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ABSTRACT

KEYWORDS: Arrayed Waveguide Gratings, Dense Wavelength Division Multi-

plexing, Silicon On Insulator, Optical Interconnects, Phase Error

Arrayed Waveguide Gratings (AWGs) are useful as MUX/DEMUX for fiber optic
Dense Wavelength Division Multiplexing (DWDM) applications and can also be used
in Silicon On Insulator (SOI) based optical interconnect technologies. The high index
contrast of SOI waveguides allow us to make very compact structure, but found to be
highly sensitive to fabrication related imperfections. Uniformity in arrayed waveguide
dimensions and/or effective indices are key factors for the realization of SOI based

AWG structures.

In this work, we designed a nearly polarization independent AWG in SOI with 2-pm
device layer thickness and a compact AWG in SOI with 220-nm device layer thickness.
The devices can (de-)multiplex 8 channels with 100 G H z spacing and has a free spec-
tral range of 800 G H z - uniform over a wide range of wavelength encompassing C+L
bands. AWG on 2-um-SOI (220-nm-SOI) consists of an array of 40 (28) waveguides
with a differential length of AL =109 (85.09) pm. Phase error due to width variations
in the arrayed waveguides is a huge problem for AWGs especially in high index con-
trast platforms like SOI. Hence, study on phase error analysis of AWG is very essential
to study the fabrication tolerance of the device. However, the most popular commer-
cial FDTD design tools demand huge computational budget for simulating an AWG.
Therefore, a rugged design tool is necessary to analyze the effect of imperfection in the
waveguide geometry on the spectral characteristics of AWG . A semi-analytical method
using Gaussian beam approximation of guided mode profile has been developed to an-
alyze the spectrum of arrayed waveguide gratings on different platforms. This method
has been validated using RSoft BeamPROP and published experimental results. The
method is found to be accurate and faster compared to the commercial numerical meth-

ods. The phase error analysis of the designed AWGs has been carried out using this
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method. It has been found that for AWG fabricated on 2-um-SOI (220-nm-SOIl), the
tolerable width variation is &= 13 nm (& 2 nm) to have a crosstalk less than -10 dB.
The proposed AWG on 2-um-SOI has been fabricated using i-line lithography (365
nm), followed by reactive ion etching (SFgs : Ar :: 20 sccm : 20 sccm, Pressure : 200
mTorr, RF Power : 150 W). The width variation introduced by the fabrication in the
arrayed waveguides were more than 100 nm which was above the tolerable limit to get
a satisfactory performance. Improved fabrication techniques like e-beam lithography
and deep UV lithography (193 nm) can be used to get a better structural uniformity
compared to i-line lithography technique. Post fabrication trimming using UV rays can

also be used to reduce the non-uniformity in arrayed waveguides.
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CHAPTER 1

Introduction

1.1 Motivation

Photonic interconnects are better choice compared to conventional electrical intercon-
nects because of their higher speed of operation and lower power dissipation (in terms
of energy per bit). Over the last few years, outstanding progress has been made in
the field of integrated optics, with the advancements in the CMOS-compatible fabrica-
tion techniques. Possible power savings and high speed interconnects were the driving
thoughts for the growth of integrated optics. As the number of internet users increased,
the demand for more data bandwidth led to revolution in the optical data links start-
ing from early coaxial cable to multi channel WDM systems. Wavelength Division
Multiplexing (WDM) is a technique used to improve the bandwidth efficiency of the
channel. Multiple wavelengths carrying different signals can be transmitted simultane-
ously along a single communication media using this technique. Two commonly used
methodologies of Wavelength Division Multiplexing are Coarse Wavelength Division
Multiplexing (CWDM) and Dense Wavelength Division Multiplexing (DWDM). Chan-
nel spacing of CWDM is ~ 20 - 30 nm and are commonly used in local communication
networks (eg : Metro Television). DWDM signal channels are very closely spaced with
channel spacing ~ 0.8 - 1.6 nm and demands highly sophisticated designing and execu-
tion since the channels are densely packed. The three most commonly used techniques
for MUX/DEMUX applications are ring resonators, Fiber Bragg Gratings (FBGs) and
Arrayed Waveguide Gratings (AWGs). Using ultra small ring resonators [1, 2] and
coupled ring with different radii [3, 4] MUX/DEMUX operation can be performed. It
is possible to extend the free spectral range up to 30 nm to include more number of
channels using this technique. However, ring based MUX/DEMUX has an inherent
disadvantage that they are only suited for low to medium channels (4 - 8 channels)

and this approach rely on high-resolution Electron Beam Lithography [EBL] [5, 6] to



obtain the uniform channel spacing and becomes more complex when more number
of wavelength need to be multiplexed. Nowadays, AWGs are widely used because it
provides uniform channel spacing, reasonable bandwidth of passband, good extinction
ratio and lower crosstalk. Moreover, AWG has an advantage of lesser price per channel
with increasing the channel count. With the advancements in the CMOS fabrication
techniques, it is possible to realize AWG (de-)multiplexers with very small footprint.
FBGs are shown to be working well for low to medium channels (4 - 8 channels) for a
channel spacing of 50 GH z or lower.

Arrayed waveguide grating (AWG) has wide-spread applications in fiber-optic dense
wavelength division multiplexing systems. They have been successfully demonstrated
in different platforms such as InP [7, 8, 9], Si0, [10, 11], Su-8 polymer [12], SigNy [13],
SOI [14, 15] etc. The higher refractive index of SOI device layer and its CMOS fabri-
cation process compatibilities allow to design AWG structures with smaller footprints
[16], which may be potentially useful for on-chip optical interconnect applications. The
crosstalk due to signal-noise interference in a AWG based N x N optical interconnect
network has already been studied [17]. Moreover, extensive researches are going on
to reduce the sidelobe [18], polarization dependency [19] and improve the crosstalk
[20] etc. It has been also shown recently that the fabrication related non-uniformity
and/or inhomogeneities in waveguide dimensions in an AWG, especially when fabri-
cated in high index contrast SOI platform play a crucial role in cross-talk degradation
[21]. A nanometer-scale random variation in waveguide cross-sections causes a huge
phase error accumulation and subsequently, resulting into large deviations in the spec-
tral characteristics of a SOI based AWG [22, 23]. Fabrication tolerance of integrated
optic devices on SOI platform were studied extensively [24, 25]. The use of fabrication
tolerant waveguides [26] and bends [27] should reduce the effect of fabrication imper-
fections of the arrayed waveguides. AWG layouts can also be improved to reduce the
phase error [28]. E-beam lithography [29] and deep UV lithography (193-nm) [30]
are most commonly used method for fabricating AWGs, since they provide a better
structural uniformity. Feasibility of using i-line lithography in fabrication of AWGs on
2-ym-SOI has not been studied extensively till now. In spite of all these advancements,
phase error remains as a major issue to be resolved. However, most of the recent re-

searches on AWG does not analyze the distortion in the spectrum due to fabrication



induced imperfections [31, 32, 33]. Therefore, a rugged design tool is required to an-
alyze the device performance and to estimate fabrication tolerance of SOI based AWG
structures with desired specifications. Previous attempts to analyze the performance
of AWG using semi analytical methods were limited to SiO-Ta;O5 AWGs [34] and
InP AWGs [35], which were designed with relatively larger waveguide geometry. The
FDTD design tools are available but they demand for a huge computational budget as

2 or more. The BPM simulation is

the effective footprint of an AWG can be ~ 5 mm
relatively faster but not suitable for compact AWGs which have sharp bends and tightly

confined modes.

1.2 Research Objective

Arrayed Waveguide Gratings fabricated on high index contrast SOI substrates have very
poor fabrication tolerance. Simulation and analysis of phase error of this structure using
commercial simulators demand huge computation budget because of the large footprint
and very small features of the device. The objective of this M.S. research work is to
develop a semi-analytical method to analyze the AWG using Gaussian beam approxi-
mation of guided mode profiles which will be nearly accurate and faster compared to
the commercial FDTD design tools and study the fabrication tolerance of AWGs in
general especially on AWG fabricated using commonly used i-line contact lithography

technique.

1.3 Thesis Organization

Chapter 2 explains the design aspects of AWG on 2-um-SOI and 220-nm-SOI. Chap-
ter 3 describes the Gaussian beam approximation of guided mode profiles to simulate
AWG. Comparison of the spectrum of AWG using this method and commercial simula-
tors like RSOFT BeamPROP and Lumerical (for sub micron waveguide cross sections)
has been discussed. The phase error analysis of AWG on SOI with different device
layer thickness (2-pm and 220-nm) is done in this chapter. In chapter 4, fabrication of

AWG on 2-pm-SOI using i-line lithography has been discussed. The non uniformity in

3



the fabricated arrayed waveguide geometry of the fabricated device has been analyzed.

Finally, chapter 5 summarizes this work and explains the outlook of the entire work.



CHAPTER 2

Theory and Design

In this chapter, basic working principle and design aspects of AWGs are discussed. Ef-
fects of various parameters on the spectral characteristics of AWG are explained and an
optimized design of AWG on Silicon-On-Insulator (SOI) with device layer thicknesses

of 2-pm and 220-nm are discussed.

2.1 Working principle

ARRAYED WAVEGUIDES

ROWLAND CIRCLE

\
\

/' \INPUT FPR
'

Ao /\[f»\/\A\

’ OUTPUT WAVEGUIDES
,/“# GRATING CIRCLE

INPUT WAVEGUIDE .~ An

Figure 2.1: Scheme of conventional AWG. The device consists of Rowland circle ge-
ometry. The input/output waveguides are placed on the circumference of a
circle (Rowland circle) which has a radius half of that of the circle (Grating
circle) where the arrayed waveguides are placed.

A scheme of conventional AWG has been shown in Fig. 2.1. AWG consists of
input/output waveguides, arrayed waveguides and input/output Free Propagation Re-
gions (FPRs). The FPRs are designed based on the Rowland circle geometry. The input
waveguides (arrayed waveguides) are placed on the periphery of a circle called Row-

land circle (Grating circle). Radius of the Rowland circle is half of that of the Grating



circle. The Rowland circle theorem says that if we have a source on the periphery of the
Rowland circle, the diffracted beams from the Grating circle will make an image on the
Rowland circle itself (see Appendix A). The incoming DWDM signals which are hav-
ing wavelengths with very small channel spacing propagates into the input FPR. Once it
enters the input FPR, the beam diverges in a similar fashion irrespective of wavelength.
The light is collected by and propagates individually in the arrayed waveguides. Each
of the arrayed waveguides is having a path length greater than the previous one equal to

the integer multiple of the center wavelength ()\.) in the arrayed waveguide.

mAe

Neff

AL =

2.1

where m is the grating order, ). is the center wavelength and n.s is the effective
index of the arrayed waveguide. So, for the center wavelength, the wave in each arm
will reach at the output FPR with the same relative phase and it makes an image at
the center of the output FPR (refer Fig. 2.1). For a wavelength smaller (larger) than
the center wavelength, \; (\g) the phase front will be tilting upwards (downwards) and
the focusing point will be above (below) the focusing point of the center wavelength
(Ae). At these focal points on the output FPR, output waveguides are placed to properly

confine and guide out the focused fields.

