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Abstract
In this report a part of a possible new alignment sensor based on a photonic integrated chip is discussed. This sensor uses three free space grating couplers and a
Mach-Zehnder-Interferometer to measure nanoscale displacements of a wafer alignment marker. In this report the illumination of a wafer alignment marker is discussed
in detail. This is performed by using a focusing apodized grating coupler existing
out of a taper, a grating coupler and a mirror to improve efficiency. This grating
creates a Gaussian spot at distance of 1 cm with a focal beam waist of 20 µm. For
this grating multiple design methods are discussed as well as simulation methods.
A rigorous method and a simplified simulation method are used to simulate the behavior of this grating for various angles of emittance and layer stacks. The retrieved
simulation results are compared and discussed.
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Chapter 1
Introduction
During wafer fabrication processes several operations take place, such as etching,
deposition and lithography with the purpose to fabricate multiple patterned layers.
Key to the performance of such a chip is the accuracy with which these layers
have been stacked upon one another. Therefore, accurate alignment is needed to
ensure high quality chips. Overlay metrology systems are responsible for verifying
the placement accuracy during this process. This is done by measuring the position
of the wafer at different points to retrieve the alignment and deformation of the
wafer. Hereafter, these results can be used to create statistical correction models
to improve the overlay [1]. At certain points on the wafer an alignment marker is
placed. At these locations the position of the wafer is locally measured, during the
chip fabrication process, and compared to the nominal position of the wafer. This
comparison will give an overview of the allignment and deformation of the laser.
Currently, the position and wafer deformation, after the processing, is measured
with a classical bulk optical system, which measures the position of a marker.
However, as features on chips fabricated with lithography machines around the world
continue to decrease in order to uphold Moore’s law, even better component alignment on these chips is needed, because smaller deformations and mismatches can,
with decreasing component size, already start to have detrimental effect. The overlay control or alignment performance itself depends on the amount of markers and
the location of these markers. An increase in the amount measured markers will give
more data point to construct an overview of the local wafer positions. With a better
marker allocation scheme, so less markers are needed to give the same accuracy in
the overview, or with more markers the overlay control performance is increased, as
a better overview of the wafer deformation is retrieved. [1].
As smaller components are more sensitive to small deviations of the ideal grid positions, a larger number of marker gratings are eventually required to more accurately
measure and map these deviations. These markers will be smaller to occupy less
wafer space, but will also be placed intra-die. More markers, however, will result in
more measurements, yet the entire wafer alignment measurement time is limited, as
the overall throughput of the lithography machine cannot decrease [2]. To keep the
total measurement time constant, the measurements can either be performed faster
5
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or they can be executed in parallel to compensate for the extra required time. To
do the measurements in parallel more and especially smaller sensor are required to
fit multiple sensor next to each other. A much small integrated alignment sensor
on chip could be a possible solution to this problem. In this report this option is
investigated as a part of a new alignment sensor is designed.

1.1

Introduction to the current design

The current measurement system is illustrated in figure 1.1, it consists of two measurement sensors. The two cylindrical columns on the left and right side in the
figure are the cylindrical lenses of the level sensor. This sensor is responsible for
measuring the wafer height and is essential for the critical dimension uniformity.
The more rectangular column in the middle is the alignment sensor, which measures the marker position and is critical for the overlay performance. The alignment
sensor is subject of the research described in this report.

Figure 1.1: Illustrative overview of part of the current bulk optical system consisting
of two sensors as used at ASML measuring, indicated with the blue lights, the
location of a marker on a wafer.

A basic illustrative overview of a possible alignment sensor measuring a marker on a
wafer is depicted in figure 1.2. A laser will illuminate a marker grating on the wafer
through a lens system. The light will be diffracted at the alignment marker grating
and will consist out of multiple diffraction orders. When scanning with either the
wafer or the alignment sensor a phase shift will be induced between positive and
negative diffraction orders [3]. According to equation (1.1),

∆Φm =

2π(δx)m
d

(1.1)
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where d is the period of the grating on the alignment marker, δx is the lateral
translation and m is the diffraction order. This phase shift can be measured by
interfering both diffraction orders with each other, with for instance the use of
a Mach-Zehnder-Interferometer or they can be measured by passing the diffracted
orders through a reference grating, where they will interfere with each other. In both
cases a sinusoidal signal is expected. With the reference grating a point of reference
is created in the detected signal. A detector now placed behind the reference grating
will measure a signal that ideally looks as seen in figure 1.2. The requirements for
an alignment sensor are sub-nm accuracy and a measurement duration of only a
few milliseconds seconds. The current system has the benefits that it has a sub-nm
reproducibility and a large dynamic range. The wafer position is determined by
the wafer loading variations and the in-plane deformation that occurs during the
processing. Wafer processing leads to asymmetric deformation, such as side wall
angle asymmetry and/or top-floor angle asymmetry. With top-floor asymmetry the
etched and unetched grooves have a slanted top and with side wall angle asymmetry
the side walls of a groove are not etched vertically, but have an angle. Currently
ASML alignment markers have periods of 16 to 0.1 µm to offer flexibility in grating
pitch. This gives customers the possibility to optimize the grating pitch for their
processes and delivers robustness of the overall processing.

Figure 1.2: A schematic overview of a possible measuring technique of the alignment
sensor. The signal is detected by the detector, where the intensity depends on the
wafer position.
The wafer alignment process consists of two different parts: a coarse wafer alignment
and a fine wafer alignment. The purpose of the coarse wafer alignment is to bring
the marker gratings within capture range for the fine alignment. It measures thereby
four coordinates: 2 X and 2 Y. From these four coordinates the following position
parameters can be deducted: a Translation (Tx, Ty), a Magnification (M) and a
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Rotation (R). It does not measure all the alignment markers as this is not required
for a coarse alignment. Hereafter, the fine wafer alignment aligns the wafer further
and corrects for local wafer deformations. A standard linear model now determines
six positional parameters: a Translation (Tx, Ty), a Magnification (Mx, My), a
Rotation (R) and a Non-Orthogonality (NO). An overview of traditional alignment
marker positions are given in the left picture in figure 1.3, where the markers are
placed in the scribelane. A newer updated version for better fine alignment, where
markers are also placed intra-die is seen in the right picture in figure 1.3.

Figure 1.3: Schematic overview of the traditional marker positions and one with
newer updated marker positions are depicted. Here the green dots represent the
markers.

1.2

Overview of approaches to grating couplers

To solve this problem of limited scanning time, multiple parallel measurement systems or increased scanning speed are desired. However, the current systems are
simply to bulky and costly to efficiently perform multiple measurements at the
same time. Therefore small mass-producible chips are well suited candidates to
solve this problem. Fortunately, more then 30 years of integrated optics on chips
has shown, that it is theoretically possible and that integrated optics can do these
measurements by coupling light out and into an optical chip. There are several
ways to couple light in and out of an chip. An in-plane grating coupler can be used,
where the first order diffraction of light is scattered in air [4], [5]. Here, the in-plane
grating couples light in and out of a chip coming from and going to a marker. Edge
coupling can also be used. Here, light is emitted out of the side of a chip by making
a very clean cut on the side [6]. The third option, is by using a prism or by bending
the waveguide upward on the chip to couple light out [7], [8]. Here, the combined
arguments of possible mass-production and a high efficiency of the first option are
decisive over the other options, which are theoretically also possible. However, the
bandwidth of the first option is limited and the angle of emittance is wavelength
dependent. Although, due to the relative small size of the grating, many gratings
operating at different wavelengths can be placed next to each other to circumvent
these drawbacks.
The first grating coupler design was made by Dakss et al. [9]. This was a rather simple grating coupler, which purpose it was to couple laser light into a glass thin film
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via a straight grating etched on top. A very interesting early scanning input/output pick up devise was made by Ura et al. [10]. This device focused light with a
grating coupler on a disk and captured the reflected light with the same focusing
grating. The captured light was then with an in-plane twin focusing beam splitter
focused towards two different photodiodes. Although the concept was proven, the
performance of the optical pick up devise was not adequate enough for practical
implementation yet. Extensive research both experimental and theoretical has been
done in the last 50 years on in-plane integrated grating couplers [5], [11], [12], [4] and
many more can be found in the collection paper of Marchetti et al. [13] for instance.
The basic design principles of a grating coupler are, for instance described in Tamir
et al. [4]. Here the basic grating equation is given along side with a leaky-wave theory of beam couplers. It is stated that the guided mode in the waveguide needs to
be accompanied by space harmonics in the grating region. Due to these harmonics,
wave vectors smaller then those supported by only the waveguide are possible and
the phase-matching condition can be satisfied. This phase matching condition is
the backbone of all the in plane grating couplers. In Peng et al. it is shown that a
theoretical efficiency of nearly 100 % can be achieved if the grating thickness and its
profile of the grating is well designed [14]. The basic Bragg phase matching grating
equation is given by equation (1.2).
Λ=

Nef f

λ0
− Nsup sin (θ)

(1.2)

In this equation, Λ is the period or pitch, λ0 is the wavelength of light in free space,
Nef f is the effective index in the grating, Nsup is the effective index of the superstrate
and θ is the angle of diffraction into air for the first diffraction order. It can be
readily seen, that by changing the pitch the angle of emittance will vary as well as
the other variables are often constant. Often grating to fiber coupling is desired.
Here the modal overlap between the fiber mode and the optical mode supported
by the grating is desired to be as large as possible. A well established method is
to apodize the grating in such a way that the profiles match. By apodizing, the
amount of the grating line that is etched away is changed and thereby the amount
of power leaked away per grating line can be controlled. Efficiencies up to 89% have
been shown, with either the aid of metallic mirrors for a 1D grating and 81% for
a focusing 2D grating [15]. Distributed Bragg reflectors (DBR) or subwavelength
gratings creating constructive interference in air just above the grating, can also
increase the efficiency substantially, because they act as a back reflector reflecting
the diffracted light back upward into the waveguide [16], [17]. A subwavelength
grating does this by locally changing the effective index and thereby reflecting some
of the light [18].
A grating can be etched in many different materials when a refractive index change
from an unetched to an etched waveguide part can be designed. A recent paper
discussed a grating coupler etched in SiN [16], incorporating a fully apodized grating
with a back reflector in the form of a distributed Bragg reflector. They achieved
losses between -0.33 dB and -0.65 dB. A schematic overview of this grating coupler
is given in figure 1.4.
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Figure 1.4: A schematic overview of the grating coupler by Nambiar et al. is presented left and a top down view of a chip with multiple grating couplers and an
inset of one of the chirped grating couplers [16]

