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ABSTRACT

The CMOS fabrication compatibility of waveguide devices and the presence of strong
thermo-optic effect makes silicon-on-insulator (SOI) an attractive platform for large
scale integration of reconfigurable optical systems viz. routers, switches, filters, delay
lines etc. Integrated optical microheaters are used for local reconfiguration/correction
of phase-sensitive devices via thermo-optic effect. However, high thermal sensitivity
of resonance devices (dA,/dT ~ 100 pm/K) leads to thermal crosstalk, especially for
densely packed large-scale integrated optical circuits in SOI platform. It is therefore,
important to investigate the temperature distribution and effective control of thermo-
optic phase-shift by a microheater integrated with waveguide structures. A linear piece-
wise model has been formulated to analyse the performance of a metallic microheater
integrated with single-mode waveguides (A ~ 1550 nm) in silicon-on-insulator (SOI).
The model has been used to evaluate integrated optical microheaters fabricated in a SOI
substrate with 2-pm device layer thickness. Fabry-Perot modulation technique has been
used to extract the effective thermo-optic phase-shift and response time. The effective
thermal power budget of F,.¢s, ~ 500 uW for a 7 phase-shift and a switching time of
T ~ 9 us, have been recorded for a typical Ti heater stripe of length Ly = 50 pm, width
Wy = 2 pm, and thickness ¢ ~ 150 nm; integrated with a Fabry-Perot waveguide
cavity of length ~ 20 mm. It has been shown that the performance of a heater improves
(in terms of power budget) as the length of a microheater decreases. However, smaller
heater-size requires higher joule heating to obtain a desired phase-shift which is again

found to be dependent on polarization of the guided mode because of thermal stress.
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CHAPTER 1

INTRODUCTION

This thesis is about theoretical and experimental investigations of an integrated optical
microheater for silicon photonics applications. In this introductory chapter, motivation
behind the work, original research objective and organization of the thesis have been

briefly discussed.

1.1 Motivation

In last decade or so, phenomenal activity has been reported in the area of silicon pho-
tonics. Stand alone devices such as MUX/de-MUXs [1, 2], filters [3, 4], lasers [5, 6, 7],
photodetectors [8], modulators [9, 10] have been successfully demonstrated. Silicon on
insulator platform has shown lot of promise in sensing [11, 12] and spectroscopy [13]
based applications as well.

Silicon photonics is the dominant platform for on-chip optical interconnects. Recently, a
electronic-photonic system was demonstrated on a single silicon chip, integrating close
to a billion transistors and hundreds of photonic components working in tandem to re-
alize a microprocessor, consuming only 1.3 pJ/bit energy to transmit data on-chip from
one point to other [14]. This achievement has heralded a new era of next generation
computing and communication systems where the appetite for power and bandwidth is
growing exponentially [15]. Exploiting state of the art CMOS manufacturing processes,

photonic components can be integrated on the same platform along side transistors with



high yield [16, 17, 18, 19]. Large refractive index contrast of silicon with silica/air en-
ables tight confinement of guided modes. Active control of guided modes is possible

via strong plasma dispersion and thermo-optic effects [20].

Plasma dispersion effect is mainly used to demonstrate high speed modulators [21,
22], switches [23] etc. However, large thermo-optic coefficient of Silicon (dn/dT ~
1.86.10~* K1) is frequently used for an energy efficient switching [24, 25, 26, 27] ,
routing [28, 29, 30], tuning [31], reconfigurable circuits [32, 33, 34, 35] etc. Thermo-
optic effect, albeit inherently slower compared to plasma dispersion effect is essentially
lossless leading to huge prospects in optical interconnect and microwave photonics ap-
plications [36, 37]. Large thermo-optic coefficient of silicon leads to high thermal sen-
sitivity of silicon based circuits. However, one can take advantage of this effect by inte-
grating phase shifter for localized tuning of phase error due to fabrication imperfections
and for reconfigurable operation of large scale circuits viz delay lines, filters etc. Joule
heating effect is most commonly used to achieve thermo-optic modulation in Silicon.

