with
different length L but the same coupling coefficient κ= 50 cm−1 are presented in
Figure 2.8b. It shows that higher κ leads to a stronger reflectivity and a broader
bandwidth, and a longer L leads to stronger reflectivity and narrower bandwidth
of DBRs. So a compromise between the coupling coefficient κ and the DBR length
L needs to be established for achieving a certain reflectivity and bandwidth for
specific DBR applications.

Bragg Wavelength

The Bragg wavelength λB(Λ, neff) is a function of the period of the gratings Λ and
the effective index of the mode neff according to Equation 2.3. Once the structural
parameters are fixed, the effective index neff(Tcore,D,T,F,Tetch,W) is a constant.
For a DBR with Tcore = 0.5 µm, D = 32 nm, T = 30 nm, F = 0.5, Tetch = 1.6 µm+D+
T and W = 2 µm, the effective index neff is simulated to be 3.26 by using an
unperturbed waveguide in FIMMWAVE. Therefore, the Bragg wavelength λB is
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Table 2.2: Default values

Parameter Value
Tcore 0.5 µm

T 30 nm
D 32 nm
F 0.5

Tetch (1.6+D+T) µm
L 0.2 mm
W 2 µm
Λ 237.8 nm

only determined by the period of gratings Λ which is a design value for users of
the SMART Photonics MPW runs. The Bragg wavelength λB as a function of the
period Λ is shown in Figure 2.9. If we aim at a Bragg wavelength λB of 1550 nm,
a period Λ of 237.8 nm should be defined for fabrication.

2.3.2 Extract Manufacturing Tolerance
Then we explore the DBR characteristic deviations influenced by the manufac-
turing accuracy. In order to do so, we extract the DBR characteristics (coupling
coefficient κ, maximum reflection Rmax, bandwidth ∆λ0, effective index neff and
Bragg wavelength λB) as functions of each structural parameter with a varia-
tion range corresponds to the manufacturing accuracy, respectively. The default
values of the structural parameters used in this section are listed in Table 2.2.

Waveguide Width Variation

The waveguide width defined by MA6 and DUV scanner has an accuracy of
±200 nm and ±50 nm, respectively, for a 2- µm-wide waveguide (Table 2.1). We
perform calculations of the κ, Rmax, ∆λ0, neff and λB as functions of W , respec-
tively, while fixing the other parameters at their default values. The results are
shown in Figure 2.10. The pink rectangular window depicts the width variation
range of the DUV scanner. MA6 introduces κ, Rmax, ∆λ0, neff and λB deviations
within ±1.3 cm−1, ±0.018, ±0.01 nm, ±0.0026 and ±1.2 nm, respectively. It shows
that the width variation has a strong influence on the effective refractive index
of waveguides and therefore leads to a significant shift of the Bragg wavelength.
By using the DUV scanner, the deviations of all values can be reduced by a factor
3−4. The DUV scanner leads to a more precise control of the DBR performance,
especially a much enhanced repeatability of the Bragg wavelength λB, which sat-
isfies the requirements of high precision DBR laser applications.
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Figure 2.10: The coupling coefficient κ and the corresponding maximum reflection Rmax
and bandwidth ∆λ0; the effective index neff and the corresponding Bragg
wavelength λB as functions of the waveguide width W . The pink rectangular
window depicts the width variation range of the DUV scanner.

Layer Thickness Variation

The thickness variation of epitaxially grown layer is typically ±(5− 10)% (Ta-
ble 2.1). The relative accuracy improves when the layer is thicker. Here we con-
sider a 10% variation for each layer to compare their influence on DBR perfor-
mance.

First of all, we investigate the influence of the thickness of the waveguide core
Tcore which varies between (0.5±0.05) µm. The results are shown in Figure 2.11a.
The variation of the coupling coefficient κ and the effective refractive index neff
are both significant as the waveguide core thickness directly and strongly affects
the mode profile. The simulated deviations of the maximum reflectivity Rmax and
the Bragg wavelength λB even reach up to ±0.094 and ±4.4 nm, respectively.

The grating layer thickness T varies between (30±3) nm. The same investi-
gations have been carried out for these variations. The results are shown in Fig-
ure 2.11b. The variation of the coupling coefficient κ is shown to be significant,
which leads to a large deviation of the maximum reflectivity Rmax of ±0.061. The
strong sensitivity of κ on T is because the confinement factor of the grating layer
Γgrating is almost linearly dependent on its thickness. In contrast, the changes of
the effective index neff and the corresponding Bragg wavelength λB are negligi-
ble.

Compared to the thickness of the waveguide core Tcore and the grating layer
T, the distance between the grating layer and the waveguide core D has less sig-
nificant effects on both κ and neff. The D value is within (32±3.2) nm according to
Table 2.1. The calculated results are shown in Figure 2.11c. The D accuracy in-
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Figure 2.11: The coupling coefficient κ and the corresponding maximum reflection Rmax
and bandwidth ∆λ0; the effective index neff and the corresponding Bragg
wavelength λB as functions of (a) thickness of the waveguide core Tcore, (b)
the grating layer thickness T, and (c) the distance between the grating layer
and the waveguide core D.
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Figure 2.12: The coupling coefficient κ and the corresponding maximum reflection Rmax
and bandwidth ∆λ0; the effective index neff and the corresponding Bragg
wavelength λB as functions of the duty cycle F.

duced Rmax, ∆λ0 and λB deviations are insignificant, shown as ±0.014, ±0.01 nm
and nearly 0, respectively.

Duty Cycle Variation

The DBR characteristics under variation of the duty cycle F from 0.4 to 0.6 are
shown in Figure 2.12. The results show that the maximum coupling coefficient κ
is obtained at F = 0.52 and κ decreases when F gets further from 0.52. The duty
cycle variation within the same wafer which is ±0.02 (Table 2.1) has negligible
effects on the DBR characteristics. The duty cycle variation from wafer to wafer
leads to obvious increasing of the maximum reflectivity Rmax deviation, which is
±0.044.

Etch Depth Variation

The DBR characteristics under variations of the etch depth Tetch over a range
of 100 nm are shown in Figure 2.13. The results show that the etch depth has
negligible effects on the coupling coefficient κ but a relatively strong effect on the
effective refractive index neff. In terms of the effects on the effective refractive
index neff, the etch depth accuracy plays a more important role compared to the
waveguide width but is less significant compared to the waveguide core thickness.

All the calculated parameters and their accuracy induced DBR manufactur-
ing tolerance are summarized and compared in Table 2.3. The parameters that
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Figure 2.13: The coupling coefficient κ and the corresponding maximum reflection Rmax
and bandwidth ∆λ0; the effective index neff and the corresponding Bragg
wavelength λB as functions of the etch depth Tetch.

Table 2.3: DBR manufacturing tolerance

Parameter Accuracy κ ( cm−1) neff (10−3) Rmax (%) ∆λ0 (nm) λB (nm)
W (MA6) ±200 nm ±1.3 ±2.6 ±1.8 ±0.01 ±1.2
W (DUV) ±50 nm ±0.3 ±0.6 ±0.4 ±0.00 ±0.3

Tcore ±10% ±7.1 ±9 ±9.3 ±0.04 ±4.4
T ±10% ±5.3 ±0.5 ±6.1 ±0.03 ±0.1
D ±10% ±1.0 ±0.0 ±1.4 ±0.01 ±0.0

F (wafer2wafer) ±0.1 [−3.2,0] ±0.4 [−4.4,0] [−0.02,0] ±0.2
F (within wafer) ±0.02 [−0.4,0] ±0.1 [−0.3,0] [−0.00,0] ±0.0

Tetch ±50 nm ±1.4 ±1.7 ±1.8 ±0.01 ±0.8

have significant effects on the Bragg wavelength λB, determined by effective in-
dex neff are highlighted with blue color. The parameters that have significant
effects on the maximum reflectivity Rmax of DBRs, determined by the coupling
coefficient κ are highlighted with red color. Attentions should be paid to the pro-
cess control of the waveguide width, the thickness of the waveguide core and the
etch depth to ensure a good accuracy of the Bragg wavelength. The improvements
of the processing accuracy of the thickness of the waveguide core, the thickness of
the grating layer and the duty cycle (wafer to wafer) will lead to a better accuracy
and precision of the DBR reflectivity.

Stitching Errors

We evaluate the effect of the location, size and number of stitching errors in a
600-µm-long DBR based on the T-matrix method for non-uniform gratings. Fig-



2.3 Design Concept 35

Figure 2.14: Simulated reflection spectra with stitching errors at different locations.

ure 2.14 shows the reflection spectra of DBRs with stitching errors of ∆L =Λ/2,
corresponding to a phase shift of π, at different locations x = 0.2L, 0.3L, and 0.5L
from the entrance of the gratings, respectively. The π phase shift opens a nar-
row transmission resonance at central wavelength, which is stronger when the
stitching error is closer to the center of the gratings. In Figure 2.15, the effects of
stitching errors at the center of gratings with different sizes of ∆L = 0 nm, 5 nm
and 20 nm corresponding to phase shifts of 0, 0.04π and 0.17π, respectively, are
illustrated. It shows that DUV with a stitching error of ±5 nm and EBL with a
stitching error of ±20 nm lead to slightly asymmetric side-lobes in their reflection
spectra which are negligible. Further, to investigate the effect of the increased
number of writing fields in DUV reticles, we calculated the reflection spectrum
of a DBR grating with 4 stitching errors, each error has a size of 5 nm located
at 0.2L, 0.4L, 0.6L and 0.8L, respectively. It shows also negligible change, com-
pared to the ideal DBR gratings, see Figure 2.16.
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Figure 2.15: Simulated reflection spectra with different size of stitching errors.

Figure 2.16: Comparison of reflection spectrum between DBR gratings with 4 stitching
errors of 5 nm at locations of 0.2L, 0.4L, 0.6L and 0.8L respectively and an
ideal DBR grating without stitching errors.
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2.4 Summary
In this chapter the theory of Bragg gratings was reviewed and the T-matrix
method for modeling non-uniform Bragg gratings was introduced. The process
flow of DBRs in the SMART Photonics platform was described. Particular at-
tention was paid to set up a bridge in between the theoretical parameters (used
by designers) and the structural parameters (used by foundries). The parame-
ter space for determining DBR characteristics was explored. The grating layer
thickness T and the distance between the grating layer and the waveguide core
D strongly affect the confinement factor Γ and therefore the coupling coefficient
κ. In design, the selection of T should vary with the D value accordingly in order
to determine a certain κ. Moreover, the manufacturing tolerance of DBRs in the
SMART Photonics platform was investigated. The DUV scanner was shown to
have a better control of the waveguide of DBRs compared to the MA6. Both DUV
and EBL are able to produce high quality gratings without problems induced by
stitching errors. The Bragg wavelength of the DBR is sensitive to the accuracy
of the waveguide width, the thickness of the waveguide core and the etch depth.
The accuracy of the thickness of the waveguide core, the thickness of the grating
layer and the duty cycle play an important role in determining the accuracy and
precision of the reflectivity of DBR.





Chapter 3
Characterization of DBRs

In the previous chapter we have explored the DBR parameter space and derived
their manufacturing tolerances. The validation of the design work will be dis-
cussed in this chapter. First of all, we propose methods on the characterization of
DBR reflection spectra, among which the method based on the optical frequency
domain reflectometry (OFDR), which is demonstrated to have the best accuracy.
Based this method, we characterize DBRs from different runs of the SMART Pho-
tonics platform and compare their characteristics. In particular, we will mainly
discuss the following questions:

• What are the shortcomings of the conventional methods?

• What are the advantages of OFDR and how to use it to characterize DBRs?

• What are the manufacturing tolerances indicated by the measurements?

3.1 Conventional Methods

3.1.1 Reflection Method
A straightforward way for charactering reflections of a waveguide component is
to use an optical circulator to direct light from a tunable laser source (or a broad-
band light source) to the device under test (DUT) and to direct the reflected light
from the DUT to a power meter (or an optical spectrum analyzer (OSA)) which
detects and records the wavelength-dependent reflected power. This method has
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Figure 3.1: Schematic diagram of the reflection method.

been widely applied in fiber systems and provides a good accuracy [42]. The
schematic diagram of this method for characterizing DBRs on PICs is presented
in Figure 3.1. The angled facets [43] in combination with anti-reflection (AR)
coatings lead to a suppression of the facet power reflectivity to about 10−5. The
light is TE-polarized with a polarization controller.

Assuming an input power P0, the total reflected power that is recorded in the
detector can be described as:

PR(λ)= P0ηextη
2
couηαRDBR(λ) (3.1)

where ηext represents the power transmission coefficient determined by the losses
in front of the fiber tip, including insertion losses of the circulator, the polariza-
tion controller and connectors and the propagation loss in fibers. ηcou and ηα
represent the power transmission coefficients determined by coupling loss be-
tween the fiber and the waveguide mode and the waveguide propagation loss,
respectively. RDBR(λ) is the reflectivity of the DBR versus wavelength. As the
fiber-to-waveguide coupling loss cannot be directly measured in this case, it is
not straightforward to extract the absolute reflectivity RDBR(λ) of the DBR. We
show an example of the measured reflected power at a laser input power of 1 mW
in Figure 3.2, the result is on a DBR with a length L of 0.6 mm and a period Λ of
236.3 nm. Although the DBR reflectivity is not derivable, the Bragg wavelength
λB and the bandwidth ∆λ0 can be extracted with this method.