In a paper by K. K. Mehta and R. J. Ram a backward focusing waveguide to free
space grating coupler is designed [5]. This grating coupler is etched in the Si3N4
waveguide layer. The grating lines are curved to ensure focusing and the grating is
relatively small, measuring 18 µm by 44 µm including the taper. In the designing of
these gratings the amplitude and phase shaping is done separately for the dimension
in and transverse to the direction of propagation. A similar approach will taken in
the design discussed in this report, however the phase shaping in transverse and
longitudinal direction are combined and are effected by the amplitude shaping in
the longitudinal direction. In the design described in the paper by Mehta et al.
the grating is considered first a 1D grating along the direction of propagation after
which the grating lines are curved in the transverse direction to create a 2D focusing
grating. The parameters here were determined and optimized via 2D simulations.
After measurements on the fabricated grating the efficiency was measured to be
70±15%. An overview of the grating is given in figure 1.5.
Even relatively large distance focusing has been proven to be possible [19], where
an interferometric approach has been taken to calculate the position of the grating
lines. Here the phase patterns of the desired Gaussian beam at the grating surface
and a phase profile of the diverging waveguide mode in the taper are interfered to
create a grating line profile. This approach seems the most elegant as it is analytical,
so no rigorous and time consuming optimization and simulation methods need to be
deployed. This is especially important as the grating designed in this this report will
be extremely large, due to design specifications. It is also well suited for gratings
with low refractive index contrasts. Another design approach for grating couplers is
the use of metamaterials, so that only one etch depth needs to be used [13]. Hereby
the sensitivity to shallow etch depth fabrication errors is removed as a deep etch is
performed everywhere. Either pillars or holes are left after etching. An schematic
overview of such a design is given in figure 1.6. Here, the distance between the
center of the holes or pillars in the longitudinal propagation direction represents the
period. The distance between them in the transverse direction is subwavelength and
thereby it effectively alters the refractive index of a grating line in the y-direction,
now represented by a row of pillars or holes. This has a similar effect to designing
a grating coupler with different etch depths and gives an extra degree of freedom in
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Figure 1.5: (a) A SEM image of the fabricated device by Ram et al. (b) A cross
sectional overview along the propagation direction of the same grating [5].
the design without extra fabrication steps. By applying apodization of the pillars in
the x-direction to increase the modal overlap and the use of a back reflector a peak
efficiency of 85.6% has been reported [20]. It has not been investigated any further
in this report, because the design is more complicated.

Figure 1.6: A schematic overview of a nano-hole grating coupler left and a schematic
top down overview of the nano-hole arrangements right. Here FF is the fill factor
and Λ is the period [13]
The grating coupler can also be made polarization insensitive, by using the extra
degree of freedom given by the metamaterials, to design a grating for TE polarization
in one direction and for TM polarization in the orthogonal direction [21]. These two
1D grating couplers are then superimposed and combined into one grating with two
tapers, one for each polarization, as viewed in figure 1.7. This design is not adopted,
because a grating designed only for TE polarization was satisfactory.
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Figure 1.7: In the left picture: two 1D focusing gratings are orthogonally displayed
on top of each other on the left. A 2D focusing grating is designed by etching a hole
at the intersections of these overlaying gratings. A SEM image of the fabricated
device is shown in the right image. [21]

1.3

Goals and approach

Extra optical circuitry around these possible grating couplers can be deployed to
measure the phase difference between different diffraction orders from the illuminated marker grating to form an alignment sensor. This, in turn gives information
about the displacement of the marker grating and thereby also about the alignment.
The total sensor will have an area of no more then a few hundreds of mm2 , with
a height in the order of several µm. The entire sensor consists out of three parts,
the emitting grating, the capturing gratings and an interferometer to interfere the
positive and negative diffraction orders to retrieve the phase shift. This paper describes a master thesis project with as goal to design the emitting grating. With
the design specification, that this had to be a focusing grating coupler, that was
able to focus light out of a waveguide at a distance of 1 cm in free space. The focus
needed to be a Gaussian spot with a beam waist of 20 µm in every direction. This
alignment sensor will be fabricated on a nanophotonic platform, InP Membrane on
Silicon (IMOS). The input of the grating is a standardized InP waveguide with a
width of 400 nm and a height of 300 nm. The grating will be designed for TE
polarized light, however both TM and TE polarization are supported by the 300
nm thick waveguide layer. The main research question is: is it possible to convert
the light in a waveguide to a focused Gaussian spot in free space over such a large
distance?
In order to have a lateral spot size in the focus with a beam waist of 20 µm at a
distance of at least 10 mm, the light spot just above the grating needs to have a
beam waist of 247.5 µm or larger. The minimal exact elliptical spot size on the
emitting grating can be calculated from the desired position and size of the focus
under an angle in the following way, illustrated in figure 1.8. Let’s take as example
a desired round focal spot in the x-y plane with a beam waist of 20 µm. If the
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Figure 1.8: Schematic overview of a Gaussian beam expansion in air and the relative
beam waists at different locations and angles within the beam.
light is emitted under an angle the focal beam width in the plane perpendicular to
the beam will be smaller, according to equation (1.3). However this equation is not
required for the angle that the beam makes in the y-z plane as that one is zero.
w0 = wf ocus cos(θ)

(1.3)

The light is emitted out of the grating under an angle θ with respect to the normal
of the grating coupler. The total path length the light has to travel will also increase
under an angle and is given by equation (1.4).
zef f =

height
cos(θ)

(1.4)

With w0 and zef f the Gaussian beam divergence can be calculated at the wafer level
can be calculated with equations (1.5).
s
wexp (zef f ) = w0
zR =

1+
πω02
λ0



zef f
zR

2
(1.5)
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Here, wexp (zef f ) is the calculated beam waist after expansion, zR is the Rayleigh
range with λ0 and ω0 as the wavelength and the angular frequency in free space.
The final required beam waist on the grating is given with the following formula
(1.6). For calculating the beam waist in the y-z plane only equation (1.4) and (1.5)
are required as the angle in that plane is zero. Again this formula is only needed
to calculate the radius along the semi-mayor axis. Along this axis the radius grows
rapidly for large angles and has a minimum of 247.5 µm for an angle of emittance
of zero. For the current design an angle of 6 degrees has been chosen. This angle is
a trade off between keeping the alignment sensor as small as possible and ensuring
no part of the grating has a diffraction angle approaching zero degrees. A zero
degree diffraction angle is detrimental for the efficiency of the grating as light will
get diffracted back into the taper.
w=

wexp (zef f )
cos(θ)

(1.6)

Thus, the waveguide mode needs to be expanded from 400 nm to more than 500
µm, while maintaining phase and constructing an output beam with a Gaussian
amplitude profile and a spherical wavefront. A normal adiabatic taper can full fill
these requirement but would have an undesirably large footprint. With a straight
uniform grating the grating would not be focusing and the out-coupled beam would
have a decaying exponential profile. Because the grating lines are already curved
regardlessly, a smaller special taper with a curved phase front is just as convenient.
Due to the sheer size of the grating coupler, parameter optimization via rigorous
simulation methods, like finite difference time domain (FDTD) is not a viable option,
because of the required computational time. Therefore, grating design via analytical
equations and verification with a much faster but a more approximate simulation
method is preferred.
In this report the following topics will be discussed in subsequent order: first, theory
and general design of the grating, to create a focusing beam in air with its focus
at the designed position. Secondly, amplitude shaping and use of a back reflector
will be discussed to increase the efficiency and to make the focus Gaussian shaped.
Thirdly, two simulation models will be presented, FDTD via Lumerical software and
a more approximate but faster point source (PS) model. Next, the simulation results
will be presented, including some discussions. Last, it’s fabrication tolerances will
be explained, finished by a conclusion.

Chapter 2
Theory and design of the grating
2.1

Taper

As mentioned before the spot size of the emitted beam just above the grating will be
at least 500 µm in diameter. This, while the light in the input waveguide is confined
to only 400 nm in the y-direction. The length of a linear adiabatic taper, which
maintains a straight phase front would have to be several millimeters in length.
Such a large taper has an undesirably large footprint. An adiabatic taper is a taper
where the guided mode is gradually tapered and the light lost in the cladding is
minimized [22]. Several methods have been developed in the last couple of years
to circumvent the problem of having such a large footprint. Four different taper
designs will be discussed.

Figure 2.1: In (a) an in-plane grating is acting as a lens, focusing light towards focal
point F inside a Si slab. The grating exists out of rectangular etched holes with a
varying size of w by d. In (b) a simulation of the normalized electric field is plotted
for an in plane grating acting as a lens [23].
First, an in-plane grating can be used, which acts as an in-plane lens. Such a lens is
shown in figure 2.1. With this method light freely expanding in a slab is converged
into a parallel beam with a straight phase front [23] with this in-plane grating.
This method can also be deployed to focus light in-plane from a parallel beam.
Throughout the grating the refractive index is changed by changing the apodization
15
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of the grating, so locally the grating diffracts the light everywhere under a different
angle. Although being demonstrated as a viable option the footprint of this method
is still relatively large compared to the other methods. Secondly, an in-plane mirror
can be used, hereby the path length of the light is doubled without increasing the
footprint. So the light has twice the path length to diverge, but due to the mirror
the footprint of the taper is only half. This can be achieved with a photonic crystal
[PC] [24], a DBR or with a metal reflector. All methods are suboptimal, as the
required curvature makes it challenging to reflect the light optimally for both the
PC and the DBR, while fabricating a metal strip in the plane of a waveguide layer
is far from evident.