Most of the instances of thermo-optic switches are based on over-clad heaters [39, 40]

output output

Y-junction
splitter

Figure 1.1: Schematic of a 1X2 thermo-optic switch consisting of top clad based micro-
heater with air trenches on one arm of the switch. Based on applied bias,
power is switched from one output port to the other port[24].

where in high resistance metal is deposited on top of buried waveguide as shown in Fig-

ure 1.1. A 1X2 thermo optic switch with Pt deposited on top of silica clad waveguide on

2



Figure 1.2: Schematic of a 2X2 symmetric thermo-optic switch with adiabatic bends to
ensure delocalised modes and low loss integration of heaters on silicon [38].

one of the arms of switch is shown here. Applying bias on Pt heater enables switching
of power from one port to other. Undercut trenches helps in trapping heat within silicon
core ensuring low switching power (F;). But trapping of heat within silicon core due to
trenches has a downside. It leads to high response time (7,5 ~ 150 us) as it takes longer
time for heat to diffuse out of the core.

On the other hand, in lateral heaters [41, 38] metal is deposited directly on slab region
adjacent to rib waveguide (Figure 1.2), ensuring better usage of thermal energy. More-
over, slab forms a conductive path to dissipate heat faster, leading to lower response
time as well (75 < 10 ps). As seen in Figure 1.2 lightly doped silicon is used as a
resistive heater, heating the waveguide core directly. Arms of the MZI is widened adi-
abatically to connect to low resistance silicon leads. But, high thermal sensitivity of
Silicon (d\y/dT ~ 100 pm/K) leads to thermal crosstalk in these slab deposited heaters,
especially for large scale tightly packed circuits.

There have been attempts in recent past to model and analyze microheater based active
photonic devices - mostly their tunability, bandwidth and temporal responses, etc. using

finite element method (FEM) based numerical simulations [42, 43, 44, 45, 46, 47]. But,



there is no analytical and/or empirical working model available in the literature so that
an integrated optical phase-shifter can be designed and evaluated directly to estimate the
effective length/area of the microheater which is is not only crucial for reducing over-
all power budget, but more importantly enable circuit designers to design large scale

photonic interconnects with lower thermal crosstalks.

1.2 Research Objective

As it appears, thermal crosstalk is a major bottleneck in large scale integration of re-
configurable devices in SOI platform. Theoretical model of a microheater needs to be
developed to obtain the temperature distribution in an integrated optical chip. In this
work, it was proposed to simulate performance of a typical thermo-optic phase shifter
numerically to develop an empirical temperature distribution model and its validation

with experimental results.

1.3 Thesis Organization

The entire thesis work has been presented in three distinct chapters excluding Chapter
1 for Introduction and Chapter 5 for Conclusions.

Chapter 2 discusses a case study of maximally flat delay lines using Coupled Ring Op-
tical Waveguides, fabrication imperfection induced disorder in response is also studied.
Local correction of phase error and reconfigurable operation using thermo-optic tuning
is discussed. Chapter 3 explores the design of slab deposited microheaters and formula-
tion of linear piece model to estimate temperature distribution along the waveguide due
to applied bias on microheater. Chapter 4 presents the optimized fabrication process

steps of microheaters and concludes with characterization results.



CHAPTER 2

THERMO-OPTIC DETUNING: A QUANTITATIVE
ANALYSIS

Utilizing large thermo-optic coefficient of silicon, microheaters based phase shifters can
be used to locally tune the phase error incurred due to fabrication imperfections. More-
over, phase shifters are used in reconfigurable large scale circuits such as delay lines.