3.1.2 Transmission Method
By using the same test structure but a transmission measurement, we are able
to track the coupling loss and thus extract the absolute DBR reflectivity. The
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Figure 3.2: The measured reflected power of a DBR with a length L of 0.6 mm and a period
Λ of 236.3 nm at a laser input power of 1 mW.
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Figure 3.3: Schematic diagram of the transmission method.

schematic diagram of the transmission configuration is presented in Figure 3.3.
The total transmitted power can be described as:

PT(λ)= P0ηextηcou1ηcou2ηα(1−RDBR(λ)) (3.2)

where ηext represents the power transmission coefficient determined by the losses
external to the fiber tips from both the input and output side, ηcou1 and ηcou2
represent the power transmission coefficients determined by the coupling losses
from the input and the output side, respectively. 1−RDBR(λ) is the transmittance
of DBRs and equals 1 outside of the DBR stop-band. So the total transmitted
power outside of the stop-band should be a constant and equals:

Pout = P0ηextηcou1ηcou2ηα (3.3)
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Figure 3.4: The measured transmitted power of a DBR with a length L of 0.4 mm and
a period Λ of 239.3 nm. The dashed orange curve is obtained by fitting the
measured data based on a seven-term Fourier model that is available in the
curve fitting tool box in Matlab.

The reflectivity of DBRs can be extracted by normalizing the PT(λ) with Pout:

RDBR(λ)= 1− PT(λ)
Pout

(3.4)

However, in practice the transmitted power outside of the stop-band Pout is not
a constant, as shown in Figure (3.4). The spectral fluctuations might be caused
by interferences between spurious reflections and/or interferences between wave-
guide modes, typically the fundamental mode and fiber-to-waveguide misalign-
ment excited higher order modes. The measured DBR has a length L of 0.4 mm
and a period Λ of 239.3 nm. It is worth noting that there are two reflection peaks
observed at wavelengths 1564 nm and 1533 nm, respectively. They correspond
to two different effective indices of waveguide modes [44], which are calculated
to be 3.268 and 3.203 according to Equation 2.3. These values match the simu-
lated values of the fundamental and first order modes that were obtained with
FIMMWAVE simulations. The beat length LB between those modes corresponds
to a phase delay of 2π, which here equals 24 µm [45]:

LB = 2π
β0 −β1

= λ

neff0 −neff1
(3.5)
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Figure 3.5: The extracted reflectivity of the DBR.

where β0 and β1 are the propagation constants of the two modes; neff0 and neff1
are the effective indices of the two modes. The beat length LB leads to spectral
fluctuations [45] with a period ∆λ, given by [46]:

∆λ= λ2

2ngLB
(3.6)

where ng is the group index which is about 3.6 in this case. The spectral period
∆λ is calculated to be 14 nm, which matches the fluctuation period of the fitted
curve (orange dashed line) based on a seven-term Fourier model that is available
in the curve fitting tool box in Matlab. This supports the assumption that the
strong spectral fluctuations are caused by interference between the fundamen-
tal and the first order modes. We normalize the measured power with the fitted
curve and extract the reflectivity of the DBR, the result is shown in Figure 3.5.
The baseline still varies strongly around 0 because: first, the fitting model that
we used has not been optimized and more enhanced models would be needed;
second, there are other interferences which correspond to a different spectral pe-
riod and require further tuning of the fitting processes. The fluctuating baseline
or the complexity in optimizing the fitting procedure reduces the reliability and
applicability of this method.

In summary, the accuracy of this method is strongly dependent on the align-
ment, the reflection suppression and the fitting quality. Poor alignment leads to
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excitation of higher order modes and therefore introduces mode beatings. The
challenges for alignment are: first, the alignment is critical, the first order mode
can be easily excited with a small offset of the alignment for 2 µm-wide shallow-
etched waveguides. Second, the measurement of transmission requires align-
ments from two sides of the chip which makes it more tricky to be perfectly ad-
justed. Reflections from the facets or defects introduce interferences which will
also add fluctuations to the measured data. For a measured curve with fluctu-
ations, fitting processes are necessary to eliminate the unwanted interferences.
It requires significant effort to achieve a good fitting quality as the fluctuation
patterns are the product of a few interferences and are irregular. Also, they vary
between measurements and structures. Therefore, this method is not ideal for
characterization of the absolute reflectivity of DBRs.

3.2 OFDR Method
We have presented two conventional methods with simple test structures for
characterizing DBRs. However, the DBR reflectivity cannot be measured accu-
rately based on these two methods. In this section, we propose a method which
requires an equally simple test structure and provides a good accuracy on reflec-
tivity. The content of this section has been accepted for publication by a peer
reviewed journal: D. Zhao, D. Pustakhod, K. Williams, X. Leijtens, "A Novel
Method for Characterization of Distributed Bragg Reflectors in Photonic Inte-
grated Circuits," IEEE Photonics Journal. © 2018 by the authors, open access
CC-BY. It is included here verbatim in sections 3.2.1 to 3.2.6.

3.2.1 Abstract
We present a novel and accurate method for characterizing the reflection spectra
of distributed Bragg reflectors (DBRs) using optical frequency domain reflectom-
etry (OFDR). A compact test structure with integrated reference mirror and pho-
todetector is designed which overcomes the dependence on the fiber-to-waveguide
coupling.

3.2.2 Introduction
The Distributed Bragg Reflector (DBR) is an important waveguide component for
achieving wavelength selective filter and reflector functions [1]. The optical re-
flection spectrum of a DBR records the power reflectivity of the DBR as a function
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of wavelength, which exposes DBR characteristics such as reflection bandwidth,
Bragg wavelength, coupling coefficient and periodicity. However, accurate veri-
fication of the optical reflection spectra of DBRs on photonic integrated circuits
(PICs) is a challenge due to the uncertainty induced by the fiber-to-waveguide
coupling. The fiber-to-waveguide coupling leads to a coupling loss, reflections
between different media and excitation of higher order modes due to alignment
mismatch. The conventional methods however, are designed based on the as-
sumption of a perfect alignment. One method is to use test structures with sup-
pressed facet reflections, tunable laser sources (or broadband light sources) as
inputs and power meters (or optical spectrum analyzers) as detectors to measure
the wavelength dependence of transmitted or reflected power [47–49]. Not only
the quality of reflection suppression affects the method accuracy but also the
precision of the optical alignment. The measured spectra based on this method
typically fluctuate strongly as there are interferences with reflections from the
chip facets or with the excited higher order modes. Another method is to use test
structures with a cleaved facet and the DBR under test to form a Fabry-Pérot
cavity. The reflectivity of the DBR can be extracted from the contrast ratio be-
tween the maximum and the minimum in the fringe pattern of intensity [50].
This method works for the extraction of the peak reflectivity but not for the full
spectrum, due to the same concern for the higher order mode excitation.

A widely studied approach for characterization of fiber Bragg gratings, includ-
ing their reflection spectrum, group delay and refractive index profiles, is through
optical reflectometry methods [51–55]. The reflectometric systems such as opti-
cal time domain reflectometry (OTDR), optical coherence domain reflectometry
(OCDR) and optical frequency domain reflectometry (OFDR) provide a better dy-
namic range of the measured reflection spectrum compared to the conventional
methods [53, 54]. In addition, they allow to de-embed unwanted reflections by
spatial domain filtering, which is an excellent approach to overcome the interfer-
ence issues [56]. Although the reflectometry methods have been well developed
for characterization of fiber Bragg gratings, it is new for Bragg gratings on PICs.

In this work, we have developed a novel and compact on-chip test structure
for measuring the DBR reflection spectrum based on the OFDR method. The
facet at the input side of the chip under test is as-cleaved to be used as the refer-
ence mirror in the interferometric system. This simplifies the OFDR system, as
discussed in Ref. [56, 57] and removes any dependence on anti-reflection coating
quality. The output of the test structure is connected to an integrated photodetec-
tor instead of a facet. The photodetector excludes reflections from the second facet
and avoids one more coupling between waveguide and fiber which enables more
accurate analysis [58]. In this paper, we use simulations as a first step, for the
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Figure 3.6: (a) Structures for simulations: a stand-alone DBR with a length of LDBR (ref-
erence) and the same DBR located on a shallow-etched waveguide at a distance
Lf from the front facet (test structure). The Rf and Rb are the power reflectiv-
ity of the front and the back facet, respectively. In the reference DBR there are
no facets, so Rf = Rb = 0. In the test structure the light is absorbed by the on-
chip detector, so there is no back facet reflection and Rb = 0. The green arrows
represent different paths of the transmitted signal. (b) Simulated transmis-
sion spectra of the reference (blue) and the test structure (red).

development of the numerical algorithm and for choosing the appropriate param-
eters for implementing the method. We present experimental demonstrations to
validate the method, which show a near-perfect match with the simulations.

3.2.3 The Method

The designed structures, the data processing on the simulated results and the
test structure design rules for obtaining accurate reflection spectra of DBRs are
discussed in this section. Simulations are executed with our optical extensions
based on modal propagation and that are implemented in Keysight’s Advanced
Design System (ADS) [59]. The transmission and reflection properties of DBRs
are calculated from scattering matrices which are determined based on calcu-
lations of the modal propagation constants and the corresponding modal field
distributions.
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Test Structure Simulations

A stand-alone DBR (reference) and the same DBR on a waveguide (test structure)
are shown in Figure 3.6a. The stand-alone DBR is used as a reference to provide
the pure transmission and reflection spectra of DBRs with certain length LDBR,
Bragg wavelength λB and coupling coefficient κ. The fiber-to-waveguide coupling
loss and the waveguide propagation loss are set to 0. Only the TE fundamental
mode is coupled into the device to avoid interference with other modes. The
test structure is designed for extracting the reflection spectra of DBRs based on
OFDR. It contains the same DBR as in the reference and is located on a shallow-
etched waveguide at a distance Lf from the front facet. The power reflectivity
of the front facet Rf is set to be the same as a cleaved facet which is 33 % [60].
The reflectivity of the back facet Rb is set to be 0 to simulate full absorption
by the integrated photodetector. The fiber-to-waveguide coupling efficiency is
included by using the existing model in the simulation tool, which is based on
modal overlap between fiber and waveguide modes. It is simulated to be 0.7
considering a perfect alignment. The waveguide propagation loss is set to be
2 dB/cm, matching previous measured values.

There are different interfering optical paths in the test structure. Path 1 is
the direct signal which is used as a reference path; Path 2 represents a group
of signals that have multiple distributed reflections inside the DBR; Path 3 rep-
resents a group of signals that propagate one more round-trip inside the DBR;
Path 4 represents a group of signals that have a reflection from the front facet
and multiple distributed reflections from the DBR; Path 5 represents a group
of signals that propagate one more round-trip between the front facet and the
DBR. There are more paths with multiple round-trips due to the strong reflec-
tion of DBRs, which are not shown. The transmitted power is the result of the
contributions of all paths. Figure 3.6b shows the simulated transmission spectra
of the reference (blue) and the test structure (red) with a DBR: LDBR = 0.6 mm,
λB = 1550 nm and κ= 50 cm−1.

Data Processing Based on OFDR

The extraction of the DBR reflection from the modulated transmission spectrum
is carried out in the following steps: first, we take the Fast Fourier transform
(FFT) of the simulated spectra to retrieve a distribution map of all reflections
in the spatial domain. The reflection distributions in the spatial domain for the
reference (blue) and the test structure (red) are shown in Figure 3.7a. The posi-
tions of the reflection peaks are determined by the optical path length differences



48 Chapter 3. Characterization of DBRs

Figure 3.7: Reflection distributions in the spatial domain (a) after applying a Fourier
transform, (b) after compensating the losses and (c) after filtering out the un-
wanted reflections for the test structure (red) compared to the reflection dis-
tribution of the reference (blue); (d) The reflection spectra obtained by simu-
lating the reference (blue) and by extracting from the test structure (red) after
applying an inverse Fourier transform to the filtered reflection in the spatial
domain. The LDBR is the length of the DBR, the Lf is the distance between
the front facet and the DBR and the Lw is the width of the filtering window.

between different interference paths as shown in Figure 3.6a [61]. For the refer-
ence, the two peaks at cavity length of 0 and 0.6 mm respectively represent the
reflections from the entrance and the exit of the DBR due to the interference
between path 1 and 2. The oscillations at higher distances are due to multiple
reflections of the light within the grating structure [52]. For the test structure,
there are extra reflection peaks at cavity length of 3 mm and 3.6 mm respectively
due to the interference between path 1 and 4 and at cavity length of 6 mm and
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6.6 mm respectively due to the interference between path 1 and 5. The oscillation
period between the reflection distributions for the reference and test structure
are almost identical, while an amplitude mismatch is observed.