Figure 2.2: A SEM image of the gap coupler, where the light from the waveguide
mode is coupled to slab mode an is thereby expanded from a narrow waveguide mode
to a broad slab mode. This slab mode is injected into an apodized grating. [12]
Third, an in-plane gap coupler can be etched into the waveguide layer, which couples
light from a waveguide into a slab layer [12]. Here, the gap between the waveguide
and the slab determines the coupling strength and the thickness of the waveguide
controls the phase front in the slab. Such a gap coupler is shown in figure 2.2. This
is a well-suited option to design a grating coupler [12] [25]. The last option is a very
simple and elegant one and has been used most extensively in literature [5], [19], [26].
Here, after the waveguide a slab is placed, where the guided mode can expand almost
freely.
The edges of the taper are determined in such a way, that they follow the beam waist
of a diverging Gaussian beam in the slab, with its initial beam waist the waveguide
width. The formulas used for this are given in the introduction, see figure 1.8 and
accompanying equations. In this case for w0 200 nm is used, and λ0 has been divided
by the effective index, nef f . The effective index in the taper is 2.72. However, the
actual beam waist of the intensity of the guide mode at the end of the waveguide
is 220 nm, therefore there is less cut-off of the beam in the taper. The angle of the
beam expansion can be calculated in the paraxial case via this equation: φ = πnefλf w0
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Figure 2.3: The design of the taper attached to the waveguide is shown. The arrow
indicates the direction of propagation of the guided mode. Light blue indicates the
waveguide and the taper in InP and light gray is the area, where InP has been etched
away and only air is left.
and will be 39.5 degrees for the waveguide mode and 42.2 degrees for the edges of
the taper. Optimization of the edges of the taper is left open for future research.
This is the best trade off between maintaining a short taper and a low footprint.
However, the phase front will now be curved too, so the problem of the taper design
is partly passed onto the grating design, as the grating lines now need to be more
curved as well to accommodate for the curved phase front. The phase curvature is
often assumed to be circular far away from the beginning of the taper, as for large
gratings the taper has such a length that a small input grating can be seen as a
point source. However, this assumption is not entirely correct, but satisfies for our
grating design as the error is minimal, because the length of the taper is much larger
than the Rayleigh length in this case and therefore the paraxial approximation can
be used. The length of the taper is linked to the rate of expansion of guided mode
in the taper and is designed to have a length that is equal to a third of the total
amount of grating lines. This is slightly larger than required and can be optimized
in the future. But the length of the wavefront of the guided mode, needed to support
the required beam waist will definitely be sufficient. The taper design is given in
figure 2.3.

2.2

Validation of the taper design

It is assumed that the amplitude of the guided waveguide mode diverges as a Gaussian beam in the x-direction in the taper and that the phase front is spherical. In
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Figure 2.4: The simulated layout of a 2D geometry of a taper simulated in FDTD
with and without edges in the y-direction, respectively.
this section this approximation is validated and it is stated how accurately it holds.
The amplitude profile and phase front are simulated for two different cases. In the
first case the taper has edges, which are located along a 52 degree angle based on the
width of the waveguide as if the taper was a semi-infinite slab. After these edges all
the material is etched away and the refractive index is 1. This 2D geometry is pictured in figure 2.4(a). The case of an semi-infinite slab without edges the geometry
is visible in figure 2.4(b).
In figures 2.4(a) and 2.4(b) the black areas are just empty background space, the
blue areas are the InP slab, the pink arrow indicates the direction of propagation of
the guided mode, the orange line indicates the space that will be simulated. As the
green area is equal to the non green area an anti-symmetric boundary condition can
be used here to speeds up the simulation. An anti-symmetric boundary condition
means that the structure is effectively mirrored at that boundary. The red dotted
semi circle on the other hand does not belong to the simulation, but indicates the
line along which the amplitude profile will be measured. This line corresponds with
the phase front which is approximated to be spherical as well. The amplitude profiles
themselves are plotted in figures 2.5 and 2.6, given in blue, and fitted with against
a Gaussian curve, given in orange.
It can be concluded that the amplitude profile of a taper with sides, as seen in figure
2.5, follows a Gaussian profile more closely than a semi-infinite slab as taper along
the spherical phase front. With as reason, that in a taper with sides the light in the
waveguide is more adiabatic and guided. Whereas, in the slab the transition from the
waveguide to the slab is more abrupt, causing ripples to be visible in the amplitude
profile. After doing multiple simulations at different distances away from the start,
it was observed that these ripples became stronger closer towards the beginning of
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Figure 2.5: The amplitude profile of the diverging guided mode in the taper along
the red dotted line in figure 2.4(a).
the taper. The further away from the waveguide the better the approximation of
the waveguide as a point holds.

Figure 2.7: A wavefront of Re(E-field) at a distance of roughly 200 µm from the end
of the waveguide inside the taper with edges is plotted. The red line is the fitted
circular wavefront curvature. The actual phase front of Re(E-field) is given by the
blue dotted line. The start of the taper is at location [0,0].
The phase curvature at the start of the grating is approximated to be circular
with a radius equal to the distance from the end of the waveguide to the point
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Figure 2.6: The amplitude profile of the diverging guided mode in the taper along
the red dotted line in figure 2.4(b).

of measurement. At a distance of 200 µm, there where the guided mode roughly
enters the grating region, it was found via simulations, that the maximum deviation
of the phase front from a circular fit was no more than -450 nm at the x-axis and
the edges of the taper on a radius of 200 µm. The fit itself is depicted in figure 2.7.
This mismatch did not seem to have an impact on the focusing behaviour of the
grating as the grating was still able to focus well, according to simulations in the
results section. From these results there can be concluded, that the approximations
of the phase front being circular, when entering the grating region, and having a
Gaussian amplitude profile is valid. The same approximation was used in Oton, and
in Metha et al. a similar one was used.

2.3

The design of a 2D focusing grating

In the following subsections the phase shaping of the grating coupler, so how to
create a focusing grating, designed in this report will be discussed. First, the general
phase matching equation will be explained in a subsection and how generally for a 1D
grating focusing is achieved. In the subsequent sections two interferometric methods
will be discussed that solve the phase matching equation, to create constructive
interference in the focus, longitudinal and transverse to the propagation direction
at the same instant for a 2D focusing grating in free space. Both interferometric
methods will be used to design grating couplers and will in the result section be
compared to each other.
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The general phase match equation for 1D focusing
gratings

By etching a grating on top or inside the waveguide layer, part of the guide light will
be diffracted out of the waveguide. As the Bragg condition in the grating needs to be
satisfied [27] [28], phase matching between the guided and diffracted light is required.
So, for a general laminar grating the propagation vector in the cover region, in this
case air, kx must be equal to the propagation vector in the grating, β, where the
latter one is given by the propagation vector in the waveguide, β0 accompanied by
space harmonics in the grating region created due to the periodicity of the grating,
K. These longitudinal propagation vectors are given by the following equation,
β = β0 + mK = β0 +

2πm
, m = 0, ±1, ±2, ...
Λ

(2.1)

where Λ represents the pitch size between two grating lines and m indicates the
diffraction order. If no grating is applied only the zeroth order diffraction is present,
and the light stays confined within the waveguide. If the period of the grating is too
small no diffraction order higher than 0 will exist and the grating will merely act
as a disturbance of the refractive index locally. The larger the pitch size the more
Floquet-Bloch waves can be supported by the grating, as can be seen in figure 2.8.

Figure 2.8: K-vector diagram for grating couplers [13]
For the grating coupler discussed in this report the fewer Floquet-Bloch waves the
grating supports the better, as only one into air is needed and all the other supported
diffraction orders only result in a loss of power. The longitudinal propagation vector
for the cover region in the x-z plane is given by
kx = k1 sin (θ)

(2.2)

,where k1 is the k-vector and θ is the angle made with respect to the z-axis. The
cover region is air, unless stated otherwise. Equating these two equations to each
other gives the following expression below
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Figure 2.9: A uniform laminar grating with a period of Λ. The light approaches
from the left and is leaked away into the air in planar waves under an angle θ. The
gold layer is optional and only there when mentioned, otherwise it is substituted
with BCB material.

k0 sin (θ)nair = k0 nef f −

2πm
Λ

(2.3)

,which simplified results to
nef f = sin (θ)nair +

mλ
Λ

(2.4)

This equation needs to be satisfied locally everywhere. nair approximately equals 1,
but it will often be kept for generality. For m, 1 will be inserted as it is desired that
only one beam will go into the cover region. However, with the substrate region
having a higher refractive index in this case than the cover region, also one beam
will go into the substrate region. To calculate its angle nair needs to be substituted
with nsub . A schematic overview of a first diffraction order grating can be seen in
figure 2.9, where the grating is etched into the InP waveguide layer. This equation
can be rewritten into the general phase matching equation as given by equation (2.5)
and is rewritten for the reader. Here Nsup is nair , Nef f is nef f and m has not been
substituted.
Λ=

nef f

λ0 m
− nair sin (θ)

(2.5)

With this equation a 1D focusing grating can be created, when the diffraction angle of every grating line is altered by changing the period in such a way that the
grating focuses in one point in free space. This will always create a chirped grating,
where it is assumed that each grating line does not effect it’s neighbours and locally
the grating can be perceived as an infinite uniform grating. To create a 2D focusing grating, however, an interferometric approach is chosen as the phase shaping
transverse to the propagation direction is often more straightforwardly constructed.
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General interferometric approach

First a general interferometric approach is given for a 1D focusing grating, which
will later be expanded in the transverse or y-direction for a 2D focusing grating. In
an interferometric approach the phase profile of the expanding guided mode in the
grating is interfered with the desired phase profile at the surface of the grating. The
desired phase profile on the surface is calculated, by taking the focus, for this general
case as a radiating point source radiating in all directions. Both these phase profiles
are then together equated to 2πq. Or in different words, by locally determining
the accumulated phase that will create constructive interference in air at the focus.
A similar approach is done by Chen et al. [26], only there the accumulated phase
in the taper and the grating are separated. The accumulated phase locally can
be calculated by dividing the path length of the beam by the wavelength in that
medium times 2π. The equation for a 1D focusing grating matching the phase of
the path length in the grating to that one in air is now given by equation (2.6).