To assess thermal crosstalk and impact of fabrication induced phase error in output re-
sponse; a case study of maximally flat delay lines using Coupled Ring Optical Waveg-
uides (CROWs) is undertaken. Design principle employed in extracting inter-ring cou-
pling coefficients is discussed in detail. Fabrication induced disorder in delay response
is also studied. Finally, it is qualitatively discussed how a suitably designed integrated
optical microheater can be employed not only for phase error correction but also for

tunable and/or reconfigurable on-chip delay lines.

2.1 CROW Structure: Case Study

Applications of delay lines include but are not limited to accurate synchronization for
bit level processing [48], signal equalization, optical filtering and dispersion compen-
sation, optical buffer memories [49], phased arrays etc. Photonic crystals (PhCs) and
coupled resonator optical waveguides (CROW) are two commonly used approaches for
the design of optical delay line in silicon-on-insulator (SOI) platform [50]. PhCs are

known for slowing down light drastically but are prone to high extrinsic losses [51].



Moreover, design and fabrication of a tunable delay-line using PhC resonance struc-
tures remain extremely challenging. CROWSs, on the other hand provide tunable low
loss structures to effectively slow down light over a wide bandwidth [52]. Optimization
of delay lines need proper tailoring of coupling coefficients between successive rings.
In the next section we design 8 bit maximally flat delay line in SOI using series coupled
ring optical waveguides. Coupling coefficients between sucessive rings are extracted by
employing concepts from analog filters. Fabrication induced disorder in delay response

is also studied.

2.1.1 Design Principle

The scheme of all-pass filter with a single ring is shown in Figure 2.1a and its transfer

function can be derived as [53]:

E, ro — ae'®

—_ = 2.1
E;, 1-—rqae' 2.1
2 A
Where ¢ = L = % = 2m(m + WVR), m is an integer; Av = v — 1 is the fre-

quency detuning from the resonance frequency at vy; F.SR =

is the free spectral
Tleff

range; a = exp(—0.5aL); a being the power loss coefficient; L being the perimeter of

each ring; n.g is the effective index of the ring and 7 is the reflection coefficient of the

coupler.

For instance, Figure 2.2a and 2.2b shows the normalized transmission and group de-
lay respectively of a micro-ring resonator consisting of typical photonic wire waveguide
(W =450 nm, H = 250 nm) in SOI, with ring radius 25 pum, rq = 0.995, o = 3 db/cm.
Single micro-ring resonator operating in APF configuration is not suitable for DWDM
applications as seen from Figure 2.2b due to its extremely narrow linewidth. CROWs on

the other hand are ideal candidates to provide tunable maximally flat delay over a finite



(a) (b)

Figure 2.1: (a) Scheme of a single ring resonator operating in all-pass-filter configura-
tion, (b) Schematic of a reflecting CROW with N identical ring resonators;
a, and b, are incident and reflected field amplitude and r,, is the reflection
coefficient at n'* designated coupler.

bandwidth for routing, buffering, synchronizing, multiplexing applications [52, 50].
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(a) (b)

Figure 2.2: (a) Normalized transmission of micro ring resonator with a typical photonic
wire waveguide (W=450 nm, H=250 nm) in SOI, with ring radius 25 pm,
ro = 0.995, « = 3 db/cm (b) Corresponding group delay versus wave-
length.

The N coupled rings in reflecting CROW configuration is shown in Figure 2.1b,
in which a,, and b,, are incident and reflected field amplitudes, and r,, is the reflection

coefficient at n'* designated coupler. To obtain a closed form transfer function of a



reflecting CROW, we first derive the transfer function of two-ring buffer as:

ri—aet® ; ; i
bo T0 T Tiraew ae’ ro — f1(r1, ae’®)ae 22)
ap 1 — porimae ois 1 — g f(ry, aei®)aei® .
0 1 70127 gei 0€ ofi(r1, )

where f; = 2—11 is the loading effect of second ring on the first ring. Therefore, one
can continue to write transfer function for N coupled rings and simplify the resultant
transfer function of first ring with loading factor fy.; due to remaining N-1 rings. Thus