2.2 Design Parameters

The complete design of an arrayed waveguide grating is explained with the help of Fig.

2.2 below [36].

Considering a general case of arrayed waveguide grating with one input and N num-
ber of outputs. The enlarged view of output FPR has been shown in Fig. 2.2. Consider
two light rays passing through the i and (i — 1)"* arrayed waveguide. The input FPR
will be having similar configuration with one input. f is the focal length of the FPR.
The phase difference between two light rays passing through i** and (i — 1) arrayed
waveguides should be an integer multiple of 27 for those two rays to have a constructive

interference at point x in the output focal plane. D; and D, are the separation between



Input/Output Waveguides

D
W\ W -y
A ! ,1'\
—

i i-1
Arrayed waveguides

Figure 2.2: Input/output FPR model. f is the focal length of FPR, D; is the separation
between arrayed waveguides, D), is the separation between output waveg-
uides, i is the number of arrayed waveguide, V and W are the focusing
points at the output focal plane and O is the reference point at which x = 0.
It is assumed that the light from different arrayed waveguides are accumu-
lated at a distance = from the reference point O.

neighboring arrayed waveguides and output waveguides respectively. From Fig. 2.2,
YW = YO = f, the focal length of the ouptut FPR. Consider x as the focal point at
the output focal plane, x = ff. Since XZ = D, and angle between X7 and Wy 7Z
is 0, from the right angled triangle XW5Z we can derive XW, = D;sinfl. Similar
logic can be applied to right angled triangle, YW, Z to get YW, = (D;/2)sinf. As-
suming f is large enough to consider X W, Y WandZW to be parallel to each other we
can easily derive XW = f + (D;/2)sinf and ZW = f — (D;/2)sinf. Assuming
the angle of dispersion 6 to be very small, we can assume sinf ~ § = z/f. Hence,
XW = f+(D;/2)sinf = f+(D;x/2f)and ZW = f—(D;/2)sinf = f—(D;z/2f).
So, the total phase accumulated at « for a light ray passing through ;*" arrayed waveg-

uide
Diﬂf

2f

q)i = /Bsf + Beff(Lc + ZAL) + Bs(f + ) (22)

and the total phase accumulated at x for a light ray passing through (i — 1) arrayed

waveguide



Dil’
2f

Qi1 = Bsf + Pesr(Le+ (i — 1)AL) + Bs(f — ) (2.3)

where, (35(2mn4/A, ns is the effective index of slab) and Sesr(2mners/A, ness is
the effective index of the arrayed waveguide) are the propagation constants of the FPR
and arrayed waveguide respectively. L. is the smallest arrayed waveguide length, ¢
is the arrayed waveguide number and AL is the incremental length between any two

neighboring arrayed waveguides.

So the condition for interference at z is

(I)i — (I)ifl = 2mm (24)

where m is an integer and substituting eqn. 2.2 and 2.3 to eqn. 2.4,

D

eAL s
BesrAL + 5 7

= 2mm (2.5)

Substituting S s = 2mn.s¢/A and B = 2mn/ A we get,

D;
NerrAL + nsTx = mA (2.6)

We have chosen AL in such a way that 5.y AL = 2mm for the center wavelength
(Ac). Hence the focusing point for the center wavelength will be at z = 0 at the output
focal plane as per eqn. 2.6. Differentiating eqn. 2.6 with respect to the wavelength A

around the center wavelength )., and substituting m = "ef/\fﬁ we get,

Dzdl' 1 dneff
N 17.Y) AL = 2.7
n f 3\ )\Cn ff + \ 0 ( )

Rearranging the eqn. 2.7 we get the dispersion relation for AWG, shown in eqn. 2.8

dv ngALf

d\  An,D; 28)



where ng (nefs - A dz*”/\ff ) is the group index of the arrayed waveguide. Now to find

the FSR, we can use eqn. 2.6. For a frequency v + F'SR, let the change in arrayed
waveguide refractive index (n.ss) be An.ss and the effective index of slab region is
independent of the frequency within the FSR region of frequencies. So, the interference

condition for frequency v + F'SR for the order m + 1 is given by,

D;x c
’ A AL = 1) —— 2.
ns + (Meps + Anegy) (m + )1/+FSR (2.9)
where,
dneff dneff —C
A = F = — _F 2.1
Nefs dv SR A\ 12 SR ( 0)

Substituting eqn. 2.10 in 2.9 and subtracting eqn. 2.6 from it with the approximation

v(v+ FSR) ~ 12, we get

Cc

FSR = 2.11
ngAL 1D
in terms of frequency and in terms of wavelength,
)\C &
FSR = 2et] 2.12)
mng
These are the basic equations used for designing AWGs.
Ay
FSR = ——= = NepanAX (2.13)
mn

g

where, F'SR is the free spectral range, ). is the center wavelength of operation,
nesy 1s the effective index of the waveguide, n, is the group index of the waveguide, m
is the grating order, N, is the number of output channels, A\ is the channel spacing.
The only unknown, the grating order m can be found from eqn. 2.13. Using eqn. 2.14,

the length increment of the arrayed waveguides region, AL can be found.

mAe

Neff

AL = (2.14)



The only remaining unknown parameter, the focal length of FPR (f) can be found

by modifying eqn. 2.7 as given below.

o DiDonsneff

= mAn, @.15)

where, D: (D,) is the separation between input (output) waveguides of FPR, n; is

the effective index of the slab region.

Commercially procured SOI wafer has various standard device layer thickness. 220-
nm device layer SOI wafers are used to make very compact devices for on-chip optical
interconnect applications with CMOS-compatible fabrication techniques, but the de-
vice is found to have higher polarization dependency and waveguide dispersion. In ap-
plications like integrated photonic micro-spectrographs [37], where the fiber has been
directly connected to the AWG on chip, 2-um device layer thickness is preferred to min-
imize the coupling loss. The importance of waveguides fabricated on 2-pm-SOI comes
in this context. So, the recent trend is to design interconnect devices with relatively
large waveguide cross-section devices (2-3 pm) [38, 39]. However, the advantages of
single mode guiding properties and polarization independencies in such larger waveg-

uide cross-section waveguides are not fully exploited.

2.3 Design with 2-um-SOI

Commercially used DWDM channel spacings are 0.8 nm (100 GH z) and 0.4 nm (50
G Hz). Most of the DWDM system presently uses 100 G H z channel spacing. Design
of an 8 channel 100 GHz AWG on 2-um-SOI has been explained in this chapter. Op-
timization of various structural parameters such as waveguide width (W), waveguide
height (H), slab height (h), separation between arrayed waveguides (D);), number of ar-
rayed waveguides required, separation between output waveguides (D,) and minimum

bend radius that can be used is discussed below.
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2.3.1 Single Mode Waveguide

Single mode waveguide is the fundamental building block of any integrated optoelec-
tronic device. Fig. 2.3 shows scheme of a rib waveguide on SOI platform. Here, air
and buried oxide layer (BOX) act as the cladding and the confinement along the ver-
tical direction is provided by the total internal reflection at the top (Silicon-air) and
bottom (Silicon-BOX) boundaries. The difference in height between rib height (H) and
slab height (h) provides the horizontal confinement of the field. One needs to carefully
choose waveguide width (W), rib height (H) and slab height (h), so that the geometry

supports only single mode of operation for both TE and TM polarization.

W
Air, n=1
H
Si, n=3.4777 h
BOX, n =1.45
Bulk Si

Figure 2.3: Schematic cross-section view of SOI rib waveguide, W is the rib height, H
is the rib height and h is the slab height. W, H and h can be carefully chosen
to ensure single mode guiding.

RSOFT - FEMSIM has been used in order to estimate the waveguide width (W)
and slab height (h), which ensure single mode guiding at around A = 1550 nm. The
slab height (h) has been fixed to be 1 um to obtain a strong horizontal confinement of
the mode. This is very essential as there are lot of bend waveguides with very small
bend radii. Now keeping H =2 pm and h = 1 um, effective index of both fundamental
and first order mode for TE and TM polarization have been monitored by varying W. A
rib waveguide becomes multimoded when the first order mode effective index becomes
greater than the effective index of the slab waveguide (for a particular polarization). In
Fig. 2.4, NI'F (NIM) and NI (NM) represent the fundamental and first order mode
effective indices of TE (TM) polarization. For TE polarization, NI ¥ at W ~ 2 pm, be-

comes larger than slab effective index, which means for W > 2 pum the first order mode
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starts guiding and the waveguide becomes muti-moded for TE polarization. Similarly,
for TM polarization, for W > 1.6 um the waveguide becomes multi-moded. In order to
ensure single mode operation around 1550 nm for both TE and TM polarizations, the

waveguide width W should be less than 1.6 um.

3.45
3.44
3.43

3.42

Effective index

3.41

3.40

3.39 L L L
05 1.0 1.5 2.0 25 3.0

Width (um)

Figure 2.4: Waveguide dispersion relation for extracting waveguide parameters for sin-
gle mode operation of 2-um-SOI. For W > 1.6 um the effective index of
first order modes are greater than the slab modes and hence the waveguide

will be multimoded.

Conventional AWG device (Fig. 2.1) consists of lot of bend waveguides of different
bend radii and hence it is necessary to design a waveguide geometry which provides
good confinement of mode. Fig. 2.5 compares mode profiles of two waveguides of
width 1 gm and 1.5 um respectively, keeping h =1 pm and H =2 um. As we reduce
the waveguide width, we are reducing the effective index of the core region and thereby
the index contrast between the core and the slab regions. As we see from Fig. 2.5,
the mode becomes less confined when waveguide width is 1 um. Hence W has been

chosen to be 1.5 um.

2.3.2 Input FPR

Optimization of separation between Arrayed Waveguides (D;) : Separation between

arrayed waveguides (D);) at input FPR - arrayed waveguide junction and output FPR -

12
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Figure 2.5: Simulated mode profiles of the rib waveguide fo H=2 ym,h=1 um (a) W
=1pum ®)W=15um.

arrayed waveguide junction is very crucial because of the following reasons.

1. Loss : As we increase the separation between arrayed waveguides, keeping the ar-
rayed waveguide width constant, more light gets radiated through the gap and the loss
at the input FPR - arrayed waveguides junction increases.