2π

x
λ

√
− 2π

nef f

x2 + h2
= 2πq
λ

(2.6)

In this equation x is the distance from the start of the waveguide till the grating
line and h is the height of the focus. The focus is located above the end of the
waveguide in this case. By solving this equation for the only unknown, x, the start
of the grating line can be determined. This is a 1D grating focusing at a height h on
the z-axis. If another focus point horizontally is required x can be substituted with
xw − x giving equation (2.7), which also has been simplified, compared to equation
(2.6).
k0 xnef f = k0

p

(xw − x)2 + h2 + 2πq

(2.7)

xw is the distance from the start of the grating till the focus point on the x-axis. If
a 2D focusing grating is desired, the path lengths can be made dependent on y as
well as you can see in formula (2.8). y here is also unknown. However, by choosing
for every q a whole range of x values the matching y values can analytically be
calculated, see appendix B. These x-y grid points define the contour of a 2D grating
line for a certain grating line number q.
p
p
x2 + y 2 nef f = (xw − x)2 + y 2 + h2 + qλ

2.3.3

(2.8)

Otons interferometric approach

A very similar interferometric approach is used by Oton [19]. Only in Oton the focus
is not regarded as a radiating point source, but as a diverging Gaussian beam with
its focus at a defined location in space. When equation (2.8) is compared to the
formulation of the equation as stated in Oton [19], given by equation (2.12), they
look different at first sight. However, the second term in Oton is a Laurent series
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expansion of that term in (2.8), for small angles. The derivation is in appendix
A. For both equations it is visible, that the phase of the light inside the grating
and that in air are summed and are equal to an integer amount of 2π. This, as
already mentioned, to determine the position of the grating lines. The phase profile
inside the taper and grating in Oton is given by equation (2.9). nef f for every
interferometric approach discussed here and in the previous section is the average
effective index along the entire path length of the guide light in the taper and the
grating. In Oton and in equation (2.9), nef f , however is only the average effective
index in the grating.
φw (x, y) =

2πnef f p
(x − xw )2 + y 2
λ0

(2.9)

As the focus of the grating is now placed at the beginning of the taper the equation
changes to
φw (x, y) =

2πnef f p 2
x + y2
λ0

(2.10)

The equation for the phase of the light in air at the surface of the grating in Oton [19]
is given by equation (2.11). In this case the light had to focus inside a fiber.
2πnair
φf (z , r ) = −
λ0
0

0



r02
z +
2R(z 0 )
0



+ ξ(z 0 )

(2.11)

Equation (2.11) is identical to the phase of the fundamental mode of the electric field
of an expanding Gaussian beam in free space [29]. In equation (2.11), R(z 0 ) is the
radius of curvature and ξ(z 0 ) the Gouy phase. The Gouy phase shift is the phase shift
that a converging light wave experiences when it passes through a focus. Converging
waves going through a focus have a finite spatial extent in the plane transverse to
the propagation direction. The uncertainty relation then causes a distribution over
the transverse and consequently over the longitudinal wave vectors. The total effect
of this distribution over all the wave vectors leads to an overall phase shift [30].
The coordinate system used in this equation is different from before and they are
the coordinates associated with the direction of propagation of the emitted beam
as seen in figure 2.10. The total equation, in which equation (2.11) and (2.10) are
added and equated to 2π, looks the following way:


2π
r02
2πnef f p 2
0
2
+ ξ(z 0 ) = 2πq
x +y −
nair z +
λ0
λ0
2R(z 0 )

(2.12)

It is depending on r, r’ and z’ to ensure every point on the grating is focusing at the
same spot at a certain height above the grating. With some geometric algebra this
equation can be reformulated to depend only on x and y. This ensures one and the
same coordinate system is used for all the equations. In the figure 2.10 a schematic
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Figure 2.10: a) A schematic top down view is given of the grating, where the yellow
band represents the grating lines. b) A side view is given where the focus is placed
at the tip of a fiber. [19]
overview is given, how x, y, z, r’ and z’ relate to each other. The formulas to rewrite
r’ and z’ are given in equations (2.13),
z 0 = h cos (θ) + (xw − x) sin(θ)
p
r0 = x02 + y 02 , with
x0 = sin(θ)h − (xw − x) cos(θ) and y 0 = y

(2.13)

where h stand for the height of the focus, θ for the angle between the principal axis
and the z-axis and xw for the distance between the focal point and the middle of
the grating in the x-direction. Both θ and xw are negative for backward diffracted
beams. For R(z 0 ) and ξ(z 0 ) in the above equations (2.11) and (2.12) the following
terms can be substituted, (2.14).
0

0



R(z ) = z 1 +

 z 2 
R

z0
 0
z
ξ(z 0 ) = arctan
zR
2
πω0
zR =
λ0

(2.14)

Solving equations (2.12), (2.13) and (2.14) for y, given a set of x-coordinates and
grating lines, q, four solutions are given. One represents the curvature of the grating
lines in the first quadrant, one of those in the fourth quadrant and the other two are
physically not viable. A solution is illustrated by the graph shown in figure 2.11.
In figure 2.11 the grating lines are given by the colored half ellipses. The black
ellipse gives an indication of the required spot size of a Gaussian beam starting with
a beam waist just above the grating of 10µm. Both black lines represent the beam
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Figure 2.11: A schematic representation of a focusing grating represented by the
elliptically curved colored lines. Every colored line represents a boundary of an
etched part of a grating line. The black ellipse indicates the required spot size for a
10µm spot size. Both black linear lines represent the borders of the grating.
waist of the diverging guided mode, emitted from the waveguide into the taper and
the grating. An entire small scale 3D design can be seen in figure 2.12.
Here, the arrow indicates the incoming light, the dark blue lines are InP in which
the grating is etched, in red is the Si wafer with on top BCB as an insulator, in
which a yellow layer is implemented representing a 100nm thin golden mirror. On
top of the grating a yellow cone is drawn to help visualize the emitted light focusing
in a spot at a distance h above the x-axis.
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Figure 2.12: A small scale simulation design of the free space grating coupler is
pictured. From bottom till top the following layers are visible: in red is the Si
wafer, above is a substrate of BCB with embedded a layer of gold as mirror. On top
a blue slab of InP, in which the grating lines are etched. The purple arrow indicates
the incoming guided mode in the waveguide and the yellow cone out of the grating
is a schematic representation of the focusing emitted light.

Chapter 3
Amplitude shaping of the grating
3.1

Minimizing loss caused by the substrate mode

When the pitch size has been chosen in such a way, that only one diffraction order
is supported to go into the superstrate, still also always the same diffraction order
will be supported to go into the substrate. This, for the case when the refractive
index of the superstrate is lower than the one of the substrate. If this substrate
leaky wave is left undisturbed it will result in a loss of signal and will just heat up
the device.

Figure 3.1: On the left axis the reflectance is plotted against the amount of pairs of
high and low refractive index that are required. On the right axis the thickness of
layer stack is plotted against the amount of used pairs.
28
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The four most common solutions are: using a mirror within the substrate, fabricating a DBR in the substrate, using a second (subwavelength) grating to promote
constructive interference in the airmode [31], [17] or to directly couple out the zeroth
diffraction order by using for instance a prism [8]. The first solution is used and will
be discussed in more detail in this paper. The second solution, a Bragg reflector
would be possible, however to reach a high reflectance many layers with alternating
high and low refractive indices would be required, as can be seen in figure 3.1. For
this DBR materials as BCB and Si3N4 were chosen, as these are commonly used
materials within a PIC. With a 90% reflectance needed a DBR is simply not viable, because it would become too thick for fabrication. The third solution has not
been investigated any further, because although it proves to be fruitful according
to research [32], the maximum achievable efficiency will likely be lower than the
first solution, a mirror. This due to the fact, that not all light will constructively
interfere as some will still be emitted into the substrate, whereas with a gold layer
the reflectively of infrared light will likely be very high [33]. The last solution is
not possible, because design requirements specified a flat integrated optics design as
mentioned before.

3.2

Gold layer

The gold layer on the other hand will reflect all light emitted into the substrate, and
when the distance between the grating and the gold mirror is carefully adjusted the
substrate mode will cause full constructive interference with the air mode [34], [35].
By apodizing the grating and using a back reflector, for every grating size theoretically an efficiency of almost 1 can be achieved [14]. For a 1D grating according to
FDTD simulations this was confirmed and possibly also for a 2D grating, however
this has not been possible to simulate, because 3D simulations on a large scale are
currently impossible with FDTD. It was noticed, however, that for 3D simulation
on an InP grating the transmission approximately doubles with the use of a gold
layer. The area between the InP layer and the Si layer is in principle a Fabry Perot
cavity if the height of the cavity is carefully chosen. The gold layer and the interface
between the high refractive index of the InP and the low refractive index of the SiO2
layer act as mirrors. The effects of this cavity are undesired, because they can lead
to very low efficiencies for certain distances between the waveguide and the mirror,
as can be seen in figure 3.2.
These dips in efficiency are exactly when the light travels half a wavelength from
the top till the bottom of the cavity. The distance at which these dips occur can be
cos φ
. Here, m is an integer and φ is the
predicted with the following formula: d = λm
2Nef f
angle of diffraction of light into the substrate or into the cavity in this case. The
ideal distance between the bottom of the grating and the gold layer was found to be
around 250 + 500n nm, as can be seen in figure 3.2, where n is a positive integer. If
the mirror is placed to close to the grating surface, plasmon polaritons were formed
on the surface of the mirror. They are undesired too, as they change the modus
operandi of the grating, and thereby reduce the efficiency.
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Figure 3.2: The efficiency of grating for different distances between the gold and the
InP layer.

Figure 3.3: A schematic overview of the implemented layer stack for a large grating,
where the grating is etched in a SiO2 layer on top of the InP waveguide layer.

3.3

Exponential decay constant, α

With a uniform straight grating the electric field in the waveguide decays exponentially in the propagation direction, with a decay constant α. α which depends
mainly on the difference in refractive index between the etched and unetched grating
sections. They depend in their case again on the fill factor, period, the layer thicknesses and the etch depth and the refractive indices of all the layers. The fill factor,
FF, is defined as the length of the unetched part of the period divided by the period
itself and is given by equation 3.1.