the transfer function of the CROW structure can be formulated as:

b_o _To— S (1,7, N, ae'?)ae’®

(2.3)

ap 1 —7rofni(r1, 72, .. TN, GEIP)act?
As filter has a periodic frequency dependence in ¢, we represent Eqn. (2.3) in Z-
transform by replacing exp(i¢) with 2~ [54]. For small rings and low propagation

loss one can assume a ~ 1 and get

b ro — fna(r1, 72, . n, 2) 27t
An(z) = 2 = To I (e, ro N-1, Z) 2.4)
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To extract the reflection (coupling) coefficients r,, (k,, = V1 —=1,2) we borrow concept
from all-pass maximally flat filters [55, 56]. These filters give a flat delay for a finite
bandwidth. Considering an N** order all-pass-filter system, the response function can
be written as:

_ Bn(—s)

Tw(s) = Bl (2.5)

where By (s) is a Bessel’s polynomial of order N for delay D satisfying the following
recursive relations By = (2N — 1)Bn.y + D?*s*Bna; By = 1;B; = Ds + 1. Using

bilinear transformation [54], one can obtain maximally flat all pass equivalent filter



response in Z-domain [57]:

o Z—NBN(Z_I)

Ty (z) = N (2.6)

Comparing the coefficients of Eqn.(2.4) with Eqn.(2.6), we solve N linear equations to

extract all the coupling coefficients - the values are in descending order.

2.1.2 Maximally Flat 8-bit Delay-Line in SOI

With the methodology discussed above, an 8 bit maximally flat delay line for DWDM
applications (FSR = 200 GHz) using different order CROWSs in SOI platform is de-
signed. CROWSs consisting of racetrack resonators with ring radius of 97 pm and
straight coupling section of 10 um is designed with single mode photonic wire waveg-
uide (Width = 0.45 um, Height = 0.25 um). A standard 25 Gbps modulation is as-
sumed. Optimized inter-ring coupling coefficients xy for 2"¢, 41 6", 8" order CROW
for 8 bit maximally flat delay response is shown in Figure 2.3a. Using symmetric and
anti-symmetric modes in a directional coupler, one can estimate the beat length for a
given spacing (S). (see inset of Figure 2.3b) . Lumerical Mode Solutions was used
to calculate the effective index of symmetric and anti-symmetric mode of this coupled
system for TE polarization. Denoting nessym and Nefrasym as the effective indices of

symmetric and anti-symmetric modes, one can write for beat length L

2

T(neff,sym - neff,asym>Lb =7 (27)

One can have a relation between « and S using

wl,.
2Ly,

) (2.8)

Kk = sin(
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Figure 2.3: (a) Optimized inter-ring coupling coefficients for 2"¢, 4 6", 8" order
CROWs for 8 bit maximally flat delay response. (b) Relation between cou-
pling coefficient x and spacing S for coupling length L. = 10 ym for the
directional coupler consisting of photonic wire waveguides as shown in in-

set.

Where L. is coupling length, which is shown in Figure 2.3b. Figure 2.4a shows the
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Figure 2.4: (a) Group delay vs wavelength (around a DWDM channel) for different or-
der CROWs; (b) Extracted optimized separations between coupled waveg-
uides shown in ascending order separately for 274, 4% 6, 8" order