2. Phase error due to coupling : As we reduce the separation between arrayed waveg-
uides, there will be unwanted coupling between them which will account for phase

C€Irors.

3.0 T T T T

25} ]

20 ]

1.5F -

Loss [dB]

05 -

0.0 0.5 1.0 1.5 2.0

Separation between arrayed waveguide [um]

Figure 2.6: Theoretical junction loss at input FPR - arrayed waveguide junction as a

function of separation between arrayed waveguides (D;).

Hence it is important to find a trade off between loss and phase error. For device

13



fabricated on 2-um-SOI, a value of 1 pm will be sufficient to minimize the coupling
between arrayed waveguides near FPR - arrayed waveguide junction for the designed
waveguide parameters (W = 1.5 um, H =2 pum, h =1 pm). Due to the diffraction
effects during the lithographic process, a slight increment in the separation between
arrayed waveguides is expected. So the loss at the input FPR - arrayed waveguide
junction as a function of separation between arrayed waveguides was studied and the
result has been shown in Fig. 2.6. When the separation between arrayed waveguide

increases from 1 um to 2 pum, an increment in loss of nearly 1 dB is expected.

Optimization of number of arrayed waveguides : The light diverging from the
input waveguide at the input FPR, should be collected efficiently without much loss
using large number of arrayed waveguides. However, increasing the number of arrayed
waveguides will ultimately result in larger footprint of the device. S. Pathak et. al [30],

explains a rule of thumb that can be used to decide the number of arrayed waveguides.

FSR
N = 3.5—AA (2.16)

where, N is the number of arrayed waveguides, A\ is the channel spacing and FSR
is estimated using eqn. 2.13. So in our case, for an 8 channel, 100 GHz AWG, number

of arrayed waveguides required is 28.

80 T T T T T T

16l .
70F E
65 .
60 | e
55 .

50 | L

Light collecting efficiency [%]

10 20 30 40 50 60
Number of arrayed waveguides
Figure 2.7: Light collection efficiency of the arrayed waveguides at the inpt FPR - ar-

rayed waveguide junction as a function of number of arrayed waveguides
(\).
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However, as mentioned earlier, the light collection efficiency at the input FPR -
arrayed waveguide junction is a major factor in determining the number of arrayed

waveguides, which is defined as,

N

2

Light collection efficiency = l:]; (2.17)
L

s

where, N is the total number of arrayed waveguides, P is the power coupled to i
arrayed waveguide and P, is the launch power. For a 2-um-SOI AWG, keeping the
separation between arrayed waveguide as 1 pm (as discussed in section 2.3.1), we plot-
ted the light collection efficiency as a function of number of arrayed waveguides. Using
28 numbers of arrayed waveguides as explained by the thumb rule, the light collection
efficiency is found to be only 60 % as shown in Fig. 2.7. The light collection efficiency
almost saturates at nearly 75 % as we increase the number of arrayed waveguides above
40. When there is an increase in the number of arrayed waveguides there is an effective
increase in the FPR width only. FPR length remains constant since it is independent of
number of arrayed waveguides. Hence the light collected by outermost arrayed waveg-
uide is minimal and the light collecting efficiency does not improve beyond a point. It
has been found that increasing the number of arrayed waveguides beyond 40 will not
yield any additional benefit, but will increase the footprint of the device. So for the

AWG on 2-pym-SOI the number of arrayed waveguides has been chosen to be 40.

2.3.3 Output FPR

Optimization of separation between output waveguides (D,) :

Separation between output waveguides (D), can be increased to ensure sufficiently
low crosstalk between two neighboring channels. From eqn. 2.15 we know that as
separation (D,) between output waveguide increases, the focal length of FPR and the

total footprint of the device increases.

From Fig. 2.8 one can conclude that a separation of 3 pm between output waveg-

uides, improves the crosstalk to a value less than -30 dB for an AWG on 2-pm-SOL.
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Figure 2.8: Crosstalk and Rowland circle radius as a function of output waveguide sep-
aration (D, for AWG fabricated on 2-um-SOI. A separation value of 3 um
gives a crosstalk ~ -32 dB.

2.3.4 Arrayed waveguides

Optimization of bending radius : Bend waveguides are incorporated in AWGs, with
different bend radii to provide the required path length difference (AL) between two
neighboring arrayed waveguides. It is important to determine the minimum bend radius
that can be used which will ensure minimal bend loss. The bend loss as a function of

bend radius is analyzed in this section.

A typical 90° waveguide consists of two straight sections (AB and CD) and a bend
section (BC) as shown in Fig. 2.9. Mode profiles of a straight and bend waveguides are

compared in Fig. 2.10.

The guided mode in bend waveguide region will be shifted towards the outer side of
the bend and will be different to the guided mode in straight waveguide region due to
the bend induced effective index change. This shift or change in the mode profile give

rise to two types of losses in the bend waveguides.
Total loss in a 90° bend can be divided into two.

1. Transition loss : At the junctions B and C in Fig. 2.9, due to the mode mismatch
between modes of straight and bend region, there will be a transition loss. As we reduce

the bend radius, the bend induced refractive index change will be high and the transition
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Figure 2.9: Schematic representation of losses in a 90° bend.

loss also will be high.

2. Radiation loss : As mentioned earlier when the mode shifts more toward the
outer side of the bend region there is a higher probability that coupling to the higher
order radiating modes can happen. Since the waveguide geometry supports the single
mode guiding, the light that is getting coupled to the higher order modes gets radiated.
For bend waveguide of smaller bend radius the mode shift is more and there is a higher
probability of light getting coupled to the higher order radiating modes. The imaginary

part of the refractive index of the bend region gives us the radiation loss.

1.0
[o,s

—0.6

y (microns)
y (microns)

—0.4

- 0
X (microns) x (microns)

Figure 2.10: Calculated mode profiles of a straight and a 90" bend waveguide (radius
100 um) on 2-pm-SOI using Lumerical mode solver.

The total loss due to a 90° bend is the sum of transition loss that is happening at the

two boundaries and the radiation loss.
Lumerical full vectorial mode solver (2015b) has been used to solve for the modes
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and effective indices of bend and straight waveguides (see Fig. 2.10). The overlap
integral between these two modes will give us the transition loss. The imaginary part of

effective index of the bend region will give the radiation loss. Hence,
The total loss due to a 90° bend = 2 x Transition loss + Radiation loss

The estimated total loss due to a 90° bend for different bend radii for both TE and

TM polarization for a waveguide on 2-um-SOI, which is plotted in Fig. 2.11.

—-—Loss TE
——Loss TM

Loss/90%bend

A
0 \IA T T T T T
0 500 1000 1500 2000 2500 3000 3500
Bend Radius

Figure 2.11: Bend loss of a 90° bend for different bend radii for waveguides on 2-7m-
SOL. For a particular bend radius, loss for TM polarization is less com-
pared to TE polarization.

For a given bend radius, the radiation loss and the transition loss are low for TM
mode compared to the TE mode. This is because, TM mode is more confined in the
waveguide core region because of its higher index contrast compared to the TE mode.
Hence, the light that gets coupled higher order radiating mode is less for TM mode
compared to TE mode. From Fig. 2.11, we can see that the loss increases rapidly for
bend radius less than 750 pm. Hence the minimum bend radius was chosen to be 1000

um for the arrayed waveguides.

2.3.5 Optimized design parameters

Various design aspects of AWG are discussed till now. RSOFT AWG design package is

used to design the AWG with the optimum design parameters, which are shown in Table
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2.1(TE polarization). For TM polarization, the effective index of the arrayed waveguide
is found to be 3.441. So for TM polarization we expect a lateral shift of approximately

0.38 nm.

Two ways of designing AWGs are possible. One with fixed bend radius for all the
arrayed waveguides and the second one with different bend radii for different arrayed
waveguides. In the first case, the path length difference required between any two
arrayed waveguides should be incorporated mainly in the straight waveguide regions,
because the bend radii are fixed. In the second case, AL can be introduced mainly in
the bend region since we have the flexibility of choosing the bend radii. Obviously, the
second design is more compact compared to the first design. The minimum bend radius
that has been used for designing AWG on 2-pm-SOI 1s 1000 pm and the total foot print

of the device was found to be 1.7 em x 0.75 cm.

Table 2.1: Optimized design parameters of AWG on 2-pm-SOL.

Parameter Value

Number of channels 8

Channel spacing 100 GHz (0.8 nm)
Effective index of arrayed waveguide (n,) 3.441

Slab effective index (n,) 3.623

Grating order (m) 242

AL 108.9 um

Number of arrayed waveguides 40

Separation between arrayed waveguides near FPR | 1 um
(D)

Separation between output waveguides near FPR (D,) | 3 um

Rowland circle diameter 594 um
Smallest bend radius used 1000 um
Total footprint of the device 1.7e¢cm x 0.75 em
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The designed AWG is simulated using RSOFT - BeamPROP. The simulation results
are shown in Fig. 2.12. Different colors in the simulation results represent different
channels. The simulation gives a loss of nearly 2 dB near the central wavelength (1.55
wm) mainly because of the loss in the 1 pm separation between arrayed waveguides
near the input FPR region and the diffraction loss at the output FPR. The light diffracted
towards the outermost channels (1.5496 pum and 1.5532 pum) are less compared to the
central channels (around 1.55 um). So there will be a non uniformity in the transmission
loss for outermost channels of AWG. The channel non uniformity for the proposed

AWG design is around 2 dB.
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Figure 2.12: 3D simulation result of the designed AWG for the parameters shown in
Table 2.1 using Rsoft-BeamPROP.

2.4 Design with 220-nm-SOI

AWG fabricated on 2-um-SOI has some specific application as explained in section
2.3. But for on-chip applications, AWG fabricated on 2-pm-SOI is not useful due to
the larger footprint of the device. Devices fabricated on 220-nm-SOI are very compact
and used in on-chip optical interconnect applications. A design has been carried out for

AWG on 220-nm-SOl, similar to the design of AWG on 2-um-SOI as explained in 2.3.
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2.4.1 Single Mode waveguide

Lumerical Mode Solver has been used for determining the waveguide parameters of
220-nm-SOI waveguides. The slab height (h) is assumed to be zero to ensure strong
confinement of the mode. This will help to design very compact bends and thereby
reduce the total footprint of the device. From Fig. 2.13, when width of the waveguide,
W > 0.9 um first order TM mode effective index (NOT M) becomes greater than slab
effective index (N4, = 1.45) and the mode starts guiding. Similarly for TE mode, the
cut off width is found to be 0.58 um. So the width has been decided to be 0.5 um, to

ensure single mode guiding for both TE and TM polarizations.