3.3. EXPONENTIAL DECAY CONSTANT, α

FF =

Lu
Lu
=
Λ
Lu + Le
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(3.1)

α ∼ sin(πFF)2 , with a peak around a fill factor of 0.5 [4]. This can intuitively
be explained, that at a fill factor of 0.5 the perturbation of the waveguide mode is
maximized, as neither the refractive index of the etched nor unetched part dominates
the period. Whereas, when the length of the etched, Le , or unetched, Lu , is larger
than the other, the waveguide mode will predominately be guided in the part with
the larger length and will not be disturbed as much as when their length is equal.
This can be seen in figure 3.3. To create a focal spot at 1 cm with a diameter
of 40 µm, an initial spot size of more then 247.5 µm is needed. Due to the large
grating size the amount of power diffracted per grating line needs to be relatively
low, thus also a small decay constant is required. This can either be achieved by
very shallow etching in the order of 20-30 nm into the InP slab, giving a Nef f
difference between the etched and unetched grating sections of 0.0593, simulated
with Optical Waveguide Design Software of Lumerical (MODE). Or by adding a
layer of SiO2 or Si3N4 on top of the InP slab, giving a Nef f difference of 0.001712 or
0.050143, respectively. With the latter option a much smaller α can be achieved via
fabrication, because the refractive index difference between the Le and the Lu parts
is much smaller. In the case of a grating etched in a different layer on top of the
waveguide only light that is in the evanescent wave in the cladding can be diffracted.
This light is confined within the InP layer and only the tails of the confined mode
will penetrate into the grating layer as evanescent waves.

Figure 3.4: The fill factor is plotted against the decay constant. A clear sin (πF F )2
relation is visible. The size of α depends on refractive difference between the etched
part and the non-etched part. A large etch depth and a high refractive index difference between grating material and air will result in a high α.
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Gaussian profile emitted beam

A Gaussian shaped emitting beam is required as it has a fast decaying profile away
from the peak and does not have any side lobs in the far field. This has the benefit
that the power of the beam is well concentrated and only the desired part of the
wafer gets illuminated. To ensure a high efficiency the emitted beam should have
the same profile as the received beams within the alignment sensor, while taking into
account the effect of the marker grating. This ensures a high modal overlap between
the received and emitted beams [11]. The larger the modal overlap the more of the
emitted light can be captured by the receiving grating. A mismatch between them
will result in a loss of power. In this case the emitting grating and the effect of the
marker grating on the diffracted light dictate the shape of the beam impinging on
the receiving grating. The receiving grating has to be adapted to capture this light
with maximum efficiency.
A Gaussian shaped emitting beam can be created by locally modifying the decay
constant. The decay constant α can be related to the output profile via equation
(3.2) [36],

2α(x) =

G2 (x)
Rx
1 − 0 G2 (t)dt

(3.2)

where G(x) is a normalized Gaussian distribution. As shown in figure 3.4 the required α can be created by varying the fill factor along the grating. There are
multiple methods to do this. One of the methods to do this, is to linearly apodize
the grating according to the equation (3.3) [27].

F F = F F0 + R ∗ x

(3.3)

In this equation FF is the fill factor, F F0 is the initial fill factor and R is a constant
that needs to be optimized to achieve the required Gaussian shape. Another method
is to exactly calculate α given the refractive indices and the fill factor according to
Ogawa [37]. This method is faster, as once the layer stack, wavelength and period
are given any grating size can be calculated. While on the other hand, with a
linearly varying fill factor a new time consuming optimization via simulation needs
to be performed every time a different grating size is required to get an optimized
value for R and F F0 for that particular grating. Ogawa’s method itself is also more
elegant as in principal any desired output profile can be created. Despite these down
sides, gratings with a linearly varying fill factor will still be designed and fabricated
to determine how well this method of apodization works, because the method is very
simple and the results according to literature are encouraging [27].
With Ogawa’s method figure 3.4 has been created, and for that the following equation has been used [37]. This equation is used to relate the fill factor of a uniform
grating to the decay constant, α.
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βm
2
βm − p2m
2
+ h2m
βm
2
2
βm
− qm

= kNef f
= k2
= n21 k 2
= n22 k 2

Dp = (n21 − 1)

tanΦm
β 2 + ρ2
β 2 + h2
β 2 + σ2
sin (pπa/L)
pπ

= hm /qm
= n22 k 2
= n21 k 2
= k2

k sin (θ0 ) = β

(3.5)

In these equations k is the wavevector, n1 is the refractive index of the slab, n2 is the
refractive index of the substrate, δ is the etch depth, t is the height of the waveguide
or the thickness of the grating layer, and m is the mode number in this case 1.
α depends indirectly on the fill factor as Nef f is fill factor dependent, according
to equation (4.3). By matching the required α from equation (3.2) and the given
α calculated with equations (3.4) and (3.5), the apodization of the grating can be
calculated analytically.
Ogawa’s method satisfies to create a Gaussian focused spot of 40 µm at a distance
of 1 cm, albeit with a larger then ideal initial grating, because the beam waist just
above the grating is larger then designed for. Although, this does not give the
smallest possible footprint, it does not render Ogawa’s method useless and therefore
Ogawa’s method will still be extensively used in this report. The reason why Ogawa’s
method, given by equation (3.4), gives a larger initial beam waist is: because it is
only valid in the limit of a weak perturbation made by the grating on the waveguide
mode and is designed for the case where the grating and waveguide are made from
one material only. Therefore, for instance a small grating etched in InP with an etch
depth of 120 nm the expected α will not completely match the actual α, proof based
on simulations is given in appendix C. With as result, that the constructed beam
waist at the level of the grating, designed by varying α, will also not match the beam
waist simulated with FDTD. This is depicted in figure 3.5. The beam waist, here,
is increasing for increasing pitch, because the maximum decay constant is actually
decreasing for increasing pitch. Ogawa does not take this into account, as the α
versus fill factor curve stays almost identical for different pitch sizes. Thus, when
the fill factor is decreased from 0.9 to 0.5 along the grating, to create a Gaussian
shaped amplitude profile, the beam waist will be smaller for a smaller pitch. This,
as the light decays much faster in the waveguide layer then predicted via Ogawa
for smaller pitch sizes. This is the case for a grating with a strong perturbation,
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Figure 3.5: The expected beam waist, in orange, and simulated beam waist, in blue,
are plotted against the period of the grating. The beam waist of the emitted beam
is measured at 1.95 µm above the grating.
like a 120 nm deeply InP etched grating depicted in figure 2.9. Proof and further
explanation are given in appendix C.
For the SiO2 grating used in this report on top of an InP waveguide, Ogawa’s method
will not be fully correct either, because it is a compound grating and Ogawa’s method
is created for a grating consisting out of a single material. So, for deeply etched
gratings or compound gratings the α versus fill factor curve will not match the
actual one. Therefore, when the beam waist is designed via Ogawa, the simulated
initial beam width will be larger than analytically calculated. Hence, for the ideal
case with the smallest footprint, FDTD simulations will be required to obtain the
actual optimal α versus fill factor curve. Another option is to use the method
described in Tamir et al. [4], however because the maximum α is not always exactly
at a FF of 0.5, some FDTD simulations are still required [25].

3.4.1

The preferred diffraction angles of a focusing grating.

Although the difference between the simulated and expected beam waist just above
the grating is large, a Gaussian beam fits the emitted beam quite well, as the overlap
integral between these two for a period between 620 and 725 nm is above 0.95. These
periods can be linked to forward diffracted beams with an angle of emittance between
5 and 25 degrees, roughly. These pitch sizes are of greatest interest, because the
overall sensor area needs to be as small as possible. The larger the angle the further
the emitting and receiving gratings will be apart and the larger the sensor. Above
a period of 725 nm the second diffraction order also starts to radiate power. This
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causes a drop in efficiency that is so large for the radiated beam into air, that from a
design point of view a pitch greater than 730 nm for any etch depth can be neglected.
Around 600 nm the reflection is increasing substantially, due to the second order
back reflection. This results in a guided mode that is not able to penetrate the
grating deeply, and will thereby reduce the effective length of the grating. Hence,
the beam waist will become much smaller around this period and the transmission
into air will be much lower. No grating with this pitch size will be used for the
actual design of the sensor. Further explanation and figures can again be found in
appendix C and in the results section.

3.4.2

Adaptation of the fill factor for the divergence of the
guided mode

Up to this point, the location and the outline of the grating lines can be determined.
Also, the fill factor can be adapted to create a Gaussian output profile in the radial
direction. With this method the retrieved fill factor profile on the x-axis will be
identical to that one in every radial direction. However, the intensity decreases
due to the lateral spread of the beam in the taper and the following grating slab,
because the surface of the grating lines increases with increasing radial distance from
the start of the taper. This does not happen for straight grating lines as they can
be considered 1D for designing. In the φ direction the Gaussian amplitude profile is
already created by the expansion of guided mode.
In order to adjust the grating lines in the radial direction for lateral spread, the
Gaussian power distribution G(x)2 in equation (3.2) has to be modified to ensure
that the outcoupling strength α also increases for subsequent grating lines to compensate for the increasing surface area. Equal power density distribution for grating
lines similar distances away from the center of the grating needs to be guaranteed.
The derivation of equation (3.6) is quite straightforward. The desired diffracted intensity of the light per unit length of the grating line needs to stay equal, therefore a
linear increasing term is multiplied with equation (3.2). The scaling of the increasing
grating line length is approximately linear due to the narrow widths of the grating
lines. The adapted equation is no longer Gaussian and is given by equation (3.6).


1
G2 (x) = e
C

−2

(x− xmax
)2
2
w2





bx
1+
xmax


(3.6)

Here, C1 is a normalization constant ensuring that when G2 (x) integrated from 0 to
xmax it is no larger than 1, x is the distance from the beginning of the grating, w
is the beam waist, xmax is the length in the x-direction of the grating and b gives
the increase of the grating line length. b is determined as the length of the final
grating line divided by that of the first one. With b being larger than 1, the last
grating line will always have the maximum decay constant, if all the light can be
emitted. The goal of this equation is to modify the desired outcoupling intensity
to accommodate for the increasing grating line length. This makes the required α,
given by equation (3.6), often much larger then the maximum given α, given by
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equation (3.4) and this should be considered when designing a grating. This is not
applicable in this case, as the grating is etched in SiO2 , due to fabrication constraints
can only diffract 10 % of the light into the air. The method works on small scale
in a 3D Lumerical simulation. However, measurements on the fabricated grating
circuits are required to evaluate which value for b is optimal. To summarize how
to design a radial Gaussian intensity profile with curved grating lines: equation 3.6
needs to be combined with equation 3.2 to find the desired decay constant profile
which then can be linked to required fill factor curve with equation 3.4.