CROWs.
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delay response as a function of wavelength for 24, 4", 6" and 8" order CROWs.
Figure 2.4b shows required coupler spacings for 24, 4" 6" and 8" order CROWs. It
is clearly observed from Figures 2.4a that for the same delay, higher order CROW s offer
higher bandwidth. But, minimum separation needed for an 8" order CROW as seen in
Figure 2.4b is estimated to be ~ 30 nm which is difficult to achieve lithographically. It is
seen that delay bandwidth product of reflecting CROW is ~ 0.5N, where N is the order
of CROW. We take 6" order CROW to be the optimal configuration for this scheme
as it is easier to define coupler spacings of 50 nm, 160 nm, 250 nm, 290 nm, 320 nm
and 355 nm respectively. Final schematic of sixth order CROW with optimized inter
ring coupling coefficients and corresponding coupler spacings is shown in Figure 2.5a
and 2.5b respectively. Here, C; denotes the 7" coupler. It has been estimated that for a
waveguide propagation loss of 0.5 dB/cm [58], the overall insertion loss for the above

mentioned six-ring configuration is ~ 0.5 dB (assuming lossless couplers).

, 10 Cou
4 350
O C; C5./ 1
|
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Figure 2.5: (a) Schematic of six CROW structure with ring radius of 97 pm and straight
coupling section of 10 um [denoted by C, C5 ... Cg]; (b) Cross-section
of directional coupler with spacing S between single mode photonic wire
waveguides. (c) Six coupling coefficients and corresponding spacing be-
tween coupled waveguides (apodized in ascending order) of 6" order max-
imally flat CROW based delay line.

11



2.2 Fabrication Induced Disorder and Thermo-optic Com-
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Figure 2.6: Fabrication induced disorder in 6" order maximally flat delay line: Black
trace shows the ideal response when there is no fabrication imperfection
across the ring resonators, red trace shows the degraded response when a
probabilistic variation of 2 nm in waveguide width is considered across all
the ring resonators.

Fabrication imperfections induced disorder in a sixth order maximally flat delay
line is studied. Six racetrack resonators are identical having ring radius of 10 ym and a
straight section of 10 ym. Photonic wire waveguide with W = 450 nm and H = 250
nm is considered. With the methodology discussed in previous section, coupling co-
efficients are extracted and a maximally flat delay response is achieved (black trace in
Figure 2.6). To study fabrication intolerance, waveguide width is probabilistically var-
ied across the six resonators and it is observed that a variation of 2 nm in waveguide
width leads to a deleterious response (red trace in Figure 2.6).

This effect can be further analyzed if we plot effective index (n.g) variation as a func-

tion of waveguide width IV for different slab height / for TE polarization (see Figure

12



2.7b). A typical SOI rib waveguide geometry (see Figure 2.7a) with slab height (h),
waveguide width (W) and rib height (H = 250 nm) with cladding 2 as air is considered.
As observed from the figure n.g variation is more for smaller slab heights. Due to this
dependence, phase error accumulated for 1 nm of width variation for a length of 1 mm

is nearly 27 radians at A\ = 1550nm. This poses a serious problem for multiplexing,

2.65
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P
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H S 245- A7 ./'
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(a) (b)

Figure 2.7: (a) Schematic of cross section of rib waveguide in SOI where H is rib height,
h is slab height, W is width of waveguide. (b) Plot shows the dependence
of nes on W for different h for a photonic wire rib waveguide of H = 250
nm.

routing applications based on devices viz. AWGs, coupled rings, MZlIs etc. Neverthe-
dneff

dr
in rib temperature locally can account for the phase error due to linewidth variation. It

less, high thermal sensitivity of silicon ( ~ 1.86 x 1074 K1) ensures slight change
is seen that a temperature change of only 8 degrees is needed to change the phase by 27

radians at A = 1550nm for the same length of 1 mm.

It is to be noted that the case study of maximally flat delay lines using CROWs assumes
ideal couplers with optimized coupling coefficients. Fabrication imperfections in def-
inition of inter-ring spacings also leads to disorder in response. Thermo-optic phase
shifters can be used to tune the inter ring coupling coefficients in CROWs thus correct-

ing the phase error caused due to fabrication imperfections in gap definition between
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successive rings.