Effective Index

03 04 05 06 07 08 09 1.0

Width (um)

Figure 2.13: Waveguide dispersion relation for extracting waveguide parameters for
single mode operation of 220-nm-SOI.

24.2 Input FPR

Optimization of separation between Arrayed Waveguides (D;) :

For an AWG on 220-nm-SOl, since the mode is tightly confined in the waveguide,
a separation of nearly 50 nm between arrayed waveguides will be sufficient to avoid the
coupling between two arrayed waveguides. The loss at the junction due to a separation

of 50 nm is found to be around 1.8 dB.

The loss due to fabrication imperfections at the junction has been studied and plotted

in Fig. 2.14. If the separation widens to 100 nm, the loss increases to 2.75 dB.
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Figure 2.14: Theoretical junction loss at input FPR - arrayed waveguide junction as a
function of separation between arrayed waveguides (D;).

Optimization of number of arrayed waveguides : For AWG on 220-nm-SOlI, keep-
ing the separation between arrayed waveguides as 50 nm, the light collection efficiency
has been calculated by varying the number of arrayed waveguide. When the number
of arrayed waveguides are more than 20, the light collection efficiency almost saturates
at 70 %. But considering the rule of thumb as in eqn. 2.16, the minimum number of

arrayed waveguide required has been kept as 28.
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60 | E
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Light collecting effiency [%]
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Figure 2.15: Light collection efficiency of the arrayed waveguides at the inpt FPR -
arrayed waveguide junction as a function of number of arrayed waveguides
(N).
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2.4.3 Output FPR

Optimization of separation between output waveguides (D,) : For an AWG on 220-
nm-SOl, increasing the separation between output waveguides will improve the crosstalk.
However the increase in D, will increase the FPR area and thereby the entire footprint
of the device. Increasing the value of D, from 100 nm to 500 nm improves the crosstalk
by 5 dB as shown in Fig. 2.16. But in order to reduce the total footprint of the device,
the separation has been fixed to be 300 nm. For this particular separation between

arrayed arrayed waveguide the crosstalk is found to be around -28 dB.
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Figure 2.16: Crosstalk and Rowland circle radius as a function of output waveguide
separation (D,) for AWG fabricated on 220-nm-SOI. A separation value
of 300 nm gives a crosstalk ~ -28 dB.

2.4.4 Arrayed waveguides

Optimization of bending radius : Similar to AWG on 2-um-SOI waveguides, bend loss
has been calculated for AWG on 220-nm-SOI for TE and TM polarization.

Unlike waveguides on 2-um-SOlI, the confinement is very high in this case and very
compact bends can be used for designing of AWG. From Fig. 2.17, a bend radius of 10
pm can be used for making compact bends. Also the confinement of the mode for TE
polarization is higher compared to TM polarization and hence the loss is small for TE

polarization compared to TM polarization for a given bend radius.
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Figure 2.17: Bend loss of a 90° bend for different bend radii for waveguides on 220-
nm-SOIl. For a particular bend radius, loss for TE polarization is less com-
pared to TM polarization.

2.4.5 Optimized design parameters

For AWG fabricated on 220-nm-SOI, we adopted a horse shoe structure [40], which
gives the minimum possible footprint. The approximate area calculated is found to be

0.79 mm x 0.78 mm.

The effective index of arrayed waveguides for TM polarization on 220-nm-SOI is
found to be 1.589. This will create a lateral shift of approximately 0.517 pm which
explains that the devices fabricated on 220-nm-SOI waveguides are highly polarization
dependent. The complete optimized parameters for TE polarization of AWG designed
on 220-nm-SOI has been given in Table 2.2.

2.5 Summary

The complete design parameters of AWG on 2-pm SOI and 220-nm-SOI has been opti-
mized. Free propagation Region of AWG designed on 2-1:m-SOI can be simulated with
RSOFT-BeamPROP. The addition in phase due to arrayed waveguides should be analyt-
ically incorporated before simulating the output FPR. AWG designed on 220-nm-SOI

can not be simulated using RSOFT BeamPROP, since the waveguides are high contrast
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Table 2.2: Optimized design parameters of AWG on 220-nmSOI.

Parameter Value

Number of channels 8

Channel spacing 100 GHz (0.8 nm)
Effective index of arrayed waveguide (n,) 2.386

Group Index (n,) 4.417

Grating order (m) 131

AL 85.09 um

Number of arrayed waveguides 28

Separation between arrayed waveguides near FPR (D;) | 50 nm

Separation between output waveguides near FPR (D,) | 300 nm

Rowland circle diameter 3.28 um
Smallest bend radius used 10 um
Total footprint of the device 0.79 mm x 0.78 mm

in nature and there are sharp bends for the structure. Only option is to go for 3D FDTD,
which takes approximately 75 hours to simulate the structure. Moreover the phase error
analysis due to fabrication imperfections remains a major concern for AWG designers.
Because of its large footprint and very small features, numerical computations may not
be appropriate for simulating a structure like AWG. Hence, it is important to develop
an analytic method for simulating AWG which will be accurate and faster compared to

existing numerical methods.
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CHAPTER 3

Modeling and Phase Error Analysis

AWG is very sensitive to fabrication related phase errors. A nanometer-scale random
variation in waveguide cross-sections causes a huge phase error accumulation and sub-
sequently, resulting into large deviations in the spectral characteristics of a SOI based
AWG. Therefore, a rugged design tool is required to analyze the device performance
and to estimate fabrication tolerance of SOI based AWG structures with desired specifi-
cations. The FDTD design tools are available but they demand for a huge computational
budget as the effective footprint of an AWG can be ~ 5 mm? or more. The BPM sim-
ulation is relatively faster but not suitable for compact AWGs which have sharp bends

and tightly confined modes.

In this chapter, a semi-analytical model using Gaussian beam approximation is used
for the guided mode to analyze the output spectrum of AWG. Previous attempts to
analyze the performance of AWG using Gaussian beam approximation were limited
to Si05-Ta;05 AWGS [34] and InP AWGs [35], which were designed with relatively
larger waveguide geometry. Gaussian approximation method has also been used in
modeling of flat top AWGs using Multi Mode Interference (MMI) couplers [41]. The
present model uses Gaussian beam approximations for fundamental guided modes in
rib waveguides and free propagation regions of the SOI based AWGs. The performance
characteristics calculated by our model have been found to be in close agreement with
the results obtained by commercial design tools and with published experimental results

of AWGs demonstrated with photonic wire waveguides in SOI platform.

3.1 Modeling

A typical AWG consists of input/output waveguides, input/output free propagation re-

gions (FPRs) and an array of waveguides in between (as shown in Fig. 3.1). The
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Figure 3.1: Scheme of the AWG used for modeling: three different colours are used
for representing the phase-fronts of three channels A\;, A\., Ay; FPR - free
propagation region.
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Figure 3.2: (a) Mode profile of a rib waveguide (TE polarization) with W =1.6 um, H=
2 um, h =1 pum; (b) Mode profile of a photonic wire waveguide (TE polar-
ization) with W = 0.5 ym, H = 0.22 ppm; (c) Comparison of 1D mode pro-
files of rib waveguide (TE polarization) obtained using full vectorial mode
solver and Gaussian fit for W = 1.6 ym, H=2 ym, h =1 pm; (d) Com-
parison of 1D mode profiles of photonic wire waveguide (TE polarization)
obtained using full vectorial mode solver and Gaussian fit for W = 0.5 um,
H=0.22 ym.
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FPR region is highly fabrication tolerant because of its larger dimension. However, a
minute fabrication induced non-uniformity in the arrayed waveguides can degrade the
device performance. The mode profiles (TE polarization) of single-mode waveguides
(input, output and arrayed waveguides) and their corresponding effective indices are
calculated using full vectorial mode solver for two different single-mode waveguide
cross-sections: Fig. 3.2(a) is for 2—pm-SOI (W=1.6 um, slab height h = 1 pm) and
Fig. 3.2(b) for 220-nm-SOI waveguides (W=500 nm, slab height h = 0), respectively.
The computed mode profile has been used to generate 1D Gaussian field distributions
with a beam waist W, as shown in Figs. 3.2(c) and 3.2(d) for both types of waveguides.
The Gaussian field is allowed to propagate freely in the input FPR and subsequently
used to extract field strength and phase information for the inputs of all arrayed waveg-
uides. Similarly, guided mode profiles and phases accumulated individually by N ar-
rayed waveguides can be modeled into /N guassian field distributions, which are then
assumed to propagate in the output FPR. The superposition of these Gaussian beams are
then used for taking overlap with the actual mode profiles of individual output waveg-

uides.

The Gaussian mode profile used in the AWG analysis has been derived from the

Maxwell’s equations.

The Helmholtz’s wave equation for the electric field can be written as:

(A2 + k) E(z,y,2) =0 (3.1

where E(x,y,z) is the complex field amplitude of the vector electric field. Assuming

the propagation direction to be z, we can write,

E(z,y,2) = ¥(z,y,2)e ™ (3.2)

where V(z, y, z) represents its variation in the transverse direction and propagation

direction. Taking second order space derivative of eqn. 3.2, we get
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A’E = (A*W)e ™ — 2ik(AT).e %, — k*Te = (3.3)

substituting eqn. 3.2 into eqn. 3.3 and using eqn. 3.1 we get,

oY

(A? + K E(z,y,2) = (A*U — 2@%5—)6—@"% =0 (3.4)
z
For further analysis, we assume
52U ow
—_— 2k|— 3.5
Srl<< 2 (33)

which means that the variation of field in the propagation direction is slow on the

scale of \ and

52w RV

|@|<< ’WHW| (3.6)

which means that the variation of field in the propagation direction is slow compared
to the variations in the transverse direction. Therefore, the Helmholtz equation can be

written as,

—+ — —2tk— =0 (3.7)

which is known as the paraxial wave equation. Assuming the solution to be cylin-
drically symmetric, we solve the eqn. 3.7 in cylindrical coordinates. Converting eqn.

3.7 into cylindrical coordinates,

o
—5—(7’—) —2ik— =0 (3.8)
Assuming that the solution to the paraxial wave equation is of the form,

. 2
U(r, 2) = Tpe P+ 2] (3.9)
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where, the subscript 0 indicates the fundamental Gaussian mode and b(z) and q(z)

are two arbitrary z dependent parameters of the paraxial wave equation. Plugging this

solution into the paraxial wave equation,

00, db(z)  K*r? dq(z)
—2tk— = ( — 2k v
s ( dz * Z(]2(2) dz ) 0

16 (5\110 ]{IQTQ , 2k
Sy (¥t U SO (LA St I
Tér(rr or ) ( *(2) Zq(z)) 0

Substituting eqn. 3.10 and 3.11 into eqn. 3.8, we get

k? [dq(z)
¢(z)" dz

1?2k d(;(;) + cz(Z_Z)] ~0

Equating coefficient of 2 and constant term to zero we get,

dq(z) _
dz =1

db(z) _ —i

dz  q(2)

(3.10)

3.11)

(3.12)

(3.13)

(3.14)

The solution to the eqn. 3.13 is ¢(z) = qo + 2, Where ¢ is the value of ¢(z) at z = 0.