Second, we correct the amplitude of the reflection distribution for the test
structure. For the reference structure, the transmitted power at the Bragg wave-
length is:

Pr = P0(1−RDBR) (3.7)

where P0 is the total power input for the reference structure and equals 1; RDBR
is the peak reflection of the DBR at the Bragg wavelength. For the test structure,
the transmitted power at the Bragg wavelength is:

Pt = P ′
0(1−RDBR)η (3.8)

where P ′
0 is the total power input for the test structure. It equals 1 in simulations

but will be a different value in actual measurements; η is the power transmission
coefficient determined by all the extra losses in the test structure compared to the
reference:

η= ηc(1−Rf)ηt[1+ηrt +η2
rt +η3

rt + ...]

= ηc(1−Rf)ηt

1−ηrt

(3.9)

where the ηc, ηt and ηrt are the power transmission coefficients determined by
the fiber-to-waveguide coupling loss, the waveguide propagation loss over the
whole waveguide and over a round-trip between the front facet and the DBR,
respectively. The 1−Rf is the light transmittance through the front facet. The
ηc is calculated from the averaged power Pa in the wavelength range outside the
grating reflection band:

ηc = Pa

P ′
0(1−Rf)ηt

(3.10)

The power transmission determined by the round-trip loss is:

ηrt = RfRDBRη
2
Lf

(3.11)

where ηLf is the power transmission coefficient determined by the propagation
loss of the waveguide over the distance Lf between the front facet and the DBR.
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The correction is done in linear scale with a correction ratio Rc, which can be
extracted based on Eq. 3.7 to 3.11:

Rc = Pt

Pr
= Pa

P0(1−RfRDBRη
2
Lf

)
(3.12)

where the total power input P ′
0 is eliminated, showing no need for the input

power calibration and a simplified data analysis. The only unknown for solving
the Rc is the peak reflection of the DBR RDBR. We firstly determine the RDBR by
choosing an R′

DBR arbitrarily between 0 and 1. The actual value of both will be
found out later.

Third, we apply a rectangular window with a width of Lw to the spatial spec-
trum. This selects in the spatial domain the reflections at ∆L21 and ∆L31 and
filters out the reflections at ∆L41 and ∆L51, where ∆Lij represents the path dif-
ference between path i and path j. This is possible when ∆L41 and ∆L51 are
sufficiently larger than ∆L21 and ∆L31. Defining the distance Lf between the
DBR and the front facet, which determines ∆L41 and ∆L51, and defining the
filter window width Lw are discussed in the next section.

Fourth, we apply an inverse Fast Fourier transform (IFFT) to the filtered
reflection curve in spatial domain. Then the peak reflection of the DBR RDBR is
extracted.

The assumed peak reflection was chosen arbitrarily, and this means that the
extracted peak reflection value will not match it. In order to find the correct
value of the peak reflection, we sweep the assumed R′

DBR from 0 to 1 retrieve the
value where the extracted RDBR is equal to the input value R′

DBR. The results
with the extracted RDBR for loss compensation, filtering and IFFT are shown
in Figure 3.7b c and d, respectively. In Figure 3.7b, it shows that the reflection
amplitudes are matched between the reference and the test structure when the
cavity length is below 2 mm, the amplitudes increase at a longer cavity length
due to the interference between the DBR and the front facet. In Figure 3.7c,
the reflections at a longer distance than the filter window width Lw are filtered
out. In Figure 3.7d, the extracted spectrum (red line) shows a perfect match of
the stop-band amplitude and the position of the zero-crossings over the whole
wavelength range compared to the reference. The amplitude of the side-lobe is
slightly off as the loss correction ratio Rc is calculated at the Bragg wavelength.

Test Structure Design Rules

We derive the rules for defining the width of the filtering window Lw and the
distance Lf between the DBR and the front facet, which are studied through sim-
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ulations. Figure 3.8a and b show the extracted reflection spectra at different Lw
and Lf, respectively. The spectra are plotted with an offset of 3 nm in wavelength
to make them distinguishable. In Figure 3.8a, the extracted spectrum shows a
lower peak reflection with a small Lw of 0.1 mm. The reflection peaks are in-
creased when the Lw is above the grating length. However, there are oscillations
within the reflection band at Lw of 0.7 mm, 1.3 mm and 3.1 mm, respectively.
The Lw is suggested to be longer than the triple-trip distance within the DBR:
Lw > 3LDBR to include enough information of the DBR reflection. In addition, it
should be shorter than the distance between the DBR and the front facet Lw < Lf
to not include the reflection peaks caused by interference between path 1 and
4. In Figure 3.8b, the oscillations disappear when the distance between the DBR
and the front facet is longer than the quadruple-trip distance within the DBR:
Lf > 4LDBR.

Figure 3.8: The extracted reflection spectra (a) at different width of the filter window Lw
and (b) while varying the distance Lf between the front facet and the DBR,
respectively. The spectra are plotted with an offset of 3 nm in wavelength to
make them distinguishable.

3.2.4 Experimental Demonstration
Test Structures

A set of test structures with buried DBRs in shallow-etched InP waveguides [1,
62] is fabricated by SMART Photonics [13] through the JePPIX.eu multi-project
wafer service [11]. Since the buried DBRs are not visible from the top image of
the chip, the orange bars are added to show the lengths and the distance between
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the DBR and the front facet (Lf = 3 mm) in Figure 3.9. The DBRs are designed
with a Bragg wavelength of 1550 nm, a coupling coefficient of 50 cm−1 and length
variation of 0.1, 0.2, 0.4, 0.6 and 0.8 mm, respectively. The front facet of the
chip is as-cleaved, which has a power reflectivity of about 33 % [60]. There are
0.1-mm-long photodetectors connected to each waveguide-end with 60-µm-long
electrical isolation sections in between.

Figure 3.9: Microscope photograph of a small section of the integrated chip under test.
Since the buried DBRs are not visible from the original image, the orange
bars are added to present the DBRs. Design values of the grating length and
location are marked.

The OFDR System

A schematic diagram of the test system for the characterization of DBRs is shown
in Figure 3.10. Light from a tunable laser source (TLS, Agilent 81600B) is cou-
pled into the device under test (DUT) with a lensed fiber. The input polariza-
tion direction is calibrated before the measurement. It is aligned with the chip
plane which corresponds to the TE-mode of the waveguide using a polarization
controller (PC). The polarization extinction ratio is 18 dB. The light intensity de-
tected in the photodetector is resulting from the interference between all intra-
chip reflections. The corresponding photocurrent is measured by a current meter
(I-meter, Keithley 2602B). The data processing as discussed in Section 2.2 is then
performed to extract the reflection spectra of the DBRs.

Experimental Validation of the Method

Figure 3.11a shows examples of the measured photocurrents for DBRs with the
same Bragg wavelength of 1550 nm but different length of DBRs. The wave-
length range is from 1520 nm to 1580 nm with a step of 10 pm. The spectra are
plotted with an offset of 7 nm in wavelength to make them distinguishable in the
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Figure 3.10: A schematic diagram of the OFDR system.

Table 3.1: Parameters used for data processing of measured spectra

Symbol Parameter Value
LDBR the length of DBRs 0.1−0.8 mm
Lw the width of the filter window 3Lr
Rf the power reflectivity of the front facet 33%
Lf the distance between the front facet and the DBR 3 mm
α the propagation loss 2 dB/cm
ηLf the power transmission coefficient 0.87

considering the propagation loss over the distance Lf
Pa the averaged photocurrent in passband ∼ 0.33 mA

figure. The transmission spectra are recorded by measuring the photocurrent
as a function of wavelength. The photocurrent is normalized with a quadratic
curve obtained by fitting the photocurrent outside of the stop-band to a second
degree polynomial function. An example is shown in Figure 3.11b. The transmis-
sions of DBRs are not directly visible from the measured photocurrents due to
the modulation of coupling, waveguide propagation and signal interferences.

The data processing for extracting the reflection spectra is the same as for the
simulations. The used parameters are shown in Table 3.1. The propagation loss
of the waveguides is measured by the Fabry–Pérot interferometric method [63]
using other straight waveguides on the same chip. Figure 3.12 shows the ex-
tracted reflection spectra (solid lines) of the same DBRs and simulated spectra
(dashed lines) of the DBRs with the same lengths. The Bragg wavelength for the
simulated DBRs was chosen to be different to facilitate the comparison and avoid
overlap with the measured spectra. There is an excellent agreement between
measurement and simulation, both for the shape of the reflection spectrum and
for the absolute value of the peak reflectivity.
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Figure 3.11: (a) Measured transmission spectra of test structures with DBRs of different

length. The wavelength range is from 1520 nm to 1580 nm with a step of
10 pm, the spectra are are plotted with an offset of 7 nm in wavelength to
make them distinguishable. (b) An example of the measured photocurrent
and the fitted curve of the photocurrent outside of the stop-band to a second
degree polynomial function that is used for normalization.

3.2.5 Stitching Error Characterization
Figure 3.13 shows a higher resolution response of the simulated and extracted
reflection spectra of a DBR with a length of 0.8 mm. The measurement identi-
fies a spectral asymmetry on the long wavelength side which is attributable to a
stitching error induced phase shift (blue arrow) which may occur between differ-
ent writing fields (each writing field is 0.5 mm) when writing DBRs with e-beam
lithography [64]. In the simulation a stitching error of 20 nm, which is within the
machine specification, is sufficient to match the experimental data.

3.2.6 Conclusions
We have developed a novel test structure and method based on OFDR with a sub-
sequent filtering in the spatial domain to extract the reflectivity characteristics of
DBRs. It shows an excellent agreement with simulations and it was shown to be
sufficiently sensitive to analyze performance deviations due to stitching errors.
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Figure 3.12: Extracted reflection spectra of DBRs at different length (solid lines) compared
to the simulated ones of the reference DBRs (dashed lines).
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Figure 3.13: Extracted reflection spectrum of a test structure with a 0.8-mm-long DBR
with a stitching error at 0.5 mm from the entrance of the DBR (solid line)
and simulated reflection spectrum for a reference structure with the same
DBR (dashed line).
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Table 3.2: Overview of tools and characterization methods used for different wafer runs

Wafer description Tool for waveguide definition Tool for writing gratings Characterization method
Non-MPW MA6 DUV conventional method

SP19 MA6 EBL conventional method
SP20 DUV EBL OFDR method

3.3 Manufacturing Repeatability

We have tested DBRs from three different runs provided by SMART Photonics,
indicated in Table 3.2. The first one is not a MPW run (Non-MPW); it was spe-
cially made for testing the DUV scanner for writing gratings and was the world’s
first successful run to include DUV written gratings on an InP platform. The
waveguides in this run are defined by contact lithography with the MA6. The
second is the 19th MPW run (SP19), in which the waveguides are also defined
by MA6 and the gratings are written with EBL. In the first two runs, the test
structures of DBRs are designed based on the conventional method. The last is
the 20th MPW run (SP20), in which the waveguides are defined by DUV and the
gratings are written with EBL. The test structure in this run is developed for
using the OFDR method. In particular, we have measured 3 chips distributed on
the same wafer from the non-MPW run; 2 chips from SP19, each of them located
on a different wafer and 4 chips from 2 wafers of SP20 with 2 on each wafer.

Bragg Wavelength

The measured Bragg wavelength λB of the DBRs from each chip, wafer and run
are summarized. Figure 3.14 shows examples of the data obtained from one chip
(blue circles), one wafer (red circles) and two wafers (green circles) in SP20. Lin-
ear fits are applied to each set of data to obtain the distribution of Bragg wave-
length λB as a function of the grating period Λ and their deviations ∆λB. The
fitted Bragg wavelength λB for three different runs are shown in Figure 3.15a.
They are in very good agreement and the separate curves can hardly be distin-
guished. The Bragg wavelength deviation ∆λB over each chip, wafer and run are
shown in Figure 3.15b. Presented are the measurement results from four chips
from SP20 and two chips from SP19, showing a chip-scale Bragg wavelength de-
viation ∆λB below 0.24 nm. The Bragg wavelength deviation ∆λB within a wafer
is below 0.56 nm, shown by the results of two wafers from SP20 and one wafer
from the Non-MPW run. The Bragg wavelength deviation ∆λB over two differ-
ent wafers is 0.57 nm for SP20 (DUV) while it is up to 1.13 nm for SP19 (MA6).



3.3 Manufacturing Repeatability 57

Chip1

Chip2

Wafer1 Wafer2
SP20

Chip3

Chip4

236 237 238 239 240
 (nm)

1545

1550

1555

1560

1565

1570

B
 (n

m
)

data
fitted curve

236 237 238 239 240
 (nm)

1545

1550

1555

1560

1565

1570

B
 (n

m
)

data
fitted curve

236 237 238 239 240
 (nm)

1545

1550

1555

1560

1565

1570

B
 (n

m
)

data
fitted curve

Figure 3.14: Fitted Bragg wavelengths as a function of the grating period over one chip,
one wafer and two wafers, respectively.

The major difference between SP19 and SP20 is the tool used for the waveguide
lithography, MA6 and DUV, respectively. In the previous chapter, we have esti-
mated wavelength deviations based on DUV and MA6 which are ±0.3 and ±1.2,
respectively (Table 2.3). respectively. The measured results for MA6 match and
for DUV they are slightly worse than the estimation. It is again confirmed that
the DUV scanner provides a better reproducibility of the DBRs.