Exploiting large thermo optic coefficient of silicon, Orlandi et al demonstrated in

[59] variable power splitting using a directional coupler as shown in Figure 2.8. By

1 - K)Pp

e N/
_F\_
Thermo-optic K Pin

Phase shifter s

Figure 2.8: Variable power splitter driven by a transverse temperature gradient [59].

applying bias on thermo optic phase shifter, a transverse temperature gradient is created
between two arms of directional coupler of length L., resulting in net phase mismatch

Ap; Coupled power K is given by

’“’2 . 9
K = Fsm (SL¢) (2.9)

where S = (|x|? + AB?/4)°?, £ is field coupling coefficient; A3 = 2rAn/\.

2.3 Reconfigurable Delay lines

Reconfigurable CROW based delay lines were demonstrated by Morichetti et al [34].
Microheaters were deposited on successive ring resonators in series coupled configu-
ration as seen in Figure 2.9a to achieve continuously tunable error free operation at 10
Gbit/s. Initially, all the rings are out of resonance to the input signal, by applying bias on
successive phase shifters, ring resonators are brought into resonance by a tuning control

unit as seen in Figure 2.9b and hence delay the input signal accordingly. Thus a contin-
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uous tunable delay operation is achieved (Figure 2.9c¢).

But, successive phase shifters will lead to thermal crosstalk between rings. Thermal
cross-talk remains a major bottleneck in large scale integration. This study gives us
motivation to design a microheater in SOI platform with low switching power (F;) and
faster response time (7). Moreover, it strives to understand the temperature distribution

along the waveguide and effective heating zone due to applied bias on the microheater.

[ Tunlng Control Unit

i

\.J\f

Insertion loss [dB]

Out T

i T Open rings :.) Locked rings 1550.25 1550.3 1550.35
(on-resonance) (ofi-resonance) Wavelength [nm]
(b) (©)

Figure 2.9: (a) Micrograph of series coupled microring resonators integrated with mi-
croheaters for tunable delay. (b) Mechanism of tuning of delay by selec-
tively turning on ring resonators using microheaters based phase shifters.

(c) Measured group delay and insertion loss for increasing number of rings
in resonance [34].
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2.4 Conclusions

A case study of maximally flat delay lines in SOI is presented. Phase error incurred due
to fabrication imperfections leads to deleterious response. Microheaters based phase
shifters can be employed to locally tune the phase error. Variable power splitters are
specifically useful to tune the coupling coefficient in large scale circuits such as delay
lines where error in spacing between ring resonators can lead to garbled response. Mi-
croheaters are useful to provide reconfigurable operation in delay line circuits. Thus, it
is important to design a efficient microheater ; to understand its effective heating zone
- thus enabling circuit designers to design complex reconfigurable circuits with lower

thermal crosstalk.
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CHAPTER 3

AN INTEGRATED OPTICAL MICROHEATER :
THEORETICAL STUDY

This chapter begins with description of the design of slab deposited integrated optical
microheaters adopted in this work. A detailed study of temperature distribution along
the waveguide due to applied bias in slab deposited microheater is presented. A linear
piece wise model to ascertain thermal distribution for both micron and sub micron cross
section waveguides is also formulated. The chapter sums up with the transient analysis

of microheaters using COMSOL based FEM simulations.

3.1 Design and Modelling

The Joule heating of a metallic microheater controls the effective refractive index (n.g)
of waveguide via thermo-optic effect. In general, thermo-optic switches are fabricated
with over-clad microheaters [24, 39]. Thus the metallic microheaters remain optically
insulated from the core region of the waveguides, but that advantage comes at the cost
of relatively higher response time (7). Alternatively, metallic heaters are defined
directly in the slab region of a rib waveguide but at a safe lateral distance from the core
guiding region [41, 38], which in fact ensures faster response time. However, "thermal
cross-talk" is a cause of concern in case of slab deposited microheaters; especially, for
large-scale integrated circuits [36, 60]. Therefore, a working empirical model for the

temperature profile of a typical slab deposited microheater has been developed which



eventually will help to assess its impact (or thermal cross-talk) on neighboring device

gl

performances.