But, if q(z) is real, we will be having zero variation in the amplitude of Gaussian beam

in the r direction. So, q(z) has to be complex (z is always real). But any real value of ¢

corresponds to only spatial shift in the z axis. So, gy can very well be considered as an

imaginary number. So, we have

q(z) =z +izg

1 1 z . ZR

= —1
q(z)  z+4+izg 22+ zg? 22 + zp?

Now solving eqn. 3.13, we get
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kzr?

Ty = 6(_2(5?(%:,3)2))e(_iz(z%(zza)%)e—ib(z) 3.17)

Now, solving for b(z) from eqn. 3.14, we get

b » »
G _ i _ (3.18)
dz q(z)  z+z2r
Integrating both sides of eqn. 3.18 from O to z, we get
. Z
ib(z) =In(l —i—) (3.19)
ZR
Therefore,
e = 1 (3.20)
1—1=
ZR
Representing this complex number in magnitude phase form, we get,
. 1 __kzpr?
e((2) — = o 2%+ (3.21)
L+

Substituting eqn. 3.21 in 3.17 we can find the fundamental mode Gaussian beam as

2 ke )
wo e_me_l#é)e—z(k(z)*q’(z)) (3.22)

w(z)

E(z,y,2) = Ey

where, wy is called the beam waist (minimum spot size)

2z
wy = 73 (3.23)
w(z) is the spot size of the beam at any z
w(z) = woy /14 (=) (3.24)
<R
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R(z) is the radius of curvature of the beam,

z

R(2) = 2(1+ (&)%) (3.25)
ZR
and finally the Guoy phase shift
17
O(z2) =tan™ — (3.26)
ZR

So we can use this Gaussian beam instead of the fundamental mode profile to model
the arrayed waveguide grating. Use of Gaussian beam approximation of fundamental
mode profiles of arrayed waveguides can simplify the transfer function of AWG and

reduce the computational budget.

3.1.1 Gaussian beam approximation at input FPR

We have modeled the input waveguide mode-profile (see Fig. 3.3) such that the field
spread at any point along the propagation direction (2) in input FPR can be accurately

estimated and is given by:

P Wgi
\Vf ; Wgi—1 7

wgi

WeN

Figure 3.3: Gaussian spreading scheme used for modeling the input FPR W, is the (1/e)
width of the Gaussian approximated guided mode in the r direction, W, is
the width of the waveguide, 1, is the width of FPR region and z;, is the
distance at which the (1/e) width becomes v/2W .
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F(r,z) = A(z)exp[— (3.27)
’ 2(22 + 22)
where,
Fo
A(z) = ; (3.28)
V14 (az/zp)
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Figure 3.4: (a) Calculated correction factor (o) and W, variations (calculated from
Lumerical mode Solver) as a function of tapered waveguide width W (in-
terconnecting input waveguide and input FPR) for 2-pm-SOI AWGs; (b)
Calculated correction factor («) and W, variations as a function of tapered
waveguide width W (interconnecting input waveguide and input FPR) for

220-nm-SOI AWGs.

here, z and r are the distance along the propagation direction and transverse direc-
tion respectively, Fj is the peak amplitude at z = 0, 3, is the propagation constant of the
FPR, z; is the distance along the propagation direction when width of Gaussian beam
becomes /2 times the initial width (W) and « is the correction factor which accounts
for the modal mismatch at the junction between input waveguide and the input FPR.
By including «, the effect of W, variation (calculated from Lumerical Mode Solver)

of the mode between waveguide and FPR region for different waveguide widths can be
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incorporated and « is found to be following the same nature as that of W, for different

waveguide widths (Figs. 3.4(a) and 3.4(b)).
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Figure 3.5: (a) Comparison of electric field amplitude along the propagation direction
with and without the correction factor for 2-um-SOI; (b) Comparison of
electric field amplitude along the propagation direction with and without

the correction factor for 220-nm-SOL.

Figs. 3.5(a) and 3.5(b) shows the comparison of Gaussian spread with that of full
vectorial mode solver in the FPR region with and without «. By including « (as in
eqn. 3.27) we can model the Gaussian spread similar to that of numerical calculations.
The correction factor («) is found to be close to 0.8 for a tapered waveguide width
of ~ 2 — 3 um in 2-um-SOI, since the W, and the peak position of the waveguide
mode were found to be nearly matching with that of the free propagating mode in the
FPR region. We have carried out the same analysis of « for photonic wire waveguides
(220-nm-SOI) also and irrespective of changing waveguide widths (tapered to 1 um -
2 pm), Wy, and o were found to be nearly constant (W, ~ 310 nm, a ~ 0.5). Using
eqn. (3.27), we calculated the field distribution at the end of input FPR by substituting
z = f (focal length of input FPR).

The overlap integral (I';) between this field with each of the arrayed waveguide
mode profiles is used to obtain coupled power into the arrayed waveguides. The over-
lap integral between expanded Gaussian beam with the field with each of the arrayed

waveguide mode profiles is calculated using:
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[?OOF(T)E(T — Ti)dT}z

I (3.29)

jfooFQ('r)dr +fOOEQ('r’ — ry)dr

—00

where F(r — r;) is the mode profile of the arrayed waveguide and r; is the position of

it" arrayed waveguide.

3.1.2 Gaussian beam superposition at output FPR

The output FPR has been modeled again using Gaussian approximation and the wave-
length (and phase) dependent interference pattern (Fig. 3.6) can be obtained at the focal

plane of output FPR:

N
(' A) =Y AF(r)explj(®1;) + (0)] (3.30)
=1
where,

Dy = Bo(2f + (N + 1 — 2i)dr' /2f) (3.31)
o = Bi(Lo + (1 — 1)AL) (3.32)

here 7 is any point on the focal plane of FPR, ¥(r', \) is the field amplitude at ', N
is the number of arrayed waveguides, A; is the field amplitude of i** arrayed waveg-
uide, Fy(r") is the field amplitude at ' due to the i*" arrayed waveguide, 3, and 3,
are the propagation constants of FPR and i'" arrayed waveguide respectively, L is the
length of the smallest arrayed waveguide and ALis the incremental length of the ar-
rayed waveguide. The possible non-uniformities of arrayed waveguides were included
by suitable variation of propagation constants /3;: 3; = 27w (n. 7 + PilAnes )\, where
ness is the refractive index of designed waveguide, p; € [-1,1], and An.sy is the max-
imum variation in the effective index from the designed value. Here, the grating circle

and Rowland circle curvatures (see Fig. 3.1) are assumed to be straight lines since the
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Guided Mode

Figure 3.6: Spreading scheme and wavelength dependent interference of Gaussian

beams (emerging from the waveguide array) at the focal plane of output
FPR.

focal length of FPR is of the order of 100 pm. Now that we have the field profile along
the focal plane, an overlap integral (eqn. 3.29) with the output waveguide mode gives

us the output power for a particular wavelength.

Fig. 3.7(a) show the comparison of Gaussian approximation method with RSOFT
BeamPROP simulation for 8 channel, 100 GH z AWG in 2-m-SOI with no phase error
(assuming correction factor o = 0.59). Fig. 3.7(b) shows the comparison of Gaussian
approximation method with experimental results of a 7 channel 200 GHz AWG in
220-nm-SOI [29] (assuming correction factor = 0.5). In our model, the measured
waveguide width variation of £=4nm of the fabricated devices has been incorporated by
considering a probabilistic distribution among arrayed waveguides as described earlier.
We have assumed that the phase-error distribution in each of the waveguides has been
taken care by the probabilistic width variation used in the matlab code (see Appendix
B). The model however matches well with the experimental results in terms of cross-

talk and output spectral distributions.

3.2 Phase Error Analysis

We analyzed the fabrication tolerance of both the AWGs mentioned above using our
method. Effective index variation with width (dn.s;/dW) was found to be 2.36 x 10~°

(4.38 x 1075) nm~" for 2-um- (220-nm-) SOI waveguides, using which the effect of
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Figure 3.7: (a) Comparison of output spectrum of 8 channel, 100 GH z AWG in 2-pm-
SOI computed by RSoft BeamPROP and Gaussian approximation using a=
0.59; (b) Comparison of experimental results of 7-channel AWG in 220-
nm-SOI with Gaussian approximation using o = 0.5.
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phase error has been studied. The possible non-uniformities of arrayed waveguides are
included by suitable variation of propagation constants 3;: 5; = 2m(ne s + piAnes )/,
where 7.y is the refractive index of designed waveguide, p; € [-1,1], and An.yy is the
maximum variation in the effective index from the designed value which is calculated
from dn.ss/dW and the maximum width variation obtained (see Fig. 3.8). Here the
width has been varied randomly and after analysing the output spectrum using Gaussian
beam approximation the crosstalk has been calculated. In order to have a crosstalk level
<-10 dB, it is required to control the width variation within + 13 nm (£ 2 nm) for
AWG on 2-um- (220-nm-) SOL. Figs. 3.9(a) and Fig. 3.9(b) illustrate the output spec-
trum of AWG without and with phase error (corresponding to a width variation of 25
nm). The phase error information can be used for correcting the device characteristics

by post-fabrication trimming process [42, 43]

77777777777777777777 : —=—2 pm SOI
- - —e—220 nm SOI

Crosstalk [dB]

10 13 15 20 25 30
Width variation [nm]

0 2 5

Figure 3.8: Crosstalk degradation as a function of waveguide width variation for AWG

on 2-um-SOI and 220-nm—-SOI (TE polarization).

For the given 2-um-SOI AWG, BeamPROP simulation takes nearly 35 minutes
to complete the simulation (Intel(R) core(TM)i7-2600 CPU @ 3.40 GH processor).
AWGs on 220-nm-SOI waveguides which are having high modal confinement, can not

be simulated using BeamPROP. For the 220-nm-SOI AWG, 3D FDTD simulation has
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Figure 3.9: (a) Spectrum of AWG on 2-um-SOI with no variation in waveguide width;

(b) Spectrum of AWG on 2-um-SOI with probabilistic waveguide width
variations of 25 nm.
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been carried out, which takes nearly 75 hours to finish with the same processor and de-
mands a huge computational memory. A matlab code for the Gaussian approximation
method is found to be consuming less than one minute irrespective of the SOI plat-
form used. However, the coupling information and thereby phase changes due to close

proximity regions of arrayed waveguide are neglected in this method.