Chapter 4
Point source model to simulate
large gratings
All the gratings discussed above can be rigorously simulated in Lumerical. Lumerical uses FDTD for its simulations. FDTD is a finite difference time domain method,
where Maxwell’s equations have been discretized in time and space via central difference approximations. The simulation domain has been discretized in Yee cells, with
appropriate boundary conditions. The electric, Ex, Ey, Ez, and magnetic, Hx, Hy,
Hz field components are shifted by half a time step, after which with a ”leap-frog”
algorithm through time is stepped, calculating both Ex, Ey, Ez, and Hx, Hy, Hz alternately [38], [39]. Although this method is accurate, for large 3D structures with a
volume above 104 µm3 its computational time will however become too long. Thus,
a faster simulation method is desired, also for numerical optimization. Therefore, a
new approximate method was designed. First, for a 1D grating and later for a 2D
grating. For a 1D grating this model exists out of a row of electric point sources
(PS). A PS represents a fraction of a grating line and the number of PSes is equal
to the number of grating lines. A PS is located at the beginning of a grating line.
Each PS is defined as an electric charge which emits an alternating field with the
same wavelength as the grating is designed for, as can be seen in figure 4.1.
Every point source emits light with a different phase offset depending on its radial
distance from the start of the taper and the total average effective index of the slab
and all the individual grating lines along this path, Ni , given by equation (4.2).
This, because the light has to travel throughout the taper and part of the grating.
A 2D grid is made in the x-z plane above the grating for the 2D model and a 3D
grid is made for the 3D model. The electric field at every specified grid point in air
is calculated, according to equation (4.1), taking into account the distance from the
PS to the grid point. For this path the refractive index of the material above the
grating is used, which is in this case air. For every grid point all the electric fields
at that point of all the point sources are summed.

EP S model =

X Qff ,r ,φ
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Figure 4.1: A schematic overview of the point source model is shown. Every PS
represents a grating line locally radiating an electric field with a circular curved
wavefront in all directions. The distance between the point sources is given by the
grating design. For the phase offset in every radiating PS the total effective index
seen by the light traveling towards that PS has been taken into account.
Here Qffi ,ri ,φi is the charge of the PS dependent on the local fill factor, the distance
r from the start of the taper and on the angle φ. di is the distance from the PS to
the grid point. Furthermore, r is the distance from the start of the taper to the PS,
assuming radial symmetrical divergence of the guided mode from the waveguide into
the taper and grating. Ni is the total average effective refractive index over that
distance. Ni is retrieved from the models for calculating the grating line structures
and has been calculated via equation (4.2) and (4.3).
P
) ∗ Nef f,high + iq=1 Nef f,q
( qmax
3
Ni =
)+i
( qmax
3

Nef f,q =

q
2
2
Nef
f,high FFq + Nef f,etch (1 − FFq )

(4.2)

(4.3)

Ni is calculated by averaging over the effective indices of all the grating lines including the taper. Equation (4.3) approximates the effective index of a grating line via
Rytov’s formula [40]. Here, Nef f,high is the refractive index of the unetched part of
a grating line and Nef f,etch is that of the etched part of a grating line. The length
of the taper is designed to be qmax
amount of grating lines, where qmax is the total
3
amount of grating lines. The average effective index of every grating line is calculated with equation (4.3). Qffi ,ri ,φi on the other hand is difficult to determine fully
analytically. The amplitude of the outcouple strength of the electric field for a 1D
PS model is retrieved from a 1D FDTD simulation or set to be 1 if only the location
of the focus is required. Qffi ,ri ,φi is then retrieved from the electric field via equation
(4.4), where dsim is the height above the grating where the electric field is monitored
during the simulation.
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Qffi ,ri ,φi
4π0 d2sim

(4.4)

3D point source model

For a 3D PS model a similar approach is used. However, now not only the points,
where the x-axis intersects with the grating lines, need to be taken as locations for
the PS model. But also, points where the grating lines intersect with radial lines,
from the origin in the x-y plane under an arbitrary angle. The electric field can
now be calculated for any grid point in the air as also the y-direction is taken into
account. In this way, even the E-field in a volume can be calculated for any volume
at any location. Also, for the intersection of the beam with any plane the E-field or
the intensity profile can be visualized and the change of the beam throughout air
can be imaged. The method is schematically visualized in figure 4.2.

Figure 4.2: A schematic overview of the point source model based simulation method
for 3D gratings.
For a 2D grating a rough approximation for the outcouple strength can be made
by multiplying a Gaussian profile, in the φ direction, with an amplitude profile
simulated with FDTD on the x-axis. The Gaussian profile in the φ direction comes
from expansion of the guided mode in the taper, which amplitude profile can be
approximated by a Gaussian, as explained in section 2.2. The fill factor profile can
be well designed with the use of simulations or less ideal with the use of Ogawa
to realize a Gaussian output profile. The apodization in the x-direction, hereby, is
designed to be equal for every radial direction. A 1D grating, with this apodization
and the same focusing along the x-axis as the 2D grating, is simulated with FDTD
and used as an input for the radial amplitude of the PS model. The effect of the
change in the period over the entire grating, however, is minimal on the amplitude
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profile and has therefore not been taken into account. So, in practise the output
amplitude profile of a 1D grating, simulated in FDTD is sampled by the amount
of grating lines. These sampled values are used to determine the amplitude profile
along every radial direction, before multiplication with the other Gaussian profile in
the φ direction. The four main distinctions between the approximate PS model and
the FDTD simulations are: disturbance of the guided mode by the grating is not
taken into account, reflections inside the waveguide region, grating region and from
layers in or under the substrate are not accounted for either, the radiation is not
directional but towards all directions and the amount of sources that are needed, to
have an accurate representation of the initial amount of diffracted power, has not
been established yet. This has three main implications: the model is approximate,
the effect of the gold layer can not be simulated with the PS model and the efficiency
can not be determined with the PS model either, yet. However, it does not suffer
from mesh size accuracies, like FDTD, as it is analytical.

Chapter 5
Simulation results
In the following section the simulation results are presented for the theory, designs
and methods above. For the design of the grating two main methods are used,
given by equations (2.12), following Oton, and equation (2.8). Also two simulation
methods are discussed, one is FDTD and the other is the PS simulation method
described in chapter 4. Although, FDTD can be a very accurate rigorous simulation
method, as explained before it is not suited to simulate very large structures due to
the immense simulation time. Therefore, it is not possible to simulate 2D focusing
gratings in 3D beyond an area of 2500 µm2 . Due to this restriction the comparison
between the different design and simulation methods will only be done for a 1D
grating on scale and for a 2D grating with an area of roughly 600 µm2 . The goal of
the comparison is to evaluate how well they are in agreement with each other. 3D
simulations, therefore, are performed with the PS model. The simulations performed
with FDTD Lumerical software are optimized to ensure an acceptable simulation
time, while the compromises on accuracy remain tolerable. A smaller mesh size, so
a higher accuracy will give a more precise result but the increase in simulation time
is often a too severe downside.
The following results are presented: first both design methods are simulated in 1D
for both simulation methods, then the height and angle of their focus is compared for
different angles of diffraction. Different angles of diffraction are chosen to compare
the designs, as the angle of diffraction was one of the few non-specified specifications.
The angle could have been designed to be between 4 or 20 degrees. Also can this
prove, that the emitting grating can be used as a receiving grating. The angle of
diffraction, however, is also of great importance, because the receiving grating has
to be placed at a certain distance away from the emission grating depending on the
angle. If the designed grating, however, emits one degree more or less than designed
for, it could already render the alignment sensor useless. The reflected beam from
the marker would be more than 350 µm away from its designed location. Secondly,
a small 2D grating etched in InP, designed according to Oton is simulated in 3D,
both with the PS model and with FDTD. Last, the 3D simulation results of both
design methods simulated with the PS model on scale are presented.
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1D gratings simulated via FDTD and the PS
model

All the following results in this section are from 1D gratings designed with the
same specifications: a focus height of 1 cm, an angle of emittance of 6 degrees, an
apodization created with Ogawa’s method to ensure a 20 µm beam waist in focus
and with a layer stack as depicted in figure 3.3. The angle of diffraction and the
layer stack are identical to the grating in the prototype alignment sensor, described
in chapter 6 and in De Graaf [25]. For a 1D grating a 2D grating is designed but
only the profile along the x-axis is simulated. The far field of the intensity of a
1D grating designed with Oton and simulated with FDTD is shown in figure 5.1(a)
and simulated with the PS model in 5.1(b). Both show a clear and almost identical
focusing behavior.

Figure 5.1: |E|2 simulated in the far field for a grating focusing at 1 cm distance
according to Oton’s method with FDTD software in (a) and with the PS model in
logarithmic scale in (b).

Figure 5.2: |E|2 simulated in the far field for a grating focusing at 1 cm distance
via equation (2.8) method with FDTD software in (a) and with the PS model in
logarithmic scale in (b).
The far field of the intensity of a 1D grating designed with equation (2.8) and
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simulated with FDTD is depicted in figure 5.2(a) and simulated with the PS model
in 5.2(b). Both show again a clear and similar focusing behavior. However, in the
beginning where the beam waist of the light is still very broad, there is a clear
distinction between the PS model and the 1D FDTD simulations, visible in figure
5.1 and figure 5.2 for both design methods. The PS model shows profiles with a
very high intensity, whereas the profiles in the FDTD simulation are much more
faint. The reason for this difference is, that the PS model radiates an E-field in all
directions and and its intensity has an amplitude that approximately decays with
1/r2 , whereas the diffraction in reality is directional expanding or focusing as a
Gaussian beam. Also the overall scale differs by 10 orders of magnitude. This has
two main reasons: the PS model radiates again in every direction and the amount
of used PSes is not adequate enough to represent the amount of diffracted power.
However, it satisfies to simulate the focusing behavior.