LA W,

Si
substrate

Figure 3.1: Top and cross-section views of a simple microheater design integrated with
a single-mode SOI rib waveguide (width W, rib height H, slab height h).
Ly and Wy are the heater length and width, respectively.

A simple design of a Ti-stripe microheater integrated in the slab region of single-
mode rib waveguide and aligned parallel to the guiding axis has been considered for
our study. Slab deposited microheaters integrated with rib waveguides facilitates easier
characterization of microheater performance using simple characterization setup. Here
Ti is preferred as the heating element because of its high resistivity, high melting point
and CMOS compatibility. Figure 3.1 shows the scheme of such a microheater along
with a rib waveguide in SOI platform. Depending on the SOI device layer thickness
H, one can find a suitable waveguide width 1/ and slab thickness h for well-confined
single-mode guidance for a given operating wavelength \ [61]. The microheater has a

central heating zone of length L ;; with narrow stripe of width Wj; and thickness ¢; and
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Figure 3.2: Calculated electric field profiles for a single-mode SOI rib waveguide with
H=2pum, W =14 pmand h = 1.5 pm: (a) E, component for TE-
polarization, and (b) £, component for TM polarization. The microheater
shown in yellow-strip is kept at a separation of 3 um from rib edge to avoid
overlap with the guided fields.

flaring terminals of width S to ensure lower power dissipation towards terminal con-
tact pads. The thickness of the heater (¢) is another important parameter to define the
resistance per unit length. A minimum separation of .S is required between waveguide
and heater to avoid unwanted metal overlap with the guided mode causing polariza-
tion dependent attenuation [62]. Calculated electric field distributions for TE-mode (£,
component) and TM-mode (£, component) for a given single-mode waveguide geom-

etry (H =2 pum, W = 1.4 um and h = 1.5 um) are shown in Figure 3.2. The metallic
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microheater (shown in yellow color) is kept at 3 ;zm away from rib edge for both micron
and sub micron waveguides. This is to ensure metal overlap with the guided mode is
negligible. It must be noted that the heater position can be even closer to the ridge edge
to ensure lower metallic-loss and better thermo-optic overlap, if the single-mode waveg-

uide is design with tighter modal confinements. If we ignore the edge-effect and assume
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Figure 3.3: Simulated top and cross-section (across the dotted line) temperature profile
of the microheater (Ti stripe with Wy = 2 ym, Ly = 50 um, t; = 150 nm,
S = 3 pum): (a) Integrated with rib waveguide (W = 1.4 yum, H = 2 um,
h = 1.5 pm) for an applied bias of iy = 0.9 mA. (b) Integrated with rib
waveguide (W =500 nm, H= 250 nm, h = 0.075 nm) for an applied bias of
1y = 0.9 mA.

uniform heating along the waveguide of length L (same as the length of microheater),
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the change in phase A¢ of the guided mode due to thermo-optic effect is given by:

2

A¢ = Q—WAneff.LH ~ — (dnSi

ar

3 3 )AT.LH 3.1

Where An.y; is change in effective index due to change in temperature AT'. In this
equations, we have assumed % R %, as it is evident from our theoretical simulations
using Lumerical mode solver. However, FEM simulation shows that the temperature
distribution along the waveguide is far from uniform. The edge-effect is significant;

especially, for shorter heater length.