Reflectivity

The reflectivity of DBRs in SP20 are characterized based on the OFDR method.
Their averaged values and the relative deviations at lengths L of 0.1, 0.2, 0.4
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Figure 3.15: (a) Fitted Bragg wavelengths as a function of the grating period for each run.
(b) The Bragg wavelength deviations over chips, wafers and runs.

and 0.6 mm are calculated, shown as the blue crosses in Figure 3.16. The abso-
lute deviations to the simulated reflectivity of DBRs at each length are shown
as the red squares. The observed largest relative and absolute deviations over
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Figure 3.16: The relative and absolute reflectivity deviations of DBRs in SP20. The rela-
tive deviation is the standard deviation to the averaged values of measured
reflectivity; the absolute deviation is the standard deviation to the simulated
reflectivity of DBRs.

two wafers are 0.018 and 0.02, respectively. These variations are not significant
which shows a good fabrication precision, in this specific run, of the waveguide
core thickness Tcore, the grating layer thickness T and the duty cycle F which
are expected to have the strongest influences on the reflectivity.

3.4 Summary

This chapter started with introducing two conventional methods for character-
izing Bragg gratings. These methods provide good accuracy in fiber systems
but not in PICs. This is due to the additional needs on fiber-to-waveguide cou-
pling which involves coupling losses and even waveguide mode interference if the
alignment is imperfect. Knowing the drawbacks of the conventional methods, we
investigated a method based on OFDR which allows to de-embed unwanted re-
flections by spatial domain filtering and makes the extraction of DBR reflectivity
to be independent of coupling. It provides accurate results which have a near-
perfect match to the simulations. In addition, the method is sufficiently sensi-
tive to analyze performance deviations due to stitching errors. Subsequently, the
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Bragg wavelength and reflectivity of DBRs are characterized based on the stud-
ied method. The Bragg wavelength repeatability over different chips, wafers and
runs are presented. The DUV scanner is suggested for the future fabrication as
it provides a much enhanced repeatability of DBRs compared to the MA6. The
reflectivity is demonstrated to be very reproducible from wafer to wafer in the
same run.



Chapter 4
Characterization of Localized
Reflections

In the previous chapter we have implemented the optical frequency domain re-
flectometry (OFDR) method for characterization of distributed reflections of dis-
tributed Bragg reflectors (DBRs). This is realized by de-embedding non-related
reflections by spatial domain filtering and then taking an inverse Fourier trans-
form to retrieve the spectrum in the frequency domain. In this chapter we focus
on another important application of OFDR, which is characterization of localized
reflections in photonic integrated circuits (PICs) by analyzing the positions and
reflection peak values of the decoded reflection impulses in the spatial domain.
The analysis of those requires a high resolution of the method to resolve accu-
rately the reflection impulses. This chapter starts with an introduction to the
theory of the method. Following that, we show our solution on achieving a high-
resolution OFDR and present the characterized results on waveguide crossings.
In particular, we will address the following questions:

• How to extract the positions and amplitudes of localized reflections?

• What determines the resolution of OFDR and how to improve it?

• How to calculate group refractive indices of waveguides based on the pro-
posed OFDR system?
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Figure 4.1: Schematic diagrams of (a) a conventional and (b) a simplified PIC-based OFDR
systems in a Mach-Zehnder configuration.

4.1 Introduction

Optical frequency domain reflectometry is a critical diagnostic tool for lightwave
components and systems by measuring the echo time delay and magnitude of
backscattered light [61]. In terms of functional principle, it is analogous to swept-
source optical coherence tomography (swept-source OCT). A coherent light source
and an interference setup are at the core of any OFDR system. There are many
types of interference configurations. We will in particular introduce a simpli-
fied PIC-based OFDR system (Figure 4.1b) which is derived from a conventional
Mach-Zehnder configuration (Figure 4.1a). Subsequently, we will demonstrate
the basic concepts of light interference and their role in characterization of local-
ized reflections in PICs.

In Figure 4.1a, a tunable light source (TLS) is split into two paths by a beam
splitter directing it along two different arms of the interferometer. One arm is
designated as the reference arm, while the other one includes the device un-
der test (DUT) integrated on a semiconductor chip. The two beams propagate
through each arm and combine at the beam splitter. They generate an interfero-
gram due to a phase shift introduced by the path length change in the DUT arm
and is recorded by the detector. Taking the Fast Fourier transform (FFT) of the
detected signal, the interference pattern will be decoded into individual reflec-
tions located at a distance that corresponds to the optical path length difference
between the two arms in the spatial domain. It is then possible to determine the
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position and the reflectivity of the DUT. This setup is complex and is sensitive to
the ambient variations. A simplified Mach-Zehnder configuration has been pro-
posed by Melati [65] (Figure 4.1a), It makes use of an integrated mirror which is
in fact the cleaved facet of the semiconductor chip which has a known reflectivity.
The two paths in the setups are represented by the blue curve (reference arm)
and the red curve (DUT arm).

We now derive how exactly the information recorded by the detector is en-
coded and how to decode it. Consider the setup shown in Figure 4.1b. The tun-
able laser source generates light at a frequency f . Its electric field expressed in
complex notation is:

E0( f )= a0( f )e jωt = a0( f )e j2π f t (4.1)

where a0 is the complex amplitude of the input field as a function of frequency.
The field that propagates through the reference arm and reaches the detector
is as Equation 4.2. The propagation outside of the chip can be ignored as it is
identical for both paths.

Eref( f )= a0( f )|tf|2e−
1
2αLce j2π f

ngLc
c (4.2)

where tf is the amplitude transmission coefficient of the front cleaved facet, α
is the waveguide propagation loss, Lc is the chip length, ng is the group refrac-
tive index of the waveguide on chip and c is the speed of light in vacuum. The
transmitted field with reflections between the cleaved facets and the i-th internal
component is:

E i( f )= a0( f )r i,effe j2π f
ng(Lc+2Li )

c (4.3)

where r i,eff is the effective reflection coefficient of the i-th internal component
and L i is the distance between the front facet and the i-th internal component.

r i,eff = |tf|2|rfr i|e−
1
2α(Lc+2L i) (4.4)

where rf and r i are the amplitude reflection coefficients of the front cleaved
facet and the i-th internal component, respectively. The total optical power that
reaches the detector can be described as:

U( f )= |Eref( f )+
2N∑
i=1

E i( f )|2 (4.5)
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where the summation is extended to all the internal components with of a total
number of N. Equation 4.5 can be expanded and re-arranged by substituting
Equation 4.2 to 4.4 into it, given as:

U( f )=U0( f )
[

A+Be j4π f
ngLi

c +B′e− j4π f
ngLi

c +C
]

U0( f )= |a0( f )e j2π f
ngLc

c |2

A = |tf|4e−αLc

B =
2N∑
i=1

r i,eff|tf|2e−
1
2αLc

B′ =
2N∑
i′=1

ri’,eff|tf|2e−
1
2αLc

C =
N∑

i=1
r i,effe j4π f

ngLi
c ·

N∑
i′=1

r i′,effe− j4π f
ngLi

c

(4.6)

where A is a DC term and describes the interference of the reference path with
itself, B and B′ represent the interference between the reference and the DUT
paths with positive and negative delays, called as cross-correlation. The C term
consists the interference between all the DUT paths and is called the auto-
correlation term. We assume C = 0 based on the condition that |r i|2 ¿ |rf|2,
which is valid for most of the practical cases. Using the following definition for
the Fourier transform:

x(L)=
∫ ∞

−∞
X ( f )e−i2π f Ld f (4.7)

We calculate the Fourier transform to U( f ), a map u(L) of the distribution of the
internal component reflections in the spatial domain can be retrieved:

u(L)= u0(L) ·
[
Aδ(L)+Bδ (L+2L i)+B′δ (L−2L i)

]
(4.8)

where δ(L) is the Dirac delta distribution. If we normalize u(L) with its first
term, the reflection distribution map can be re-written as:

u(L)′ = δ(L)+ B
A
δ (L+2L i)+ B′

A
δ (L−2L i) (4.9)

By knowing the positions of the reflection impulses in the distribution map, the
locations of the localized reflections L i can be easily obtained. The amplitudes of
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the localized reflections r i can be extracted from the amplitudes of the reflection
impulses B

A according to Equation 4.6.

4.2 High-resolution OFDR for Localized Reflec-
tions

The resolution of OFDR plays a critical role in providing a good accuracy of inves-
tigated reflections. In this section we describe an approach to a high-resolution
OFDR and introduce its application on characterizing waveguide crossings. The
content of section 4.2.1 to 4.2.5 was previously published in a peer reviewed jour-
nal. Reprinted from D. Zhao, D. Pustakhod, K. Williams, X. Leijtens, "High Reso-
lution Optical Frequency Domain Reflectometry for Analyzing Intra-Chip Reflec-
tions," IEEE Photonics Technology Letters, vol. 29, no. 16, August 15, 2017.
© 2017 IEEE, open access. It is included here verbatim.

4.2.1 Abstract

We present a method for high-resolution optical frequency domain reflectometry
by de-embedding group-velocity dispersion in the device under test. The method
is shown to provide an accurate estimation of the wavelength dependent group
refractive index, and provides a spatial resolution of 5.3±1.7 µm for intra-chip
reflections. We applied this method to characterize localized reflections from a
number of waveguide crossings. The minimum distance of 30 µm between two
crossings could easily be resolved. The reflection of waveguide crossings was
analyzed to be (2.5±1.2)·10−6.

4.2.2 Introduction

In photonic integrated circuits (PICs), intra-chip reflections from waveguide de-
fects and mode-mismatching can lead to interference with signals both on and off
chip [66,67]. They result in an unwanted change of the behavior of circuits, espe-
cially for circuits containing active components. The influence becomes stronger
as the complexity of circuits increases. So it is essential to characterize the lo-
calized reflections of components in order to take the effects into account during
circuit design and to improve component design. The optical reflectometry meth-
ods have been well developed for characterization of localized reflections in fiber
optics [68–70]. However, there are challenges for characterization of PICs, such
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as the higher requirements of the spatial resolution [61]. The feature size of com-
ponents in PICs is as low as micrometers and they are closely spaced. With the
stronger demands of reducing footprint of PICs, the improvement of spatial reso-
lution of the optical reflectometry methods is becoming increasingly significant.

There are three main optical reflectometry methods: optical time domain re-
flectometry (OTDR), optical coherence domain reflectometry (OCDR) and optical
frequency domain reflectometry (OFDR). They have tradeoffs in spatial resolu-
tion, sensitivity and length range [69, 71, 72]. Recently, the OFDR method has
drawn more attentions due to its high speed and sensitivity, compact setup, and
easy adjustment of the spatial resolution [57,73]. However, the spatial resolution
of OFDR is typically limited to tens of micrometers [61,72]. Iizuka et al. have re-
ported a 5.4 µm spatial resolution obtained with OFDR, but with low-dispersion
waveguides over a 500 µm distance [74]. The deterioration of the spatial resolu-
tion due to dispersion in their case is negligible. In this work, we have achieved
a comparable spatial resolution of 5.3±1.7 µm with OFDR for more dispersive
waveguides over a longer spatial range. There are two key factors which result
in the high resolution: first, the use of a coherent tunable laser source with a
broad tuning range; second, the correction for the error incurred by an unknown
waveguide dispersion. Glombitza et al. have established a method for dispersion
correction in OFDR. They have achieved a spatial resolution of 50 µm, limited by
the laser tuning range [61]. Compared to their method, the novelties of our work
are: first, we have a simplified system with higher stability; second, we provide
an accurate method for estimating the wavelength dependent group and effective
refractive index of dispersive waveguides.

Lastly, we have experimentally investigated the OFDR method with the char-
acterization of shallow ridge waveguide crossings on InP. Such waveguide cross-
ings play an important role in PICs. However, they cause localized reflections [1].
We used samples with waveguide crossings to experimentally confirm the spatial
resolution of our method and in addition, to characterize the reflection of ridge
waveguide crossings on InP.

4.2.3 The OFDR Method
A schematic diagram of the OFDR system is shown in Figure 4.2. Light from
a swept tunable laser source (TLS) is aligned to the TE-polarized mode of the
PIC waveguide through a polarization controller (PC). It is coupled into the de-
vice under test (DUT) with a lensed fiber. The DUT contains shallow-etched
straight waveguides on InP [1] and the crossings, short waveguide intersections
at a 90◦ angle. The intensity modulation resulting from the interference between
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Figure 4.2: A schematic diagram of the OFDR system.

the direct signal (red path), acting as a reference, and the signals with multiple
reflections between the cleaved facets and the waveguide crossing (green paths)
is recorded by the power meter (PM) when sweeping the TLS. Taking the Fast
Fourier transform (FFT) of the output signal, a map of the distribution of all re-
flections in the spatial domain can be retrieved, shown schematically as the blue
curve in Figure 4.2 [65, 75]. It is then possible to determine the position and the
reflection of the crossing. It is worth noting that one crossing results in two re-
flection peaks due to the two interference paths that exist between the crossing
and the front and back facets, respectively. Since the sample itself provides the
interferometers, in contrast to a prior OFDR concept [61], there is no need for ex-
ternal mirrors which leads to a compact system and an enhanced measurement
stability.