Similar analysis can be carried out for TM polarization also. Even though the po-
larization dependency in the FPR region can be neglected, the arrayed waveguides are
polarization dependent. So for TM, there will be a lateral shift in the spectrum depend-
ing the birefringence(n/[; — nl/) of the arrayed waveguide geometry. Since the mode
profile and W, of TM mode will be different compared to the TE mode, the correc-
tion factor () also will be polarization dependent. It is found that « for the 2-pm-SOI
AWG, are polarization independent, since the waveguide geometry is having very low
birefringence (8.44 x 10~*). But for 220-nm-SOI AWGs, it is found that av is 0.61 (0.8
pm < W <2 pum) for TM polarization, since the waveguide geometry used are highly

polarization birefringent (0.813).

3.3 Summary

A Gaussian beam approximation of guided mode profiles have been developed for
analysing the fabrication tolerance of AWG. The method is found to be faster compared
to 3D-FDTD and nearly accurate. The method has been evaluated against experimental
results and simulated results of R-SOFT BeamPROP and the output spectrum is found
to be exactly matching. Using the Gaussian beam approximation method it has been
found that in order to have a crosstalk level <-10 dB, it is required to control the width

variation within &+ 13 nm (4 2 nm) for AWG on 2-pum- (220-nm-) SOL
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CHAPTER 4

Fabrication with i-line Contact Lithography

The phase error analysis using Gaussian beam approximation of guided mode profiles
is a faster and accurate method for analyzing the spectrum of AWG. Different litho-
graphic techniques have been adopted for fabrication of AWG. E-beam lithography and
deep UV lithography (193-nm) are most commonly used method for fabricating AWGs,
since they provide a better structural uniformity and for obtaining ultra small feature
size. However, these methods demand huge financial investment. I-line lithography can
not be used for very small feature size due to the diffraction limitations but the method
is very cost effective. However, feasibility of using i-line lithography in fabrication of
AWGs on 2-1m-SOI has not been studied extensively till now. This chapter explains
the design and fabrication of optical mask, methodology that can be adopted to fabricate
AWG on 2-um-SOI and waveguide non-uniformity and phase error introduced by i-line
lithography fabrication technique. As seen from scheme of AWG structure, some part
of the device consist of waveguides which are very close to each other and some other
parts which consist of waveguides which are sufficiently far apart. So the fabrication
process is challenging and needs to be optimized very carefully. Several experiments
had to be done to get an optimized recipe. For optimization, Silicon wafer (p type,

< 100 >) has been used which is less costly compared to the SOI wafer.

4.1 Photomask Design and Fabrication

The mask layout was created using R-Soft?™ [44] CAD tool. The layout consist of two
arrayed waveguide structures, five bend waveguides and straight waveguides. In order
to account for the fabrication tolerance involved in the mask and device fabrication,
AWG structure with different differential length (A L) is needed. Hence we have kept
two similar set of structures with different AL (£ 5 pm) values. The designed mask is

shown in Fig. 4.1. The mask consists of two AWGs which are designed using optimized



design parameters. Five numbers of straight and bend waveguide to analyze the loss
budget also kept. In addition to this polishing marks were kept in perpendicular to the
waveguides which were used for convenience. The sample edges were polished parallel

to these markers as it ensures polished edges to be perpendicular to the waveguides.

1. Straight waveguides
2. AWG .
- 3. Bend waveguides
4. Polishing markers

Figure 4.1: Mask layout of designed AWG. The straight and bend waveguides are kept
for reference.

This pattern created in R-Soft is converted to Graphic Database System 2 (GDS
2) format. This pattern was subsequently transferred to the photoresist coating on the
mask plate using Heilderberg Instruments GmbH?* DWL 66 mask writer (He-Cd laser
of \ =442 nm). Specification of the Japan Laser Corporation mask plate used is given

in Table 4.1.

After transferring the pattern on to the photoresist, it was developed using 0.1 M
NaOH (5 pellets dissolved in 200 ml DI water) solution. Subsequently, the Chromium
etching was done using the Chrome etchant. A mixture of 8 g Ammonium Ceric Nitrate
dissolved in 30 ml DI water and 3 ml Glacial Acetic Acid dissolved in 35 ml of DI
water were mixed to form the stock solution. Diluting this stock solution in DI water

(2:1 ratio) were used as chrome etchant. The remaining PPR was removed by dipping
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Table 4.1: Specifications of the mask plate

Parameter Value
Transparent layer Fused Silica
Absorbing Layer Chromium
Photoresist AZP-1350

the mask plate in Piranha solution (Hy SO, : HyOs :: 3 : 1) for 5 minutes.

The mask plate after fabrication was carefully analysed in SEM. The critical regions
such as 1 pm opening at the input/output FPR - arrayed waveguide junction and the
straight waveguides were proper. But the bend region was found to be non-uniform in
nature. Finite spot size of mask writer (A ~ 440 nm) leads to wavy nature of bend
waveguides, especially since mask writing happens across the pattern rather along the

pattern. The SEM images of the mask plates are given in Fig. 4.2

() (b)

Figure 4.2: SEM images of mask (a) straight waveguide region for which the waveguide
width is found to be uniform; (b) Bend waveguide region for which the
width is found to be varying.
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4.2 Photolithography and Process Optimization

A standard cleaning procedure has been followed for cleaning the substrate. The sub-
strate was first boiled in TCE (Tri-Chloro Ethylene) for 2-3 minutes to remove all or-
ganic impurities. The sample was boiled in acetone to remove the TCE residues and
subsequently cleaned in DI water to remove the residues of acetone. Then the sample
has been boiled in nitric acid (HNOs). Since the nitric acid is an oxidising agent, it
forms a thin layer of silicon dioxide above the Silicon surface. This is followed by a
diluted HF (HF : DI water :: 1 : 10) dip which removes the silicon dioxide on top of
the surface and exposes the fresh Silicon layer. The sample has been rinsed thoroughly.
Before spin coating, sample was baked for 5 minutes at 120°C to remove the moisture
and allowed to cool down. The cleaning procedure was followed by the spin coating of

positive Microposit’™ photoresist S1813 G2. The spin coating parameters are given in

Table 4.2.

Table 4.2: Spin coating parameters of S1813 G2

Parameter Value
Speed 5000 rpm
Accelaration 600 rpm/sec
Time 45 sec

The thickness of spin coated photoresist has been measured using confocal micro-
scope and the thickness was found to be around 800 nm and found to be uniform in
nature except at the edges which does not affect the fabrication of the device. The pre-
baking was done at 80°C for 28 minutes and thickness got reduced to 700 nm. This was
to harden the PPR and to avoid sticking of the PPR when it comes in contact with the
optical mask. MA6/BA6 mask aligner is used to align the sample with the AWG optical
mask and exposed it with i-line UV (Wavelength : 365 nm, Intensity : 13 mW/cm ?).
A post exposure bake has been carried out on the exposed sample at 120 °C for 5 min-
utes to reduce the concentration gradient created during the exposure and to slow down

the overall developing rate to overcome the difficulty of developing a sample where we
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have a dense array of waveguides.

Table 4.3: Optimized etching recipe

Parameter Value

Gas flow rate SFg : Ar:: 20 sccm : 20
sccm

Temperature 20°C

Pressure 200 mTorr

DC bias 33V

RF power 150 W

Etch rate 0.33 pm/min

The samples were developed using 0.1 M NaOH solution. Before RIE, the sample
has been postbaked at 120 °C for 30 minutes to harden the PPR. The time of prebake/-
postbake, spin coating parameters and developing/exposing time have been optimized
after several trial and error. The obtained PPR pattern has been subsequently transferred
to the silicon sample by Reactive Ion Etching (RIE). SF¢ : Ar recipe is an optimized
recipe which gives very low sidewall roughness (~ 10 nm). Various devices includ-
ing spot size converters [45], interleavers [46], high efficient DBR structures [47] etc.,
have been fabricated and successfully demonstrated using this recipe in our lab. The
RIE recipe used has been shown in Table 4.3. The entire procedure followed for the

fabrication of AWG device is explained in Fig. 4.3.

The confocal microscopic image of the fabricated sample is shown in Fig. 4.4. The
1 pum separation between arrayed waveguides near FPR region were underdeveloped.
At the same time the arrayed waveguides in the middele region of AWG which are
sufficiently far apart were washed off. It is confirmed that developer solution takes

more time to develop the exposed PPR in the 1 um region.

So, it is understood that the developing had to be slowed down, so that the 1 um
separation between arrayed waveguides near input/output FPR gets developed properly.
Also it is important to make sure that the middle region where arrayed waveguides are
well apart does not get overdeveloped. In order to achieve this, we increased the post

exposure baking time to 10 minutes. This will slow down the entire developing process.
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SOl Wafer After development
And RIE

Si (2 pm)

BOX (1 pm

I TI

UV exposure W|th
PPR spin coating AWG photo mask

Figure 4.3: Fabrication process flow.

Figure 4.4: Confocal microscopic image of arrayed waveguides near input FPR and
output waveguides near output FPR.
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It was observed that the opening of 1 pm was not proper and arrayed waveguides in the
middle region were getting overdeveloped. But the waveguides were of wavy nature
and the developing time was very high. The confocal microscopic image (resolution :

120 nm) of the resulting sample is shown in Fig. 4.5.

Figure 4.5: Confocal microscopic image of arrayed waveguides near input FPR and
output waveguides near output FPR.

The concentration gradient of the developing solution will have a huge impact on the
photolithography procedure. So, instead of using prepared NaOH solution, a standard
developer should provide better results. We followed the same procedure explained
above, by using standard developer MF 321 instead of NaOH solution. The wavy na-
ture of the waveguides which were observed earlier were still present, but the 1 um
openings were better compared to earlier structure. The confocal microscopic image of
the developed samples are given in Fig. 4.6.

Scanning mode:XYZ fine scan annil node:XYZ fine scan
+ Color

Image sizefpixels]:1024X1024
Image size[um]: 128x128
Objective
lens:MPLAPONLEXT100
Zoom:1X

ixels] 1024X1024
um}: 129x129
Objective
lens:MPLAPONLEXT100
Zoom:1X

7

Figure 4.6: Confocal microscopic image of arrayed waveguides near input FPR and
output waveguides near output FPR.