Figure 5.3: The intensity along the x-axis at a height of 1 cm above the 1D grating
is plotted for both design and simulation methods as well as the expected intensity
curve.
In figure 5.3 the intensity at a distance of 1 cm is plotted against the x-axis for
a 1D grating for both design and simulation methods for the graphs in figures
5.1 and 5.2 and for the expected intensity based on the design parameters. The
simulations with the PS model match the position of the expected intensity better
than the simulations with FDTD. The deviation in the position of the peak intensity
between the FDTD and the expected pattern is 18 µm. And the beam waists are all
approximately 20 µm except for the beam waist of the grating designed via Oton’s
method and simulated with FDTD which is slightly different and approximately
24 µm. A possible explanation for this deviation is that the focus height was also
more off than for the other intensities, which also resulted in a higher side lobe.
From these simulations we can compare the different simulations methods for a 1D
grating to determine, if we can substitute 1D FDTD simulations with the PS model
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simulations.

Figure 5.4: The expected outcouple angle on the x-axis is plotted against the deviation between the simulated and expected angle on the y-axis for both design and
simulation methods.

Figure 5.5: The height of the focus is plotted for different expected diffraction
angles for both design and simulation methods. A constant focus height of 10 mm
was expected given by the blue line.
The variation in the angle of diffraction of the focused beam compared to the expected value based on the design for both design methods and simulation methods
is shown in figure 5.4 versus different expected angles. In figure 5.4 the deviation
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is no larger than 1.1 degree between the expected angle and the FDTD simulations
for both grating design methods. For simulations with the PS model the deviation
is only 0.1 degrees at most. If the mesh accuracy of the FDTD simulation was
increased to extreme values it was noticed that the deviation decreased. This was
not done for all the measurement points as the simulation time simply became too
long. The height of the focus for both grating designs and both simulation methods
is plotted in figure 5.5 against the designed outcouple angle. The deviation from
the expected height is 1.2 mm at most for the FDTD simulations and changes very
rapidly. It is only 0.2 mm for the PS model. The much larger deviation simulated
with FDTD can be explained by the nature of the used simulation methods. The
height of the focus was determined to be at the point where the intensity in the
focusing beam, around the expected focus height, was largest. The electric field in
air is calculated in the PS model analytically, whereas in the FDTD model, however, it is simulated and very dependent again on the mesh size. So a higher mesh
accuracy will most likely give a result with a less varying focus height, but comes
at a cost of an almost exponential increasing measurement time. So a compromise
between simulation time and accuracy needs to be made again. Therefore, the PS
model is preferred, but needs to be validated with actual measurements on fabricated gratings with different emission angles, before its actual precision is known.
These simulations are performed to see how well the focus stays at a height of 10
mm while the outcouple angle is changed. This is important, as the outcouple angle
can be freely chosen, but the height and the size of the focus are always required to
stay identical, regardless of the angle of emission.

5.2

Small scale 2D gratings etched in InP simulated with FDTD

In the following section a small scale 2D focusing grating is simulated with both
the PS model and with FDTD software in 3D to compare both simulation methods.
Because the goal is to evaluate the simulation models, only one grating has been
designed with Oton’s method and apodized via Ogawa’s method. The layer stack
of this grating is given in figure 2.9.
The grating is due to its small scale of 30 by 25 µm etched in InP with an etch
depth of 120 nm to ensure enough light will be diffracted into air. The grating is
designed with the following parameters: a focus height of 50 µm, a beam waist in
focus of 5 µm and an angle of diffraction of -20 degrees. A cross-section of the beam
at a height of 50 µm above the grating in the x-y plane is shown in figure 5.6(a) and
5.6(b). In figure 5.6(a) FDTD simulation software has been used to simulate the
grating and in figure 5.6(b) the PS model. The intensity profile looks very similar
compared to a rigorous FDTD simulation.
The intensity profile in the focal spot at a height of 50 µm along the x-axis is plotted
in figure 5.7(a) and in the y-direction in figure 5.7(b), for the FDTD simulations.
In both directions the intensity profile is almost perfectly Gaussian with a focal
spot, as the beam waist is 5.00 by 4.47 µm respectively. The intensity profile for
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Figure 5.6: The intensity of a small InP etched grating coupler focusing at a height
of 50 µm, with an expected focal beam waist of 5 µm and at an angle of -20 degrees
is plotted. The grating has been simulated with FDTD in (a) and with the PS
model in (b).

Figure 5.7: A cut through the focal spot at a height of 50 um along the x-axis in
(a) and along the y axis in (b) for figure 5.6(a).

the simulation with the PS model, given in figure 5.8(a) along the x-axis and in
figure 5.8(b) in the y-direction, show a slightly larger Gaussian spot as the beam
waist is 4.87 by 4.58 µm respectively. The spot size match well with both with the
desired spot size of 5 µm, however they are not the same. After this section and the
previous one, it can be concluded that simulations with the 3D PS model can be
used as approximate partial substitutes for the FDTD simulations, although being
much faster. The transmission was simulated with FDTD to be 37%, and 78% with
a mirror of gold in the BCB layer. This can be increased by enlarging the grating
length to ensure that more light is diffracted out of the grating.
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Figure 5.8: A cut through the focal spot at a height of 50 um along the x-axis in
(a) and along the y axis in (b) for figure 5.6(b).

5.3

Gratings simulated in 3D with the PS model

For the result shown in this section the same parameters and equations are used as
described in section 5.1, however now the entire 2D grating is simulated with only
the PS model according to section 4.1. So the designed focus height is 1 cm with a
beam waist of 20 µm under an angle of 6 degrees again. One of the benefits of the
PS model is that 3D simulations of the grating can be performed, if the location
of the grating lines and the effective index is known. The location of the focus can
now be simulated in 3D.

Figure 5.9: The intensity of the electric field is plotted at 1 cm distance in the x-y
plane, simulated with the PS model in the far field for a 2D focusing grating design
via Oton’s method in (a) and via equation (2.8) in (b).
Also, once via 1D FDTD simulation or via an analytical model the amplitude profile
of the diffracted beam at the grating is determined, the amplitude profile of the
beam in 3D at any location can be simulated as well. A cross-section of the beam
at a height of 1 cm above the grating in the x-y plane is shown in figure 5.9(a)
and 5.9(b). In both directions the intensity profile in figure 5.9(a) is again almost

48

CHAPTER 5. SIMULATION RESULTS

Figure 5.10: Re(E-field) at 1 cm distance in the x-y plane, simulated with the PS
model in the far field, for a 2D focusing grating design designed with Oton’s method
in (a) and with equation (2.8) in (b) is plotted.
perfectly Gaussian in its focus with beam waists 20.96 and 19.53 µm in the x and y
direction, respectively. The same holds for figure 5.9(b) with beam waists of 20.82
by 19.52 µm in this case. The real part of the electric field of the diffracted beam in
focus plotted at a height of 1 cm in the x-y plane is seen in figure 5.10(a) and figure
5.10(b), designed according to Oton’s method and equation (2.8), respectively. This
gives the phase profile of the diffracted beam in focus and the period is estimated
to be roughly 14.5 µm, which gives a approximately flat phase front in the plane
perpendicular to the propagation of the beam in the focus, when taking into account
the angle of 6 degrees under which it hits the marker.
The arguments why the simulated beam waists do not match the expected beam
waist can be divided in two groups, one group is given by design methods and the
other is given by the simulation methods. The design methods use approximations.
The fill factor versus decay constant curve, calculated via Ogawa, for instance is not
a perfectly sound method to design small gratings with large etch depths or grating
with multiple layers, as pointed out in section 3.4. It is also assumed that the
wavefront of the guided mode in the taper and grating is always spherical and has
a Gaussian amplitude profile, pointed out in section 2.2. Also possible disturbances
of the wavefront by the grating, like internal reflections, have not been taken into
account. Only changes in the effective index and the overall power decay of the
guide mode have been taken into account. It is up for future research to develop
models that produce better approximations.
The arguments that are given by simulation methods for the mismatch can be divided again into two groups: one concerning the PS model and the other for the
FDTD simulations. The accuracy of the FDTD method is limited by the size of the
used Yee cells. The smaller these cells the better the reality is simulated, however
this comes at a cost of an exponential increasing simulation time, so compromised
have been made here. For the PS model is also assumed for simulation that the
wavefront in the grating has a Gaussian amplitude profile and its beam waist is
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approximated from simulations. However, the beam waists of the wavefront in the
waveguide used for the design methods are different from those used for the simulation methods. For small gratings the amount of grating lines are limited so the
amount of PSes in the radial direction used for the PS model is as well, therefore
constructive interference in the radial direction for small gratings is somewhat limited. Based on the current simulations it is hard to determine which simulation
method is better. The PS model is an analytical method, however, it uses many
approximations. The FDTD simulations however are susceptible to the mesh accuracy. Improvements can be made by using better approximations in the PS model
and by selecting a smaller mesh sizes in FDTD. The differences between both design methods, based on equation (2.8) and (2.12), are so small that with the current
simulations no optimal method can be selected. For both design and simulation
methods fabrication and measurements will determine the best candidates.
For a 1D grating an efficiency of more than 95% can be achieved with a grating
etched in InP. However, for the current layer stack, depicted in figure 3.2, where the
grating is etched in a SiO2 layer on top of the InP waveguide layer, the efficiency
is only 5.3% for a 1D grating. The efficiency for a large 2D grating is forecasted to
be similar, because the used layerstack stays identical. Also for a small 1D and 2D
gratings with the same layer stack the efficiency did not change much. This is only
a forecast, because efficiency can only be simulated with FDTD for now as the used
PSes are omnidirectional in their emission and not directional as is the actual case.
Due to fabrication constraints the grating layer cannot be thicker than 100 nm.
This severely limits the maximum outcoupling strength of the grating and α will
be much lower then required to couple all the light out. This results in a very low
efficiency, because most light now stays confined within the waveguide. To improve
the maximum efficiency the refractive index difference between the etched and the
unetched parts needs to optimized, without decreasing the range of fill factors that
can be used for apodization. Possible ways to optimize the refractive index difference
are: to use a material for the grating layer with a higher refractive index than SiO2
or to change the thickness of the grating layer. This will increase the maximum
decay constant, α. Another option is to use a very shallow etch depth in InP of
around 20 to 30 nm, but this is too shallow for accurate fabrication. SiO2 was used
in the end, as for a prototype the working principle was more important than the
efficiency and it is a very common material in PIC fabrication. The efficiency is
calculated by the FDTD software of Lumerical and is defined as the fraction of the
input power that is diffracted into the air.