The frequency or wavelength span used in the measurements determines the
spatial resolution of the OFDR method in a waveguide without group velocity
dispersion (ideal case) [69]:

δL = c
2ng∆ f

(4.10)

where c is the speed of light in vacuum, ng is the group index of the waveguide
and ∆ f is the frequency span. A broad wavelength span of 100 nm results in a
high spatial resolution of about 3 µm. However, the integrated waveguides are
dispersive. It results in a loss in spatial resolution, demonstrated by Glombitza
et al. [61]. A product of the group index change over the broad wavelength span
and the distance from the input end of the waveguide to the particular reflector
under consideration determines the deterioration factor of the spatial resolution.
Therefore, it is important to de-embed group velocity dispersion to achieve a spa-
tial resolution comparable to the theoretical limit, especially for a long spatial
range.
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In the ideal case, the group refractive index is constant and the effective re-
fractive index depends linearly on the wavelength. In the real case, the effective
refractive index contains higher order terms due to dispersion. We take a second
order approximation of the effective refractive index neff(λ)≈ neff(λ0)+n′

eff(λ0)(λ−
λ0)+ 1

2 n′′
eff(λ0)(λ−λ0)2, where in our case λ0 is 1550 nm, neff(λ0) ≈ 3.23, ng(λ0),

n′
eff(λ0)= (neff(λ0)−ng(λ0))/λ0 and n′′

eff(λ0) are to be determined [61,71]. The de-
embedding of dispersion in the spatial domain can be realized by rescaling the
optical wavelength λ/neff(λ) at each recorded power before applying the FFT.

We provide a numerical algorithm to extract the quadratic term of neff(λ) from
the recorded power spectrum: first, instead of taking the FFT of the whole spec-
trum, we apply the FFT to a small portion. It is selected by a rectangular window
[λ−∆w/2,λ+∆w/2], where ∆w is the window width. The FFT is performed af-
ter translating the spectral interferogram to equally-spaced optical frequencies.
This allows the extraction of the temporal trace at wavelength λ. The temporal
axis is scaled as follows:

τ(i)= 1
2
δτ

i
N

(4.11)

where i is the sample index, N is the total number of inputs, δτ is the group delay
interval, it is inversely proportional to the frequency interval. Moving the rect-
angular window over the whole spectrum will yield the temporal traces versus
wavelength. Second, extract the group index of the dispersive waveguide [69,76]:

ng(λ)= c
τb(λ)−τf(λ)

Lc
(4.12)

where τf and τb are the group delays of front and back facet reflections, which
are retrieved from the first step, and Lc is the length of the integrated chip. The
accuracy of the group index is in the order of 10−2, which is determined by the
measurement accuracy of the chip length δng = δLc/Lcng (Lc = 4600 µm, δLc ≈
15 µm, ng ≈ 3.67) [65]. Third, extract the quadratic term of neff(λ) according to
the extracted ng(λ) [20,77]:

ng(λ)≈ a−bλ0 − cλ0(λ−λ0)

neff(λ)≈ a+b(λ−λ0)+ 1
2

c(λ−λ0)2
(4.13)

where a = neff(λ0),b = n′
eff(λ0), c = n′′

eff(λ0). Fourth, perform the FFT to the modi-
fied spectrum P(λ/neff(λ)) with a rectangular window. This will finally remove the
dispersion-induced limitations to both the spatial resolution and the amplitude
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Figure 4.3: Microscope photograph of a small section of the integrated chip under test.
The inset shows a photograph of two crossings with a distance of 30 µm.

accuracy. Different window functions can be used to find tradeoffs of spatial reso-
lution, peak accuracy, and suppression of side-lobes [78]. Based on this numerical
algorithm, the dispersion of different DUT can be de-embedded accurately by ex-
tracting the neff(λ) for each case. There is no need of extra measurements for
de-embedding dispersion, so the system realizes a self-calibration of the spatial
resolution.

4.2.4 Characterization of Waveguide Crossings
Device Under Test

The OFDR system is experimentally investigated with the DUT fabricated by
SMART Photonics through the JePPIX.eu multi-project wafer (MPW) service [79].
A microscope photograph of a small section of the integrated chip is shown in Fig-
ure 4.3. There are several shallow-etched waveguides which contain a different
number of crossings. The width of waveguides is 2 µm. To analyze variability
of measurement data, devices from three MPW runs have been characterized.
OFDR measurements for a waveguide with 8 crossings at distances 1170, 1200,
2250, 2350, 2470, 3400, 3850 and 3950 µm from the front facet, respectively, are
presented in the next section. The smallest separation between two crossings is
30 µm as is shown in the inset of Figure 4.3.

The OFDR Characterization

A wavelength span of 100 nm with a step of 0.01 nm of the TLS (Agilent 81600B)
is used in our measurements. The interference fringes of the transmitted light
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Figure 4.4: The interference fringes of transmitted light. The inset shows the transmis-
sion spectrum in a broad wavelength range of the DUT.

are recorded by a PM (Agilent 81636B) as shown in Figure 4.4. The fringe inter-
val corresponds to a cavity length of 4600 µm formed by the two facets of the chip.
The transmission spectrum of the DUT in a broad wavelength range of 1490 nm
to 1590 nm is shown in the inset of Figure 4.4. The depth of the modulation in the
spectrum is quite uniform over the whole wavelength range. There are slight ad-
ditional modulations due to beating between the fundamental and higher-order
modes. The excitation of higher-order modes is caused by imperfect alignment.
A data processing is done by following the numerical algorithm discussed above.
We use a moving rectangular window with a width of 20 nm. It is chosen to make
a tradeoff between the resolution of the temporal trace and the accuracy of the
approximated group refractive index at wavelength λ. To extract only the linear
tendency for the group delay, such a wide window is sufficient. The moving step
of the window is 0.2 nm. The group refractive index of the waveguide ng(λ) is ex-
tracted, shown as the blue line in Figure 4.5a. It is linearly fitted (magenta line)
to find the solution of the coefficients in Equation 4.13 [80]. Then we apply the
FFT to the power spectrum before and after de-embedding dispersion. The distri-
butions of the intra-chip reflections as a function of the cavity length in the two
cases are shown in Figure 4.5b and c, respectively. The reflections are normalized
to the maximum intensity.

As shown in Figure 4.5b, the reflections caused by the facets and the crossings



4.2 High-resolution OFDR for Localized Reflections 71

Figure 4.5: (a) The wavelength dependent group index. The reflection distributions in
spatial domain (b) before and (c) after de-embedding dispersion.
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are detected. However, an increasing broadening of the reflection peaks occurs
with increasing cavity length, which results in an underestimation of reflections.
This can be verified by calculating the relative intensity RI at the cavity length
of Lc. It is only determined by the facet reflection and the propagation loss based
on the condition that the crossing reflections are much lower than those from the
facets, |rc|2 ¿|rf|2, which is the case here [71,81]:

RI ≈ |rf|2e−αLc (4.14)

where the reflection coefficient rf of cleaved facet is
p

0.33±0.03 [60], the prop-
agation loss α is measured to be 2.5±0.5 dB/cm using the Fabry–Pérot interfer-
ometric method, the length of the chip Lc is measured to be 4600±15 µm. The
RI at Lc in Figure 4.5b is −16 dB, which is significantly lower than the estimated
value of −6.0±0.6 dB.

As shown in Figure 4.5c, the reflections peaks are narrower and sharper after
de-embedding dispersion. The RI at Lc is shown as −8 dB which is significantly
improved, therefore it results in an enhanced accuracy of measurement. The
tuning range of the laser source, the accuracy of the ng(λ) and neff(λ), and the
window functions could be still improved to further improve the peak accuracy.
The positions of the peaks match accurately with the design values. We identify
12 reflection peaks at positions shown as magenta arrows instead of 16 peaks
corresponding to 8 waveguide crossings due to overlap of the cavity lengths. The
reflection at the cavity length of 4040 µm is visible in all measurements and is
caused by a defect external to the device.

Positional Accuracy and Spatial Resolution

The reflections of the two crossings which are designed to be 30 µm apart can be
resolved nicely as shown in Figure 4.6a. The measured distance d between the
two reflection peaks is 28 µm, which is at least four times larger than the full
width at half maximum (FWHM) of the two peaks, which are 7 µm and 4 µm,
respectively. The results are based on a spline interpolation of the raw data.

To confirm the positional accuracy of reflection peaks caused by crossings,
we measured the distances di1 between the ith and the first reflection peaks
caused by crossings in each sample. In this way, we remove the variations of
the cleaving position of the facets. The distance error, di1 − d′

i1, is the differ-
ence between the measured distance and the design value. A total number of
58 independent distance errors are measured and the distribution histogram is
shown as Figure 4.6b. A fitted Gaussian curve of the error distribution is shown
as the magenta line in Figure 4.6b, with a mean value µ of 1 µm and a standard
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Figure 4.6: (a) The reflections of two crossings with a design distance of 30 µm, (b) the dis-
tance error distribution and (c) the FWHM distribution of 58 measured peaks.



74 Chapter 4. Characterization of Localized Reflections

deviation σ of 1.8 µm. Figure 4.6c is the distribution histogram of FWHM of 58
measured peaks. A fitted Gaussian curve of the FWHM distribution is shown as
the magenta line in Figure 4.6c, indicating a spatial resolution of 5.3±1.7 µm.

Reflection of Waveguide Crossings

We use the results of RI after de-embedding dispersion to derive the reflection
of crossings. The reflections of a total number of 58 crossings are analyzed.
The reflection coefficient of the crossings can be calculated according to Equa-
tion 4.15 [71,81] based on the same condition as Equation 4.14.

|rc| ≈ RIc

|rf|e−αzc
(4.15)

where zc is the actual position of the crossings, RIc is the relative intensity at zc.
The power reflection |rc|2 of crossings is calculated to be (2.5±1.2)·10−6.

4.2.5 Conclusions
We presented a high-resolution OFDR method to measure localized reflections.
The spatial resolution of the method was demonstrated to be 5.3±1.7 µm. We
used this method to characterize waveguide crossings. The reflection loss of a
waveguide crossing was found to be (2.5±1.2)·10−6.

4.3 High-accuracy Method for Group Refractive
Index

Optical parameters such as propagation loss, group and phase refractive indices
can provide a measure for the quality and reproducibility of the technological
process of fabricating PICs. The measurement of these parameters, including
their wavelength dependence and the statistics of their variability, is critically
important for understanding the behavior of PICs and for tracking fabrication
errors [20]. It is possible to discover the variations in waveguide dimensions by
the characterization of group refractive index, but this requires a very accurate
method. In the previous section, we have introduced an algorithm on the de-
embedding of the group-velocity dispersion in order to improve the resolution of
OFDR. The first two steps of the algorithm allow to extract the group refractive
index of a waveguide and its wavelength dependence, based on the measured
optical transmission spectrum. In this section, we improve the accuracy of this
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Figure 4.7: Mask and microscope photograph of the on-chip micro-scale ruler.

method and use it to characterize the group refractive indices of shallow- and
deep-etched waveguides.

4.3.1 The Method and Accuracy

The DUT can be simplified to only straight waveguides, located on a chip with
cleaved facets. The OFDR system is set up in the same way as for characteriz-
ing waveguide crossings. The concept of the method has been discussed in the
previous section. We repeat it here briefly: first, we measure the transmission
spectrum of the DUT over a wavelength span of 100 nm with a step of 0.01 nm.
Second, we sequentially apply the FFT to spectral windows. Each window is
defined by the central wavelength λi and the width of a rectangular window
∆w = 20 nm. This allows the extraction of the temporal traces at different wave-
lengths λi. Third, the group refractive index ng(λi) at each central wavelength is
defined by the time delay difference τb(λi)−τf(λi) and the chip length Lc accord-
ing to Equation 4.12. The accuracy of the group refractive index is determined
as:

δng

ng
= δLc

Lc
(4.16)

The variation of the chip length, δLc, may be determined from the cleaving
process, which can be up to tens of micrometers. We have designed an on-chip
micro-scale ruler at the four corners of the chip to measure the chip length after
cleaving with a measurement accuracy limited by microscope imaging to approxi-
mately 1 µm. Figure 4.7a shows the mask layer definition of the ruler. Figure 4.7b
shows the microscope photograph of the fabricated ruler after cleaving. In this
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Figure 4.8: The extracted wavelength dependent group refractive index of shallow- and
deep-etched waveguides.

case, the accuracy of the method is improved by at least one order of magnitude.
The relative error of the chip length δLc/Lc equals 2·10−4, where Lc is 4600 µm.

4.3.2 Experimental Results

The DUT contains shallow- and deep-etched waveguides on a chip fabricated by
SMART Photonics which have width of 2 µm and 1.5 µm, respectively. The ex-
perimental settings and data processing are the same as discussed above or in
the previous section. The extracted wavelength dependent group refractive index
ng(λ) for both shallow- and deep-etched waveguides are shown in Figure 4.8. The
error bars are determined by the deviation of the measured results of 25 samples
each for the shallow- and deep-etched waveguides.

In conclusion, we implemented the OFDR to characterize group refractive
index and its wavelength dependence. Moreover, we improved the measurement
accuracy δng/ng to 2·10−4 by reducing the relative error of the chip length.