We were able to conclude that the conventional lithographic procedures can not be
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directly adopted to get a satisfactory structure of AWG. Descum [48] is a method used
to remove the photoresist residues from the sample after fabrication. This approach will
be of great help in optimizing the recipe to get the required dimension. The sample was
developed till the waveguides in the middle region was proper. It is obvious that the
1 wm separation will be underdeveloped. At this point if the thickness of the PPR is
reduced by Descum process (reduced by ~ 150 nm), it would lead to the proper open-
ing of 1 pum separation without overdeveloping the arrayed waveguides in the middle

region. The descum recipe used, is shown in Table 4.4.

Table 4.4: Optimized descum recipe

Parameter Value

Gas flow rate O : 50 sccm
Temperature 20°C
Pressure 100 mTorr
ICP Power 150 W

RF power 150 W

Etch rate 0.18 pm/min
Time 50 seconds

Figure 4.7: Confocal microscopic image of arrayed waveguides near input FPR before
and after the descum.

The confocal microscopic image of the perfect 1 pm opening near input FPR before
and after the descum is shown in Fig. 4.7. This optimized recipe has been used for
fabricating the designed AWG on a SOI (Device layer thickness : 2 um, Resistivity
: 5000 €/ em, Crystal orientation : <100>, Make : Ultrasil inc. USA) sample.

The fabricated AWG found to have a uniform separation of 1 um separation (verified

using SEM imaging) and properly developed arrayed and input/output waveguides. The
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confocal microscopic images of the PPR pattern of AWG fabricated on SOI is given in

Fig. 4.8 and the sample after RIE is shown in Fig. 4.9.

=

Figure 4.8: Confocal microscopic images of PPR patterns of fabricated AWG on SOI.

b ]

Figure 4.9: Confocal microscopic images of fabricated AWG on SOI after RIE.

The width of the arrayed waveguides are very crucial in AWG design on SOI plat-
form. In order to analyze the phase error introduced by the arrayed waveguides, width
of arrayed waveguides were measured using SEM imaging technique. There was an av-
erage width variation of + 100 nm. The SEM images of three different arrayed waveg-
uides of the same AWG is shown Fig. 4.10. We observed a lengthwise non-uniformity

of around + 40 nm for all the arrayed waveguides (as shown in Fig. 3.27).

Focusing high energy electron beam on SOI creates charging problem, because of
the oxide layer beneath the device layer. So we have coated a thin layer of gold (10
nm) to discharge the accumulated charges. The white particles in the SEM images are

nothing but the gold particles coated on the SOI sample.
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Figure 4.10: SEM images of three arrayed waveguides showing the width variation in

arrayed waveguides.
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Figure 4.11: SEM images of a sample arrayed waveguide showing the lengthwise width

variation.

Similarly we have analyzed the waveguide widths of all the forty arrayed waveg-
uides and plotted in Fig. 4.12. The red line in the Fig. 4.12 shows the waveguide
widths of the designed AWG and the black line shows the waveguide widths of the fab-
ricated device. The waveguide width has been found to be varying between 1.6 pm and
1.7 um. Hence, we observed a maximum width variation of £ 100 nm in the arrayed

waveguides.

For the center wavelength to have constructive interference at the middle of the
output focal plane, the phase front of the waves through all the arrayed waveguides
should be an integral multiple of 360°. Because of the distortion in the waveguide
width, the phase front of the wave will also be distorted. The possible non-uniformities
of arrayed waveguides are included by suitable variation of propagation constants [3;:
Bi = 2m(nery + pilnesp)/ A, where n.y; is the refractive index of designed waveguide,

pi € [-1,1], and An, ¢ is the maximum variation in the effective index from the designed
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Figure 4.12: Waveguide width plotted against the arrayed waveguide number.
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Figure 4.13: Waveguide width plotted against the arrayed waveguide number.
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value which is calculated from dn.fs/dW and the maximum width variation obtained
(see Fig. 3.8). For the center wavelength, the phase front expected if all the arrayed
waveguides are of same waveguide width, is shown in red color and the phase front of

fabricated device with width variation is shown using black line in Fig. 4.13

4.3 Summary

From the Fig. 4.13 and Fig. 3.8 it can be concluded that, the phase front distortion
produced by this width variation in the arrayed waveguides is too high to produce any
interference pattern at the output. Even though the fabrication processes are carefully
optimized to get a near perfect structure, it is found to be very difficult to keep the
arrayed waveguide width constant throughout the footprint of the device. Even a 25
nm width variation is found to create a huge distortion in the phase front of the de-
vice. Hence the width variation of £ 100 nm introduced due to i-line lithography and
subsequently by the etching process is too high to get a satisfactory performance. It
is concluded that i-line lithography is not the optimum technique for fabricating such
a fabrication sensitive device like AWG and feasibility of improving the fabrication
techniques using i-line lithography, deep UV lithography (Wavelength: 193 nm) and
e-beam lithography for AWG can be explored further.
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CHAPTER 5

Conclusions

5.1 Summary

In this work, study of the fabrication tolerance of AWGs has been done. We proposed
a semi-analytical method to analyze the AWG using Gaussian beam approximation of
guided mode profiles which will be faster compared to the commercial FDTD design
tools and nearly accurate. This method has been used to analyze fabrication tolerance
of AWGs on different device layer thickness. Fabrication tolerance of i-line lithography

also has been studied after fabricating AWG with i-line lithography.

Chapter 2 explains the design of AWGs on 2-um-SOI and 220-nm-SOI. Design pa-
rameters are carefully chosen to minimize the losses and to make the structure as com-
pact as possible. Restriction in defining structures using i-line lithography techniques
has also been considered while designing the device. The effect of various parame-
ters such as waveguide dimensions, separation between arrayed waveguides and output
waveguides, number of arrayed waveguides and bend radius, on AWG characteristics
has been studied. Numerical methods are not ideal for simulating AWG and analysing
fabrication induced phase errors. They demand huge computational budget due to the
large footprint and small features of the device. Chapter 3 explains modeling of AWGs
on SOI using Gaussian beam approximation of guided mode profiles. A semi-analytical
model has been developed in which Gaussian beam approximation is used for guided
mode profiles to analyze the output spectrum of AWGs. The AWG output spectrum
simulated using our method has been compared with the existing numerical methods
and found to be reasonably accurate even for high refractive index contrast photonic
wire waveguide based compact AWGs in SOI platform. It has been also shown that this
model can be used to extract phase errors (due to waveguide non-uniformities) from

experimental results. In order to get a crosstalk < -10 dB, the tolerable width variation



in the arrayed waveguides has been found to be £ 13 nm (£ 2 nm) for AWG fabricated
on 2-um-SOI (220-nm-SOI).

Chapter 4 explains the fabrication of AWG on 2-pm-SOI using i-line lithography.
AWG designed on 2-1m-SOI has been successfully fabricated by introducing Descum
process step with the i-line lithographic technique. The error estimation of the fabri-
cated structure has been done using the Gaussian approximation model developed in
chapter 3. It has been found that a width variation of around £ 100 nm has been ob-
served which is above the tolerable limit. A necessary post-fabrication trimming of

waveguides can be employed to rectify the phase errors.

5.2 Future Scope of work

AWGs were found to be a highly fabrication sensitive device. The phase errors in-
troduced due to fabrication imperfection is a major concern. Some suggestions for

improving the device performance are listed below.

1) More sophisticated and improved lithographic techniques can be used to fabri-
cate AWG on 2-um-SOI. E-beam lithography can be optimized to fabricate AWG on
220-nm-SOI, which can be used to fabricate very fine features and the phase error in-

troduced by e-beam lithography has proven to be minimal.

2) The phase error analysis using Gaussian beam approximation has been done as-
suming random widths for arrayed waveguides. The lengthwise width variation has
been neglected in all the simulations. The phase error introduced by AWG can be an-
alyzed using Gaussian beam approximation method by obtaining the exact width vari-
ation of fabricated AWG, based on which the Gaussian approximation method can be
further improved. Once an AWG is fabricated within the tolerable width variation, the
AWG can be experimentally tested. The experimental results can be compared with
Gaussian beam approximation method after including all the structural features of the

fabricated device.
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Appendix A

Rowland circle theorem - Proof

Consider the figure shown below. The arc PQ is part of a grating circle with center
at C and radius R. Let us assume that we have a source at D. Let any two rays coming
from D is reflecting from A and B; and makes an image at E. The path length differ-
ence between these two rays should be an integer multiple of wavelength (\) to have a
constructive interference at E. Let us assume that the distance between two reflecting

points be d and its value is much less than the radius R.

Q

Figure 5.1: Rowland circle geometry proof, D is the source and E is the point where

image is assumed to be formed.

divisors From figure, we can write the condition for interference at E using grating

equation,

dsin(a) + dsin(5) = mA (5.1
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Differentiating eqn. 5.1 with respect to o, we get

cos(a)da + cos()6f =0

Consider AAXC and AB, XD,

LAXC = /By XD

From AAXC,

LAXC =180°— L XCA - LZCAX
LAXC =180° — 6y — «

Similarly from AB; X D,

/B XD =180° — /XDB, — /DB, X
/BiXD = 180° — 60 — (a + dcv)

From eqns. 5.3, 5.5 and 5.7, we can conclude

da = oy — oo

Similarly from AAX,C and AB; X E, we can write

0B =dy—dp
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(5.3)

(5.4)
(5.5)

(5.6)
5.7

(5.8)

(5.9)



Now from Fig. 5.1, we can write

AB;
Sy —
TR
5o — AB, _ ABjcos(a)
r r
5p = ABsy ABjcos(pP)
1 1

Substituting eqns. 5.10, 5.11 and 5.12 in eqn. 5.8 and 5.9, we get

AB;  ABcos(a)

bar = R r
55 = AB; ABjcos(f)
R 1

Substituting eqns. 5.13 and 5.14 in eqn. 5.2, we get

AB;  ABjcos(a) AB;  ABcos(B)
D ABOstO)) | oA AP

cos(a)| |=0

The only solution to the eqn. 5.15 is

and

r = Rcos(a)

r1 = Reos(p)

(5.10)
(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
(5.17)

Eqns. 5.16 and 5.17 confirms that C, D and E are lying on the circumference of the

circle with diameter R called the Rowland circle. Hence the proof.
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Appendix B

Matlab code used for simulating AWG transfer function
using Gaussian beam approximation

tic;
clc;
clear all;

close all;