Chapter 6
Fabrication Tolerances
As part of this work, also a small fabrication tolerances study has been performed.
In this study the effect of a mismatch in layer thickness of 10 nm on the diffraction
angle between the fabricated and designed layer has been simulated with the PS
model. For the InP layer the thickness was increased and decreased with 10 nm,
without accommodating for this in the calculations for the grating geometry. The
same was done with the top SiO2 layer in which the grating is etched. The study is
only performed on these two layers as the height of these layers is most crucial for
the performance of the grating coupler.

Figure 6.1: The deviation between the expected and simulated angle is plotted
against the expected angle for 3 different InP layer thicknesses.

In figure 6.1 the following layer thicknesses have been plotted, the expected case:
300 nm and the cases, where there is a fabrication error: 310 nm and 290 nm. The
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changes in thickness results in a changed refractive index, which changes the diffraction angle with plus or minus 1.5 degrees. Although this change seems minimal,
because the focus height is 1 cm it changes the position of the reflected light from
the marker grating on the receiving grating with 531 µm, which is significant. It
can make the sensor useless, because it is possible that the capturing grating will
no longer receive light. One possible solution maybe is to make the incoming light
slightly wavelength adjustable, so the angle can be changed to compensate for the
fabrication error. In figure 6.2 a similar approach has been taken for the grating
SiO2 layer. However, the changes in diffraction angle are so minimal that this possible fabrication error will not have a significant effect on the outcouple angle. It is
also expected, that fabrication errors in the thickness of the InP layer have a much
larger effect compared to similar ones in the thickness of the SiO2 layer, because
the resulting change in the effective index is much more significant for InP than for
SiO2.

Figure 6.2: The deviation between the expected and simulated angle is plotted
against the expected angle for 3 different SiO2 grating layer thicknesses.

Chapter 7
Conclusion
In this report the emitting grating coupler of a possible novel alignment sensor
is discussed. This sensor uses three different free space grating couplers and an
interferometer to measure nanoscale displacements of a wafer alignment marker.
The sensor is designed as an integrated photonic chip based on a nanoscale InP
IMOS platform. The emitting grating coupler, discussed in this report in detail, is
responsible for illuminating a marker grating on a wafer. This grating coupler exists
out of a taper, an apodized 2D focusing grating, with a focal distance of 1 cm, a focal
beam waist of 20 µm and a gold mirror as an optional back reflector to increase the
efficiency. For the focusing grating 2 design methods are discussed: one based on a
paper from Oton [19] and one based on another phase matching equation, given by
equation (2.8). The apodization is based on a method develop by Ogawa [37], for a
more accurate apodization FDTD simulations are required. A rigorous FDTD and a
novel approximate simulation method, based on point sources, are used to simulate
the behavior of the grating in the far field. The results are compared and are in very
good agreement which each other. Both design methods follow the designed focus
angle and show a deviation of at most 0.1 degrees simulated with the PS model and
at most 1.1 degree with FDTD simulation. Where the deviation of the latter one
from the designed focus angle is expected to be lower for higher mesh accuracies.
Both simulation methods show for both design methods beam waists of 20 to 24
µm at a height of 1 cm, where 20 µm was the goal. The benefit of the PS model
is: its speed, the possibility to simulate analytically and to simulate large grating
structures in 3D. However, it is an approximate method which can not determine
the transmission of a grating yet. The efficiencies are 95% or more for a 1D grating
etched in InP with a back reflector and 5.3% for a grating etched in SiO2 on top
of an InP waveguide layer. If a different top layer material or thickness is selected
the maximum desired decay constant can be optimally matched and almost all the
light can be diffracted into the superstrate. For the fabrication tolerances an 10
nm thickness variation in the SiO2 layer did not impacted the angle of diffraction
significantly. The same thickness variation in the InP layer did however, and can
result in a significant change in the angle of diffraction of at most 1.5 degrees. FDTD
and a new approximate simulation method have proven that the designed gratings
described in this report have the potential to be part a of new kind alignment sensor.
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Appendix A
The derivation of equation (2.8)
In section 2.3 equation (2.8) can be derived from equation (2.12), albeit this derivation only holds in the approximation for z or h becoming much larger then the radius
of curvature. Where equation (2.8) focuses towards a point source, equation (2.12)
focuses towards a Gaussian profile in the focus. Due to the large focus distance the
paraxial approximation can be used and it is intuitive that both equation become
very similar. Let us first restate both equations (2.8) and (2.12).
p
p
x2 + y 2 nef f = (xw − x)2 + y 2 + h2 + qλ

k0 nef f

p


x2 + y 2 − k0 z 0 +

r02
2R(z 0 )



+ ξ(z 0 ) = 2πq

(A.1)

(A.2)

After the first term on the right hand has been moved to the left in equation (A.1)
and k0 has been divided out in equation (A.2), it can be readily seen that the first
and last term of both equations are identical. h and z’ are also approximately
identical in both equations, for small angles of θ. (xw − x)2 + y 2 can be written as
r02 . We are left with the following two equations:

nef f

p

x2 + y 2 −


p
nef f x2 + y 2 − z 0 +

√
r02 + z 02 = qλ

(A.3)

r02
2R(z 0 )

(A.4)



ξ(z 0 )
+
= qλ
k0

In equation (A.4) the following equations, (A.5), need to be inserted, however in
2
this case where z is very large, zzR0
is neglegible. The same holds for the Gouy
phase part in equation (A.2).
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0
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 0
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πω0
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(A.5)

Together with the above considerations, equation (A.4) can be further reduced to
equation (A.6).
nef f

p

x2

+

y2



r02
0
− z + 0 = qλ
2z

(A.6)

If we now expand second term on the left hand side of equation (A.3) via the Laurent
series, the following expansion can be written down:
√

r02
r04
r06
5r08
r02 + z 02 = z 0 + 0 − 03 +
−
+O
2z
8z
16z 05 128z 07

 9 !
1
z0

(A.7)

If equation (A.7) is only expanded to the first two terms, we retrieve exactly the
result of equation (A.6). The benefit of equation (A.1), is its simplicity compared
to equation (A.2), while the results stay nearly identical.

Appendix B
Rewriting equation (2.8) and
(2.12)
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(B.3)

These equations can be rewritten in a simpler, but more abstract form:
p
c a + y 2 + d(b + y 2 ) = e

(B.4)

Here the following substitutions have been used:
c = nef f ,

d=

1
,
2R(z 0 )

a = x2 ,

b = x02 ,

e=

p
d
e − db
a + y2 + y2 =
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c
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(B.5)

The following substitutions have been used:
g=
Giving:

d
c
√

f=

e − db
c

p = y2

a + p = f − gp
59

(B.6)

60

APPENDIX B. REWRITING EQUATION (2.8) AND (2.12)

Squaring both sides, to eliminate the square root gives:
a + p = f 2 − 2f gp + g 2 p2

(B.7)

This can be rewritten into the following form:
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0=p −p
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(B.8)
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+

Giving for p the solutions, substituting:

u=
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(B.10)

Substitution of p = y 2 , gives the following four possible solutions, from which only
the top two give the desired grating structure:
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(B.12)
(B.13)
(B.14)

Here,
the solution can be rewritten to the first substitutions by inserting for u and
√
2
u − 4v the following equations:

2e
c2
− 2b + 2
d
d
√
c√
2
u − 4v = 2 4de + c2 − 4bd2 − 4ad2
d
u=

For equation (2.8) a similar approach had been used in the design code.

Appendix C
Further analysis method of Ogawa
In this appendix it is further analysed why the method developed by Ogawa to
calculate the decay constant α is less accurate for large etch depths. All the following
simulations are performed on 1D gratings, for simplicity and speed of simulation.
These are gratings etched in InP with an etch depth of 120 nm and a layer stack as
viewed in figure 2.9 without the gold layer.

Figure C.1: The expected, based on the design, and simulated beam waists are
plotted against the period.
In figure (C.1) the beam waist versus the pitch is plotted for the expected value,
based on the design, and for the beam waist that is simulated with FDTD. These
are the beam waists of the output beam emitted by the grating. The profile is made
Gaussian by using equation (3.2) for the required α and linking this α via Ogawa’s
method to a range of fill factors that can physically be implemented in the grating
design. To explain the discrepancy between the simulated and expected beam waist
for pitch sizes between 620 and 700 nm, we need to look at how well Ogawa’s method
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calculates the α for different fill factors. This is done for 3 different pitch sizes 700,
660 and 630 nm. For 700 and 660 nm, we clearly see that the simulated curves,
given in orange, are broader then the calculated ones via Ogawa, given in blue, as
plotted in figures C.2 and C.3. Also the height and location of the peak is different
than expected. The main reason for this is given in the paper of Ogawa [37]. It
states that Ogawa’s method is only valid in the approximation that the disturbances
caused by the grating on the waveguide mode are small. This is not true in this
case as the etch depth is almost half the waveguide thickness and therefore causing
a significant disturbance to the waveguide mode. In figure C.4 the decay constant
is plotted versus the fill factor. A dip in α is visible around a fill factor of 0.4 for a
pitch size of 630 nm, which makes the alpha versus fill factor curve totally different
from Ogawa’s prediction.

Figure C.2: α versus fill factor via Ogawa’s method in blue and via FDTD simulation
in orange for a pitch size of 700 nm.

63

Figure C.3: α versus fill factor via Ogawa’s method in blue and via FDTD simulation
in orange for a pitch size of 660 nm.

Figure C.4: α versus the fill factor is plotted for pitch of 630 nm