4.4 Summary
The focus of this chapter was on improving the resolution of OFDR and imple-
menting the investigated technique on analyzing localized reflections. The pro-
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posed OFDR system is compact, easy in operation and provides a good stability
of measurements. A record-high spatial resolution of 5.3±1.7 µm was achieved
by de-embedding the group-velocity dispersion in the device under test. Two
crossings with 30 µm apart can be resolved nicely based on this method. We
were able to analyze the magnitude of reflections at waveguide crossings (10−6)
which highlights the great sensitivity of the method for detecting, localizing, and
quantifying weakly reflecting imperfections in waveguides. In a further step,
a method for characterizing the group refractive indices and their wavelength
dependence of waveguides has been investigated which yielded a high-accuracy
δng/ng of 2·10−4.





Chapter 5
Multi-wavelength DBR Laser
with Optical Feedback

In this chapter we start with an introduction of the behavior of semiconductor
lasers which are subjected to optical feedback. We present the boundary condi-
tions of the optical feedback regime that we are interested in and the condition
for suppression of relaxation oscillations of semiconductor laser systems. This is
followed by the performance demonstration of a three-section DBR laser which
makes use of the previously investigated DBR building block. Further on, we
present a multi-wavelength DBR laser that consists of a number of the discussed
three-section DBR lasers and is operated in the proposed optical feedback regime.
An arrayed waveguide grating (AWG) is used as both filter and multiplexer. We
experimentally demonstrate the laser stability, including single-mode operation
range, side-mode suppression ratio and linewidth. In summary, we will discuss
the following questions:

• What are the criteria of optical feedback for suppression of relaxation oscil-
lations?

• What are the three-section DBR laser characteristics?

• What is the working principle of the multi-wavelength DBR laser with op-
tical delayed feedback and how is its stability?
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Figure 5.1: Model of semiconductor laser with feedback.

5.1 Optical Feedback

The interest in coherent optical communications systems which require stable
and narrow-linewidth laser sources is growing. Because of this, much attention
has been drawn to the behavior of semiconductor lasers subjected to optical feed-
back, since feedback has a great potential to reduce the linewidth. The feedback
is a portion of the laser output that is coupled back into the laser cavity from a
reflecting surface external to the laser, as is shown schematically in Figure 5.1.
On the one hand, there are many effects caused by feedback which are damaging
to the performance of lasers, for example, the broadening of laser linewidth, the
occurrence of mode hopping and coherence collapse [82–84]. On the other hand,
there are useful feedback effects on stabilization of semiconductor lasers [85–87].
Tkach and Chraplyvy [88] investigated the instabilities of semiconductor lasers
with optical feedback and categorized them into the following five regimes de-
pending on the feedback fraction, discussed as follows [89]:

Regime I. Very small feedback (the feedback fraction of the amplitude is less
than 0.01%) and small effects. The linewidth of the laser oscillation becomes
broad or narrow, depending on the feedback fraction and phase [90]. Regime
II. Small, but not negligible effects (less than 0.1%). Generation of the exter-
nal modes gives rise to mode hopping among internal and external modes [91].
Regime III. This is a narrow region around 0.1% feedback. The mode hopping
noise is suppressed and the laser may oscillate with a narrow linewidth [88].
Regime IV. Moderate feedback (around 1%). The relaxation oscillation becomes
undamped and the laser linewidth is broadened greatly. The laser shows chaotic
behavior and sometimes evolves into unstable oscillations in a coherence collapse
state. The noise level is enhanced greatly under this condition [92]. Regime V.
Strong feedback regime (higher than 10% feedback). The internal and external



5.1 Optical Feedback 81

cavities behave like a single cavity and the laser oscillates in a single mode. The
linewidth of the laser is narrowed greatly [93].

The dynamic characteristics of single-mode semiconductor lasers exposed to
weak optical feedback can be described by time-dependent equations of the sys-
tems obtained by modifying the rate equations for the solitary laser. The equa-
tions for the amplitude of the complex electrical field A(t), the phase of the com-
plex electrical field φ(t), the excess carrier number n(t) and the feedback phase
term θ(t) are given as follows [89,94]:

dA(t)
dt

= 1
2

Gn[n(t)−n0 − 1
τp

]A(t)+kA(t−τ)cosθ(t) (5.1)

dφ(t)
dt

= 1
2
αGn[n(t)−n0 − 1

τp
]−k

A(t−τ)
A(t)

sinθ(t) (5.2)

dn(t)
dt

= J− n(t)
τs

−Gn[n(t)−n0]A2(t) (5.3)

θ(t)=ω0τ+φ(t)−φ(t−τ) (5.4)

where Gn is the gain coefficient, n0 is the transparency carrier density, τp and
τs are the photon and carrier lifetimes. τ and τint are the round-trip delay time
of the external and internal cavities, which are determined by the effective index
and corresponding cavity length τ = 2nneffL/c. α is the linewidth enhancement
factor, J is the injection current, ω0 is the laser frequency without feedback and
k describes the feedback strength, is given as:

k = 1
τint

(1− r2
2)r3

r2
(5.5)

When the fluctuation of the output power is small even in the presence of opti-
cal feedback in a semiconductor laser, we assume a steady-state solution for the
average field. In this case, we obtain the steady-state solutions for A(t) = As,
φ(t)= (ωs −ω0)t, n(t)= ns and θ(t)= θs from Equation 5.1–5.4 as follows:

As
2 =

J− ns
τs

Gn(ns −n0)
(5.6)

ωs −ω0 =−k(αcos(ωsτ)+sin(ωsτ)) (5.7)

ns = n0 + 1
Gnτp

− 2kcos(ωsτ)
Gn

(5.8)

Equation 5.7 can be re-written as:

∆ωsτ=−Csin(φ0 +∆ωsτ) (5.9)
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where ∆ωs = ωs −ω0 corresponds to steady-state value of the phase difference
φ(t)−φ(t− τ) and φ0 = ω0τ+ tan−1α, C describes optical feedback level and is
given as:

C = kτ
√

(1+α2) (5.10)

When C < 1 (regime I), there is only one solution for Equation 5.9. When C > 1
(regime II-V), multiple steady-state solutions appear.

The laser instability for the case of C < 1 is associated with the excitation of
relaxation oscillations [95]. Lenstra has demonstrated that a laser which is sub-
jected to weak optical feedback (C < 1) is equivalent to the solitary laser when the
frequency of relaxation oscillation fRO approximately satisfying the resonance
condition [95]:

fROτ∼= 1,2,3, ... (5.11)

For example, a possibility for fulfilling the first resonance condition fROτ ∼= 1
is to have a feedback with a delay τ = 0.3 ns and a laser with a RO-frequency
fRO = 3.3 GHz. In the following sections, we experimentally investigate single-
mode DBR lasers integrated with an optical delayed feedback that satisfies the
resonance condition and discuss results on the laser stability.

5.2 DBR Laser
Before designing DBR lasers with optical feedback, we first investigate the char-
acteristics of solitary DBR lasers by using the developed DBR building block as
reflective mirrors. A three-section DBR laser in the SMART Photonics platform is
given in this section as an example. The structure of the three-section DBR laser
is shown in Figure 5.2. The period of DBRs is designed to be 237 nm. The lengths
of the front DBR (FDBR) and the rear DBR (RDBR) are 50 µm and 250 µm, re-
spectively.

5.2.1 Output Power
The L-I characteristic measured for the three-section DBR laser is shown in Fig-
ure 5.3a. We obtained a threshold current of 22 mA and the maximum output
power of 11 mW at an injection current of 100 mA. The optical spectrum of the
three-section laser at the injection current of 36 mA is shown as an example in
Figure 5.3b. The side-mode suppression ratio is over 60 dB.
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Figure 5.2: Schematic diagram of a three-section DBR laser.
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Figure 5.3: L-I curve and optical spectrum of a three-section DBR laser.

5.2.2 Tuning

We measured the spectral characteristics of the DBR laser as a function of the
injection current to the rear DBR. We investigated the Bragg wavelength shifts of
the single-mode operation, the results are shown in Figure 5.3. A higher current
injected into the laser SOA results in local heating and hence a red shift of the
Bragg wavelength. The red shift range is about 0.5 nm from ISOA of 30 to 100 mA.
Inversely, increasing the current injected into the rear DBR leads to an excess-
carrier-induced refractive-index reduction [96] and hence a blue shift of the Bragg
wavelength. The maximum blue shift range is 1.5 nm over 30 mA current range of
the rear DBR. The abrupt wavelength changes correspond to longitudinal mode
jumps. This blue shift range is much less compared to the state-of-the-art values
(above 10 nm) in literature [24]. This is because the material composition and
the band-gap structure in the SMART Photonics platform are optimized for low
waveguide loss rather than high carrier injection efficiency [97].
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Figure 5.4: Wavelength shifts at different current injection to RDBR.

5.2.3 Relaxation Oscillation Frequency and Linewidth
The relative intensity noise of the DBR laser is measured with a 40 GHz RIN
measurement system (Keysight A0010A). The result for an injection current of
36 mA to the laser SOA is shown as an example in Figure 5.5a. It shows a damped
relaxation oscillation frequency for the solitary laser of 3.3 GHz. The electrical
spectral characteristics and the linewidth are measured with a house-made self-
heterodyne setup. The result is shown in Figure 5.5b. The FWHM linewidth of
the laser at an injection current of 36 mA is 1 MHz.
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Figure 5.5: Relative intensity noise (RIN) and electrical spectrum at current injection of
36 mA to SOA.

5.3 Multi-wavelength DBR Laser with Optical Feed-
back

In this section, we present a multi-wavelength DBR laser integrated with op-
tical feedback. The implemented DBR lasers are identical with the one dis-
cussed in the last section except the period of gratings. The multi-wavelength
was packaged by Technobis Fibre Technologies [98] and tested results will be
discussed in this section. The content has been accepted for publication in a
peer reviewed journal: D. Zhao, S. Andreou, W. Yao, D. Lenstra, K. Williams,
X. Leijtens, "Monolithically-integrated Multi-wavelength Laser with Optical
Feedback: Damped Relaxation Oscillation Dynamics and Narrowed Linewidth,"
IEEE Photonics Journal. © 2018 by the authors, open access CC-BY. It is
included here verbatim.

5.3.1 Abstract

An InP-based, monolithically-integrated multi-wavelength laser with optical
feedback is presented. We demonstrate performance of dual-wavelength oper-
ation. Single-mode lasing is obtained for each of the two channels within a
temperature range from 16 to 30◦C and an injection current range from 30 to
70 mA without mode-hopping. This is due to the combined filtering functions of
an arrayed waveguide grating and a distributed Bragg reflector. A method that
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makes use of weak optical feedback is demonstrated to improve the stability of
each single-mode. With this method, sustained relaxation oscillations that are
excited by on-chip parasitic reflections are damped and linewidths in both chan-
nels are narrowed to around 400 kHz compared to the linewidth of 1 MHz which
is obtained when no feedback is applied. The suppression ratio of the relaxation-
oscillation-induced side peaks is measured to be over 45 dB for two simultane-
ously operated channels.

5.3.2 Introduction
Monolithically integrated multi-wavelength lasers (MWLs) are key components
for optical comb sources and wavelength-division multiplexing (WDM) sys-
tems [99]. Such MWLs require a high stability in order to support high-order
modulation formats [100]. Lasers exhibit relaxation oscillations (ROs) which are
caused by an intrinsic resonance between laser intensity and population inver-
sion [101]. Sustained ROs in MWLs increase the relative intensity noise (RIN)
around the RO-frequency and broaden the laser linewidth [102]. Therefore, they
reduce the stability of MWLs which limits their application domain. The occur-
rence of sustained ROs is sensitive to optical feedback and ROs can be enhanced
or damped depending on the feedback properties including strength, phase and
round-trip delay time [94, 95, 103]. In multi-wavelength lasers, the on-chip par-
asitic reflections which occur in many components such as arrayed waveguide
gratings (AWGs) and multi-mode interference (MMI) couplers lead to weak op-
tical feedback [104]. Sustained ROs were shown to be excited by weak optical
feedback [102], and they are difficult to be damped if the weak feedback is in-
duced by parasitic reflections as such reflections are random and uncontrollable.
The occurrence of sustained ROs increases with device complexity.

By contrast, the integration of lasers with properly designed optical feedback
show great potential on compression of ROs [88,95,105–107] and improving mod-
ulation bandwidth [108,109]. By fulfilling the RO-damped condition proposed in
Ref. [95], lasers with weak feedback behave as lasers without feedback. The
condition is that the product of the external round-trip delay time τ and the RO-
frequency fRO, which depends on the pump and threshold current of the lasers,
equals a small integer, τ fRO ∼= 1,2,3, .... Specifically, the time-dependent equa-
tions of a single-mode semiconductor lasers exposed to weak optical feedback
obtained from the Lang-Kobayashi equations [95] can be reduced to a simpler
set which is equivalent to the dynamical equations for a laser without feedback
when the RO-damped condition is satisfied. This means that ROs are compressed
for all feedback phase values when lasers are pumped into this RO-damped con-
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dition [95]. The prediction is valid in the regime of weak feedback, where the
feedback coupling factor C that describes the feedback strength is smaller than
1. The unit-less factor C is given by [103]:

C = γτ
√

(1+α2) (5.12)

where α is the linewidth-enhancement parameter and γ is the feedback rate:

γ= rext(1− r2)
τinr

(5.13)

where rext and r are the amplitude reflectivity of the external mirror and the
laser mirror, respectively; τin is the internal round-trip time the laser cavity.
Parameters of a semiconductor laser with a feedback coupling factor C ≈ 0.3 are
given as an example: α = 2.6,τ = 0.3 ns, r = 0.77,τin = 15 ps, rext = 0.01. The
amplitude reflectivity of the external mirror rext corresponds to a 40 dB loss in
the external feedback. The delay time τ should be a few tenths of nanoseconds for
semiconductor lasers with an oscillation frequency fRO of a few gigahertz. Pump
current intervals exist that will fulfill the first few conditions [95]. Outside these
intervals, the compression of ROs will be feedback-phase dependent. In that case,
the laser is sensitive to phase fluctuations caused by temperature changes and
off-chip ambient conditions.