W=1.6e-6; %% Rib width of waveguide
RH=2e-6; %% Rib height of waveguide
sh=1le-6; %% slab height of waveguide
nl=3.4777; %% refractive index of Silicon
n2=1.45; %% Refractive index of BOX
n3=1; %% refractive index of air
lambda=1549.5e-9; %% centre wavelength

dlam=0.5e-9;

o\

ewit=1.8e-6; % (1/e) Width of input taper mode

wit=2e-6;

o\
o\

Width of input

o\
o\

ewa=1.8e-6; (1/e) Width of

o\
o\

wa=2e-6; Width of array

o\
o\

ewot=1.8e—-6; (1/e) Width of

taper
array taper mode
taper

output taper mode

wot=2e-6; %% Width of output taper

da=le-6; %% Separation between arrayed waveguide

dit=le-6; %% Separation between input waveguide

dot=le-6; %% Separation between output waveguide
warray=watda; %% Center-center separation of arrayed waveguide
winput=wit+dit; %% Center-center separation of input waveguide
woutput=wot+dot; %% Center-center separation of output waveguide

neffcl=zeros (1, 3);
nfcl=zeros (1, 3);
neffc=zeros (1, 3);
nfc=zeros (1,3);

neff=zeros(1,3);
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%%% Finding effective index of core region $%%%%%%

ttacl=asin(n2/nl);
ttacu=asin (n3/nl);
a=ttacu;
ttai=a:0.0001:pi/2;
phil=2.* (atan(sqgrt (((nl/n2)"2) . ((sin(ttai)).”2)-1)./((nl/n2) .*cos(ttai))));
phiu=2.* (atan(sgrt (((nl/n3)"2) .x((sin(ttai)).”2)-1)./((nl/n3) .xcos(ttai))));
phi=phil+phiu;
phil=phil+phiu+ (2xpi);
k=(2xpi)/ (lambda) ;
h=RH;
b=2.*nl.*xh.xk.*xcos (ttai);
i=1;
while (phi (i) <b(i))
theta=ttai(i);
i=1i+1;
end
neffc(p)=nl+sin(theta);
nfc (p)=neffc(p);
h=sh;
b=2.%nl.xh.xk.xcos (ttai);
i=1;
while (phi (i) <b(i))
theta=ttai (i) ;
i=i+1;
end
neffcl (p)=nl+sin(theta);

nfcl (p)=nefcl (p);

ttacl=asin(neffcl (p) /neffc(p));
ttacu=asin (neffcl (p)/neffc(p));
a=ttacu;

ttai=a:0.0001:pi/2;
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Ai=((nfcl(p)/nfc(p)) .*cos (ttai));
phil=2.* (atan (sgrt (((nfc(p) /nfcl(p))"2) .+ ((sin(ttai)).”2)-1)./Ai));
phiu=2.* (atan(sqgrt (((nfc(p) /nfcl(p))"2) .x((sin(ttai)).”2)-1)./Ai));
phi=phil+phiu;
k=(2xpi)/ (lambda) ;
h=w;
b=2.xneffc(p).*h.xk.xcos (ttai);
i=1;
while (phi (i) <b(i))
theta=ttai (i) ;
i=i+1;
end
neff (p)=neffc(p)*sin(theta);
lambda=lambda+dlam;
end
35%%% Finding effective index of array taper $%%%%%%%%%%
lambda=1.55e-6;
ng=neff (2) - ((lambdax (neff (3) —-neff (1)))/ (2xdlam));
a=ttacu;
ttai=a:0.0001:pi/2;
Ai=((nfcl(2)/nfc(2)) .xcos(ttai));
phil=2.x (atan(sqrt (((nfc(2)/nfcl(2))"2) .+ ((sin(ttai)) .”2)-1)./Ai));
phiu=2.* (atan (sqgrt (((nfc(2) /nfcl (2))"2) .* ((sin(ttai)).”2)-1)./Ai));
phi=phil+phiu;
phil=phil+phiu+ (2*pi);
k=(2*xpi)/ (lambda) ;
h=wa;
b=2.*neffc(2) .+xh.*k.xcos (ttai);
i=1;
while (phi (i) <b(i))
theta=ttai(i);
i=i+1;
end
neffO=neffc(2)xsin(theta);

nwa=neff0;

$%%%% Finding effective index of input/output taper %%%%%%%%%%%
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h=wit;
b=2.*neffc(2) .xh.*k.xcos (ttai);
i=1;
while (phi (i)<b(i))
theta=ttai (i);
i=i+1;
end
neff0=neffc(2)*sin(theta);
nwit=neff0;

nwot=nwit;

%%%%% CODING DONE BY SIDHARTH — IOLAB $%%%%%%%%%%%%

nsi=3.4777;

o\
o\

Silicon refractive index

o\
o\

ns=neffc(2); Effective index of 2 micron slab

neffTM=neff (2);

o\
o\

TM polarisation effective index.

d_w=22200;

o
o\

dneff/dw for rcrw

dw=0;

o\
o\

maximum width variation

o\
o\

dneff=dw*d_w; maximum effective index variation

o\°
o\
o\
oo

%$%% Parameters of AWG

lambdac=1.55e-6;

dlambda=0.8e-9;

nchan=8;

FSR=nchanxdlambda;

Na=40;

Lo=2e-4;
lambdastart= (lambdac- ( (FSR+dlambda) /2)) ;

lambdastop= (lambdac+ ( (FSR+dlambda) /2)) ;
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o\°

%$%% Loop variables %$%%%%%%%

count=20000;

count_plot=400;

count_lambda=65;

extra= (Na*warray) /count;

extrainput=wit/ (count_plot);

extraoutput=2+wot/ (count_plot);

tunelambda= (lambdastop-lambdastart) / (count_lambda-1);

) [Ie)

%$%% Defining arrays %%%%%

p=rand (1l,Na);

neffl=zeros(1l,Na);

Beff=zeros (1,Na);

Ef=zeros (1, count);

FVABS=zeros (count_plot+1l, count_lambda) ;
FVABS2=zeros (count_plot+l, count_lambda);
OUTCOUPLE=zeros (count_plot, count_lambda) ;
CC=zeros (1, count_lambda) ;
C=zeros (1, count_lambda) ;

H=zeros (count_lambda, nchan);
y=zeros (1, count_lambda) ;

A=zeros (1l,Na);

G=zeros (1,Na);

Gl=zeros (1l,Na);

L=zeros (1l,Na);

O=zeros (1,Na);

Bl=zeros (1, count);

Ey=zeros (1, count+1l);
Eyl=zeros(l,count_plot+l);

Eyy=zeros (1l,count+l);

Eyyl=zeros (1, count_plot+l);

%$%% Calculated Parameters %%%
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w=2+pi/lambdac;

kit=w+nwit;

ka=wxnwa;

kot=w*nwot;

xlower=-( (Nax* (wa) )+ (Na-1) xda) /2;

xupper=- ( ( (Na-2) * (wa) )+ ( (Na-1) xda) ) /2;

zra= (pi*nwax (wa/2)* (wa/2)) /lambdac;
zrit=(pirnwit* (wit/2)* (wit/2)) /lambdac;
zrot=(pi*nwot+* (wot/2) * (wot/2)) /lambdac;
gratingorder=round ( (neff (2) xlambdac) / (nchanxdlambda*ng)) ;
f=(ns/gratingorder)  ( (warray*winput) /dlambda) ;
dL=gratingorderxlambdac/neff (2);

xincr=(wa) / (count) ;

a0= (xupper+xlower) /2;

corrAmpArray=0.55;
corrAmpInput=0.55;
corrphasearray=1;

corrphasein=1;

for 1=1:(count+l);
Ey (1) =exp (- (kaxx*x) / (2xzra));
Eyy(1)=Ey (1) *Ey (1) ;
X=xX+xincr;

end

x=linspace ((-wa) /2, (wa) /2, count+1) ;

Amp=trapz (x,Eyy) ;

Z=1/(1+(0.414corrAmpInput* (f/zrit)));

x=linspace (- (Naxwarray) /2, (Naxwarray) /2, count+1) ;
B2=(2)*exp (= (kit*zrit.*«x.*x) /(2% ((£°2)+(zrit"2))));

Ampl=trapz(x,B2.%B2);
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for j=1:Na
x=— (Na*warray) /2;

al=(j-1) »warray+al;

for 1=l:count+l;

if ((xlower+ ((j—1)*warray))<x && x<(xupper)+((j-1)*warray));
Ef (1)=(1/sqrt (Amp) ) xexp (- (ka.* (x—al) .x (x-al))/ (2xzra));
else
Ef (1)=0;

end

x=xtextra;

end
x=linspace (- (Naxwarray) /2, (Naxwarray) /2, count+1) ;
G(j)=trapz(x, (B2.xEf));
GL1(J)=G(J)*G(J);
J=trapz(x, (Ef.*Ef));
K= (JxAmpl) ;
L(J)=G1(3)/(K);
A(j)=sqrt (L(J) /Amp) ;

end

do=- (nchan-1) xwoutput/2;
lambdac=1.55e-6;
x=—(wot) ;

w=2+pi/lambdac;
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for 1=1:(count_plot+l);
Eyl (1)=exp (- (kit*x*x)/ (2%zrit));
Eyyl(1)=Eyl (1) *Eyl(1);
x=x+extraoutput;

end

x=linspace (- (wot), (wot),count_plot+l);

Amp=trapz (x,Eyyl);

for k=1:nchan;
filename="inputFPRfields.xlsx"';
O=xlsread(filename) ;
A=sqgrt (02/Amp) ;
phi=zeros (Na,Na) ;
phiexp=zeros (Na,Na) ;

lambda=lambdastart;

for j=l:count_lambda;

Z=1/(1+(0.414xcorrAmpArray* (f/zra)));

w=2+pi/lambda;

BS=wx*ns;

phis=BS*2x*f;

x=do- (wot) ;

for n=l:count_plot+1l;
for i=1:Na;

neffl (i)=(neffTM-(p (i) *dneff));

Beff (i)=(2xpi*neffl (i))/lambda;

Bout=Zxexp (- (kaxzra*x*x)/ (2* ((£72)+(zra”2))));
phi(n,i)=(phis+ (BS* (41— (2x1))+warray*x/ (2+«f))+(Beff (i) (Lo+ ((1-1)=*dL))));
phiexp(n,1) = A (i) *Boutxexp (lixphi(n,i));

end

FVABS (n, j)=abs (sum (phiexp(n, :)));

FVABS2 (n, j)=FVABS (n, j) *FVABS (n, Jj) ;
OUTCOUPLE (n, j)=Evy1l (n) *FVABS (n, j) ;
x=x+textraoutput;

end
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x=linspace ( (do-(wot)), (do+ (wot)),count_plot+l);
yy=trapz (x, OUTCOUPLE (:, J));

yyy=trapz (x,FVABS2 (:, J));

C(J)=(yy*yy)/ (Ampxyyy) ;

CC(J)=C(J) *yyyi

v (3)=10%10gl0(CC(J)/sum (L)) ;
lambda=lambdat+tunelambda;

H(J, k)=y (3);

k

J

end

g=lambdastart:tunelambda:lambdastop;
plot(q,vy);

hold on;

do=do+woutput;

end

toc;
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