Previously an experimental study was performed on a multi-wavelength laser
with multi-mode interference reflectors (MIRs) with filtered optical feedback. It
was not successful in fulfilling the RO-damped condition because the feedback
round-trip delay time of hundredths of nanoseconds was too small. Therefore, it
showed damped ROs with feedback-phase dependence [106]. A single-channel
distributed Bragg reflector (DBR) based laser with feedback round-trip delay
time of 0.3 ns has been demonstrated, showing damped ROs for all feedback
phase values, which matches the theoretical prediction [107].

In this paper, we experimentally demonstrate the performance of a multi-
wavelength DBR laser with an integrated delayed optical feedback, realized with
an AWG acting as filter and multiplexer, a MIR and a waveguide spiral which
introduces a round-trip delay time of around 0.3 ns for all channels. The goal
is to validate the theoretical prediction from Ref. [95] in the presence of on-chip
parasitic reflections and to explore the feasibility of implementing the theory
to multi-channel operation using a common external feedback. In addition, we
explore the laser linewidth enhancement when ROs are damped.
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Figure 5.6: (a) Microscope photograph and (b) schematic diagram of a monolithically inte-
grated multi-wavelength laser with optical delayed feedback. (c) An equivalent
diagram of each looped channel if we unfold them.

5.3.3 Device Under Test
A microscope photograph and the schematic diagram of a monolithically inte-
grated multi-wavelength DBR laser with delayed optical feedback are shown in
Fig. 5.6 (a) and (b), respectively. The devices were fabricated by Smart Photon-
ics [13] through the JePPIX.eu multi-project wafer service [11]. The AWG has 9
inputs and 2 outputs with a channel spacing of 50 GHz and a free spectral range
(FSR) of 450 GHz. The bottom left waveguide in Fig. 5.6 (b) is used for character-
izing the AWG. There are four DBR laser channels connected to the AWG inputs:
adjacent inputs to the AWG connect to the two outputs of each DBR laser. In
addition, there is a modulator in channel 1, which is included for evaluating its
modulation performance for a future design of a multi-wavelength transmitter.
However, it is not relevant with this work and will not be discussed further. The
laser emission from the front-DBR (FDBR) is filtered and multiplexed through
the AWG (solid lines). The Bragg wavelengths of the DBRs in the four channels
are tuned to match the central wavelengths of the respective AWG passbands
λ1, λ2, λ3, λ4, leading to the selection of a single-mode. The working principle
is shown in the single-mode lasing section in Fig. 5.6 (c), which is an equivalent
diagram of each looped channel if we unfold them. The product of the filtering
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functions of the DBR (green line) and the AWG (blue line) selects only one longi-
tudinal mode thus obtaining single-mode operation.

As shown in Fig. 5.6 (b), the laser emission from the rear-DBR (RDBR) is fil-
tered and multiplexed by the same AWG (dashed lines) and connected to a com-
mon MIR with a measured power reflectivity of 80% [110]. The upper inputs of
the AWG towards the lower output (solid lines) have the same passbands as the
lower inputs towards the upper output (dashed lines). In the external feedback
cavity, there is a 500-µm-long SOAfb and a 1000-µm-long phase shifter for con-
trolling the feedback coupling factor C and feedback phase φ and a waveguide
spiral to set an external round-trip delay time τ of 0.3 ns. The optical feedback
coupling factor C can be controlled by the operating conditions of the SOAfb to
suppress the excited ROs of the single-mode lasers caused by the parasitic reflec-
tion from the AWG.

The DBR lasers have a grating pitch of 236.9, 237.5, 237.2 and 237.8 nm
and are otherwise identical. They consist of a 370-µm-long SOA, a 50-µm-long
front-DBR and a 250-µm-long rear-DBR with a designed coupling coefficient κ
of 50 cm−1. The passbands of the fabricated AWG may deviate from the design
values with a maximum value of one FSR (450 GHz). Since the DBRs have a
bandwidth of about 250 GHz and a blue tuning range of about 150 GHz, they
cannot be aligned to AWG passbands when the offset between a DBR and a AWG
passband is greater than 400 GHz. We have deliberately introduced wavelength
offsets of (50+450) GHz into two DBR lasers. The 50 GHz is to ensure sufficient
alignment of at least two channels. The shift of one FSR was meant for separa-
tion of the two groups of channels which is not really necessary.

5.3.4 Single-mode Lasing
The laser behavior of each channel is first studied when the feedback is switched
off by applying a bias of −3 V to the SOAfb. The laser SOA is pumped to provide
gain and the rear-DBR is biased to align to one of the AWG passbands. The
front-DBR is so short that its wavelength selection band is nearly flat in the
operation range of the laser. A lensed anti-reflection coated fiber placed at the
angled output of the laser is used to collect the light. An optical isolator (ISO) is
connected to the fiber to prevent undesired back reflections into the laser.

The laser first operates at 18◦C set by a thermoelectric cooler (TEC). An op-
tical spectrum analyzer (OSA) with a resolution of 0.05 nm (ANDO AQ-6315) is
used to record the lasing spectra presented in Figure 5.7a. It shows the optical
spectrum as a function of the injection current to the laser SOA in channel 2.
The color bar shows the fiber coupled output power in dBm. The central mode at
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Figure 5.7: (a) The optical spectra as a function of the injection current to laser SOA in
channel 2, measured with an optical spectrum analyzer with a resolution of
0.05 nm. The colour bar shows the output power in dBm. (b) Peak wave-
lengths of the single-mode at different currents over a temperature range from
16◦C to 30◦C, measured with an optical spectrum analyzer with a resolution
of 0.16 pm.

around 1554.5 nm is the lasing mode. One side longitudinal mode appears with
0.45 nm offset from the lasing mode and two additional modes appear further
with an offset of 3.6 nm from the lasing mode created by the next diffraction or-
der of the AWG. Single-mode operation is observed for an injection current range
of 60 mA. We measured the lasing wavelength position over a current range from
30 to 70 mA and a temperature range from 16 to 30◦C. An OSA with a high res-
olution of 0.16 pm (APEX AP2041B) is used to obtain a better resolution of the
lasing wavelength. Figure 5.7b shows how the lasing wavelength shifts as the
current or temperature increases. There is no mode-hopping to other longitudi-
nal modes supported by the laser cavity, with a spacing of 0.45 nm. It indicates a
high stability under changing external conditions. Due to the presence of para-
sitic reflection from the AWG, an extra, longer cavity is formed with that reflec-
tion and the DBR which results in longitudinal modes with a spacing of 0.05 nm.
Mode-hops among those modes are visible in Figure 5.7b and cannot be avoided.

5.3.5 Relaxation Oscillation compression

A single channel of the laser is first pumped into the RO-damped condition, the
spectra at different feedback coupling factor C are recorded with the high res-
olution OSA. As the feedback delay time is 0.3 ns, the RO-frequency should be
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Figure 5.8: Laser spectra of channel 2 for different values of the bias to the SOAfb with
corresponding feedback coupling factor C, when operated inside the stable cur-
rent intervals (I=36mA).

3.3 GHz to satisfy the first damped condition, where τ fRO ∼= 1. The pump current
for this laser is estimated according to the expected RO-frequency and known
threshold current [95,107], which is 36±3 mA. The bias to the SOAfb is adjusted
from −3 to 0.9 V with a step of 0.1 V. There is no electrical input to the feedback
phase shifter. The corresponding feedback coupling factor C is estimated accord-
ing to Eq. 5.12 and 5.13. In our case, the amplitude reflectivity of the external
mirror rext is determined by the insertion loss of the AWG, the propagation loss of
the waveguide, the bias to the SOAfb and the reflectivity of the MIR. The gain and
absorption values of the SOAfb used for calculating C are from Ref. [21,111]. The
feedback coupling factor C is in fact a function of the gain/absorption of the SOAfb
when adjusting the bias. The factor C increases from 0 to 6 (i.e. rext ≈ 0.21 or a
feedback loss of about 13.5 dB) by varying the bias to the SOAfb from −3 to 0.9 V
as shown in Fig. 5.8. The measured laser optical spectra are shown in Fig. 5.8 in
order of increasing values of the bias voltage of the SOAfb, as indicated along the
horizontal axis, where each spectrum has a wavelength span of 0.3 nm. The spec-
tra show side peaks with amplitudes depending on the feedback coupling factor
C. The obtained RO-frequency was verified according to the side-peak spacing
and matches the expected value. When the feedback coupling factor C equals
0, the single-mode laser suffers from sustained ROs excited by the parasitic re-
flections. Other possible causes of ROs, such as thermal noise and spontaneous
emission, are excluded by having a RO-damped isolated three-section DBR laser
on the same chip. The ROs are damped and more than 30 dB suppression ra-
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Figure 5.9: Laser spectra of channel 2 for different values of the injection current Iφ to
feedback phase shifter, when operated outside the stable current intervals
(I=46 mA) and inside them (I=36 mA).

tio (SR), the ratio between the lasing peak and the highest RO-induced peak,
is obtained at bias values between −0.3 and 0.5 V. The corresponding feedback
coupling factor C is between 0 and 1, which fits the theory well.

The bias to the SOAfb is then set to 0.1 V, which is in the center of the damped
region. The RO-sensitivity to the injection current Iφ to the feedback phase
shifter is studied for two different pump currents of the laser. One pump cur-
rent is inside the first stable interval that satisfies the RO-damped condition
(I=36 mA), the other is somewhere in the unstable region (I=46 mA). The injec-
tion current Iφ to the phase shifter varies from 0 to 26 mA in 2 mA steps. This
achieves over 2π phase modulation of the phase shifter, which was verified by
tuning one arm of a test Mach-Zehnder modulator. Measured laser spectra for
both cases are shown in Figure 5.9. For the case with a pump current of 46 mA,
it shows a RO-dependence on the feedback phase value, Iφ. Phase shifts more
than 2π in the external delay are indeed obtained, as is evidenced by the periodic
occurrence of ROs. For the case with a pump current of 36 mA, damped-ROs are
observed over the full 2π feedback phase shift interval as predicted by the theory.

5.3.6 Linewidth Narrowing
A theoretical expression for the variation of the linewidth ∆ν versus the external
phase φ is given in Ref. [112] as:

∆ν= ∆ν0

[1+Ccosφ]2
(5.14)
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Figure 5.10: (a) The schematic diagram of the linewidth characterization setup based on
a delayed self-heterodyne method. PC is polarization controller; PD is photo
detector; ESA is electrical spectrum analyser; The characterized FWHM
linewidth as functions of (b) the bias to SOAfb and (c) the injection current
Iφto feedback phase shifter when operating channel 2 and 4 independently.
The pump currents for both channels are 36 mA which is within the first RO-
damped stable current interval.

where ∆ν0 is the intrinsic linewidth of the single-mode laser, which is consid-
ered as the averaged value at all injection currents Iφ to the phase shifter.
The linewidth is measured with a setup based on a delayed self-heterodyne
method [113] as shown in Fig. 5.5 (a). A delay is introduced to one of the arms
by using a 25 km single-mode fiber (SMF). The high resolution OSA is used for
detecting the optical signals and an electrical spectrum analyzer (ESA) is used
for detecting the electrical signals. The resolution and video bandwidth for elec-
trical spectrum measurements are 30 kHz and 300 Hz, respectively. The laser
is pumped with an injection current of 36 mA which was demonstrated to be
within the first RO-damped stable current interval. Fig. 5.5 (b) shows the FWHM
linewidths as a function of the bias to the SOAfb between −3 to 0.9 V with a step
of 0.1 V when operating channel 2 and 4 independently. The minimum linewidths
for both channel 2 and 4 are observed at bias to SOAfb between −0.1 and 0.4 V,
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Figure 5.11: Lasing spectra of the laser while operating four channels (a) independently
and (b) simultaneously.

corresponding to the damped ROs. Then the bias to the SOAfb is set to 0.1 V.
The measured FWHM linewidths as a function of the injection current Iφ to the
feedback phase shifter when operating channel 2 and 4 independently are shown
in Fig. 5.5 (c). The injection current Iφ to the feedback phase shifter is between 0
to 30 mA with a step of 1 mA, the current range corresponds to a feedback phase
interval larger than 2π. The linewidth varies along with the injection current Iφ
to the phase shifter within the ranges of 316 to 587 kHz and 371 to 484 kHz for
channel 2 and 4, respectively. According to eq. (5.14), the linewidth is very sensi-
tive to phase when C is close to 1 while it is nearly constant when C is close to 0.
The feedback coupling factors C are calculated to be 0.15 and 0.07 for channel 2
and 4 respectively according to Eq. 5.14, which match well with our estimation.

5.3.7 Multi-channel Performance

Lasing spectra of the laser when operating the four channels independently with
different bias to the SOAfb and when operating them simultaneously with a bias
of 0.1 V applied to the common feedback are shown in Fig. 5.11 (a) and (b), re-
spectively. The fiber coupled output power in each channel is determined by the
emitted power from the front-DBR, the AWG insertion loss, the agreement be-
tween the AWG passband and the DBR stopband, the waveguide propagation
loss and the fiber-to-waveguide coupling loss. The fiber coupled power from the
front-DBR of a stand-alone three-section DBR laser is measured to be about 5 dB
at an injection current of 36 mA. The sum of the AWG insertion loss and the wave-
guide propagation loss are slightly more than 5 dB. If the agreement between the
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AWG passband and the DBR stopband is poor, there will be an extra loss. All
above lead to a final output power of around 0 dBm or less. They show less com-
pressed ROs in channel 1 and 3 compared to channel 2 and 4, indicated by the
smaller SRs. This is due to the pump currents for channel 1 and 3, that are in-
side the unstable current intervals while for channel 2 and 4 they are inside the
stable current intervals. The problem for channel 1 and 3 is that the wavelength
mismatches between the AWG passbands and the DBRs are slightly beyond the
tuning range of the DBR. The lasing conditions can be fulfilled by not only tun-
ing the DBR but also pump the laser with a high current and sometimes with
the help of a strong feedback. The large wavelength offsets were deliberately
introduced in the design in order to guarantee at least two working channels.
Fig. 5.11 (a) shows a SR of above 38 dB for channel 1 and 3 and of above 50 dB
for channel 2 and 4. Fig. 5.11 (b) shows a SR of above 26 dB for channel 1 and 3
and of above 45 dB for channel 2 and 4. With improved fabrication precision, the
AWG passbands and the DBR stopbands can be matched which will enable true
multi-channel operation with more than 45 dB SR.

5.3.8 Conclusions

We experimentally demonstrate an InP-based, monolithically integrated multi-
wavelength DBR laser with weak optical feedback which has a broad single-mode
lasing range in each channel and is insensitive to the parasitic reflections at RO-
damped conditions. This is demonstrated by the reduced relaxation oscillation
dynamics and by the narrowed laser linewidth. The linewidth is almost insensi-
tive to the feedback phase and was maintained to around 400 kHz which shows
a good stability of the laser.

5.4 Summary
In this chapter we validated the previously investigated DBR building block at
the circuit level by demonstrating the performance of DBR lasers: a three-section
DBR laser and an AWG-based multi-wavelength laser which makes use of the
three-section DBR laser in each channel. In the mean while, we focused on the
multi-wavelength laser dynamics when it is subjected to optical feedback. We re-
viewed the basic theory of optical feedback in semiconductor lasers and discussed
requirements for the feedback strength and delay time on the improvement of the
laser stability. It was followed by experimental demonstration of the AWG-based
multi-wavelength DBR laser which contains an optical feedback circuit. The op-
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tical feedback circuit is composed of an AWG as a filter and multiplexer, a SOA
as a feedback strength controller, a phase shifter as a feedback phase controller,
a MIR as an external mirror and a waveguide spiral which determines an appro-
priate external feedback delay time, the value of which was obtained from the
theory. As a result, the optical feedback effectively suppressed the relaxation os-
cillations generated by parasitic reflections of the AWG and narrowed the laser
linewidth by a factor of 2.5. Moreover, such a stability can be achieved indepen-
dent of the feedback phase changes. This shows a good stability for applications
of coherent optical communications or other applications that require a stable
laser source with narrow linewidth.



Chapter 6
Conclusions and Outlook

6.1 Conclusions
Generic photonic integration technology emerges as a promising solution for fa-
cilitating the use of Photonic Integrated Circuits (PICs) for a broad range of ap-
plications and thereby accelerating its commercialization. InP based PICs allow
the direct integration of light sources and have been previously widely investi-
gated by a number of groups. Based on their work, a range of functional compo-
nents have been realized and added into the BB libraries of the InP platform. In
this thesis, we have added a high-precision Distributed Bragg Reflector (DBR),
which is a key waveguide component with a wavelength selective function, into
a generic photonic integration platform. We performed simulations for exploring
the parameter space and manufacturing tolerance prediction. We have devel-
oped and successfully applied characterization methods for testing the fabricated
DBRs and localized reflections. Finally, we have made device demonstrations by
utilizing the developed DBRs. The main achievements of this thesis can be sum-
marized into the following three categories.

1. Design study

• We studied the modeling methods for uniform and non-uniform grat-
ings. The uniform gratings were designed to realize the desired DBR
performance. The non-uniform gratings were applied for analyzing
performance deviations of DBRs due to manufacturing errors such as
stitching errors.
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• We set up a bridge between the structural parameters of DBRs (used
by foundries) and the theoretical parameters of DBRs (used by design-
ers). In this case, once the design inputs (e.g. the coupling coefficient)
are known, the corresponding structural parameters (e.g. the grating
layer thickness and the distance between the grating layer and the
waveguide core) for fabrications can be precisely defined.

• We explored the manufacturing tolerance of DBRs in the SMART Pho-
tonics platform. The results show that the accuracy of the waveguide
width definition is critical for the repeatability of the Bragg wave-
length. The use of a high resolution DUV lithography is a promising
solution for accurately defining waveguides. In addition, both DUV
lithography and e-beam lithography were demonstrated to have in-
significant effects on stitching error induced DBR performance devia-
tion.

2. Characterization technology developments

• An accurate method based on Optical Frequency Domain Reflectome-
try (OFDR) with a compact and novel structure for testing reflectivity
of gratings was developed. The measured spectra show an excellent
match with the simulated spectra. DBR characteristics such as the re-
flectivity, Bragg wavelength and manufacturing error induced phase
shifts were extracted from the measured spectra.

• A high-resolution OFDR method for characterization of localized re-
flections in PICs was developed. A record-high spatial resolution of
5.3± 1.7 µm was obtained. We applied the method to characterize
waveguide crossings. The power reflection coefficient of shallow etched
waveguide crossings was found to be (2.5±1.2)·10−6. In addition, the
group refractive indices of shallow- and deep-etched waveguides were
extracted with a relative accuracy as low as 2·10−4 based on the same
method.

3. Device demonstration

• A three-section DBR laser is demonstrated. It has an output power
of 11 mW at an injection current of 100 mA, a side-mode suppression
ratio of over 60 dB and a tuning range of 1.5 nm.

• A multi-wavelength DBR laser with integrated optical filtered feed-
back was packaged and characterized. The optical feedback suppresses
the relaxation oscillations and narrows the laser linewidth to about
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400 kHz for all phase values. Simultaneous operation of four channels
was demonstrated as well.

6.2 Outlook
In this thesis we have reported design concepts, characterization methods and
device demonstrations of DBRs in InP platform. There is possible future work to
be done to benefit more from the proposed concepts and methods. We discuss the
following few aspects.

1. The test structures for characterization of DBR performance, waveguide
crossing reflection loss and group refractive index of waveguides can be
included in standard test cells for each MPW run. In this case, the perfor-
mance of those BBs can be measured at each run and a statistical analysis
can be carried out. This provides precise information on the reproducibility
of each component in different runs. Moreover, the statistical values are
helpful for understanding and thereby addressing the fabrication issues.

2. We presented the OFDR methods on characterization of distributed and
localized reflections. However, experimental demonstrations were only
made for DBRs and waveguide crossings. The methods can be still ap-
plied for testing reflections of other interfaces and components such as butt-
joints between active and passive waveguides, arrayed waveguide gratings
(AWGs), multimode interference reflectors (MIRs) and even complex cir-
cuits.

3. As discussed in Section 3.2.3, the extracted spectrum has a perfect match
of the stop-band amplitude and the position of the zero-crossings over the
whole wavelength range, compared to the reference. However, the ampli-
tude of the side-lobes is not as accurate. In order to apply this method for
characterization of other types of gratings, e.g. gratings with suppressed
side-lobes, the accuracy of the method on characterization of side-lobes
needs to be improved by including the wavelength dependence of the cor-
rection ratio Rc.

4. As discussed in Section 5.3.7, the alignment of a DBR to an AWG passband
for laser mode selection cannot always succeed due to a small DBR tuning
range and possibly large wavelength deviation from the design values. The
DBR tuning range can be improved by a dedicated design of the semicon-
ductor band structure. The filtering wavelength can be determined more
precisely by a better control of the fabrication process. Approaches for in-
creasing the DBR tuning range or reducing the wavelength deviation by
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50 GHz or more will ensure a good match between the DBR and the AWG
passband. This thereby enables a multi-channel operation with suppressed
relaxation oscillation at each channel.

5. The last thing that needs attention is the application of the developed
high-stability multi-wavelength DBR laser. For example, the integration
of multi-wavelength DBR laser with modulators to realize high-stability
multi-wavelength transmitters.

"Where one story ends, another begins."
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Summary

High-precision Distributed Bragg Reflectors in a Generic
Photonic Integration Platform

A generic photonic integration approach is aimed at standardization of the inte-
gration platform of optical devices and cost reduction of the integration technol-
ogy. This facilitates the use of the photonic integrated circuits (PICs) for a broad
range of applications and thereby accelerates commercialization. The standard-
ization is ensured through the use of building blocks (BBs) that control the prop-
erties of light: amplitude, phase and polarization and that can be interconnected
to form functional monolithically integrated circuits.

The distributed Bragg reflector (DBR) is a waveguide component with wave-
length selective filter and reflector functions. It is an attractive building block
for forming laser cavities of multi-wavelength and tunable sources for use in
wavelength-division multiplexing transmitters. In this thesis, we look into the
development of high-precision DBR in a generic photonic integration platform.

In Indium Phosphide (InP) based generic platforms, the zero-order DBRs
have a half-pitch in the hundred nanometer scale. Small variations on the half-
pitch in manufacturing, e.g. stitching errors induced by misaligned writing fields,
lead to phase shift in certain grating periods. Their interferences will be out-of-
phase which causes phase shifts in reflection spectra of DBRs. Variations of grat-
ing parameters of DBRs such as layer thickness and waveguide width, which
affect the effective index and coupling coefficient, lead to shifts of Bragg wave-
length and reflectivity. We explore the parameter space and look for solutions to
improve the manufacturing accuracy. We fabricated the world first DBRs with
193 nm ArF deep-UV lithography technology on the InP platform. This technol-
ogy is compared with the electron beam lithography (EBL) for writing gratings
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in terms of half-pitch accuracy and it is compared with 436 nm g-line lithogra-
phy in controlling the width of optical waveguides in which the DBR gratings
are embedded. It is demonstrated to be an effective method on improving the
manufacturability of DBRs.

Precise verification of variations and imperfections in high performance DBRs
are important but difficult to characterize. The challenges are mainly: first, the
accurate estimation of coupling loss between fiber and on-chip waveguide; sec-
ond, the isolation of the intra-chip imperfections from the ones in the DBR. The
challenges have been overcome by developing a novel and compact test struc-
ture in combination with an algorithm for low-pass filtering. The estimation
of coupling loss is enabled by using a cleaved facet as a reference. A photode-
tector is integrated to exclude reflections from the second facet, which enables
accurate analysis. The algorithm is based on an optical frequency domain re-
flectometry (OFDR) method which decomposes reflections in the spatial domain.
With this method we filter out the reflections from intra-chip imperfections and
from the cleaved facet, thereby extracting detailed reflection characteristics of
the DBR. We analyzed the Bragg wavelengths at various pitches and their re-
peatability over wafers, tuning capabilities, coupling coefficients, reflectivity at
different lengths and the phase shifts caused by stitching errors.

While the OFDR method is used for characterizing localized reflections e.g.
from waveguide defects, its spatial resolution is typically limited to tens of mi-
crometers which is larger than the feature size of many components. We have
modified the method to yield a record value of 5 µm for the spatial resolution
by properly accounting for higher order dispersion. With this method we were
also able to characterize the magnitude of reflections at waveguide crossings and
could extract the group refractive indices of shallow- and deep-etched ridge wave-
guides. The results provide us not only with the characteristics of the components
but also give an insight into the manufacturing repeatability.

For the next step, we extended our analysis to the circuit level by demonstrat-
ing a novel multi-wavelength DBR laser. Simultaneous single-mode operation
over a broad pumping range was achieved by virtue of the advantages of DBRs.
In addition, we have integrated filtered optical feedback to the DBR lasers, study-
ing the effect on reducing relaxation oscillation (RO) dynamics in the relative
intensity noise. The relaxation oscillations which are driven by the inherent
quantum or thermal noise broaden laser linewidth and reduce laser stability. We
have successfully demonstrated a feedback design with appropriate delay time
and strength that damps ROs and narrows the linewidth at all feedback phase
values, which therefore enhances the laser stability.
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