Figure 3.3 a,b shows the temperature distributions exactly on the slab surface (heater
plane) and cross-sectional plane of a single-mode waveguide with ' = 2 ym, W =
1.4 pm and A = 1.5 pm and sub micron waveguide with W = 500 nm, H = 250 nm,
h = 0.075 nm respectively ; for Ly = 50 ym, Wy = 2 um, ty = 150 nm, S = 3 yum
and for an applied current iy = 0.9 mA between the microheater terminals. The 2D
temperature profiles have been extracted by 3D FEM calculations using Joule heating
module of Comsol Multiphysics simulator. It is evident from the XY temperature profile
in figure 3.3 a,b that effective heating zone for micron cross section waveguide is larger
compared to sub micron cross section waveguide. This effect is further reflected and
explained in the piecewise model developed in the next section. Moreover, the peak
temperature for same bias is also higher in sub micron waveguide compared to micron
cross section waveguide. Smaller effective heating zone ensure heat loss to surroundings
is minimized in sub micron waveguides. The temperature profiles shown in Figure 3.3
a,b is a zoomed region of interest - the actual simulation window was 120-pm-wide,
300-pm-long, and 3-pm-deep (assuming air above the top surface and 1 um BOX/SiO,
below the device layer), with convective boundary condition at top surface and thermal

insulation at the lateral boundaries, whereas constant room temperature at bottom edge.

It is evident from the cross-sectional profile (in y-z plane) that the core region of
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the waveguide has a little temperature gradient. However, there is a wide range of
temperature distribution observed along the waveguide (x-axis). The differential change
in temperature (07") along the micron waveguide (W = 1.4 ym, H = 2 ym, h =
1.5 pum) has been shown in Figure 3.4a for four different values of applied current iy =

0.9 mA, 1.5 mA, 2.1 mA, 2.7 mA.
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Figure 3.4: (a) Temperature distributions along the waveguide for Ly = 50 pum, for
different applied current iy for (W = 1.4 um, H = 2 um, h = 1.5 um). (b)
Normalized temperature distribution and piecewise linear model plotted as
a function of distance along the waveguide.

As expected, the change in temperature peaks at the center and remain non-zero even
at a large distance from the heater edge. Interestingly, the actual temperature profile (for
a given applied current ¢z7) can be derived from a characteristic normalized distribution
function f(z) after multiplying the peak temperature change 07, (i ). Therefore, Eqn.
(3.1) needs to be modified as:

27 (dng; .
A¢p =~ ;(;;f)éTp(zH)/f(x)dx (3.2)
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Integrating f(x) along the length of waveguide gives the "effective length" of the heater:

Leff:/f(x)dx (33)

A piecewise linear model has been formulated to fit this normalized distribution
function and shown pictorially in Figure 3.4b. Since the distribution function is sym-
metrical around the origin at x = 0, it is sufficient to model only half of the function

(z > 0) for a given heater of length Ly = 2L:

f(x) = g(z)H|g(x)] (3.4)

where H|[g ()] is the Heaviside step function and ¢ () is given by:

g(z) =1 V 0<z<Ly—«
(3.5)
=1l-mlz—(Ly—«a)] Vz>L—a«a
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Figure 3.5: (a) Dependence of slope m on slab height h. (b) Variation of offset o as a
function of L.

In this model, we have used two fitting parameters; offset o and slope m to estimate
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the edge-effect of a microheater. We observe that the value of m decreases with the
increase of slab height h (see Figure 3.5a) and found to be independent of Wy and L.
The value of offset o has been found to be nearly independent of slab height within the
region of our interest (500 nm < h < 3 um). « signifies the proportion of edge-effect
which reduces and finally stabilizes with the increase of heater length as seen in Figure

3.5b.

Table 3.1: Calculated L of a Ti thinfilm microheater design (as shown in Figure 3.1)
values for different Ly for W =1.4 um, h=1.5 pym, H =2 pm, Wy =2 pum,
S =3 pum, ty =150 nm

Ly [pm] | 5 |25 |50 ] 100 | 200
Legr [pm] | 36 | 49 | 73 | 122 | 222

Table 3.2: Calculated L. of a Ti thin film microheater design (as shown in Figure 3.1)
values for different Ly for W =500 nm, h =75 nm, H =250 nm, Wy =2
pm, S'=3 pm, ty =150 nm

Ly [pm] | 5 | 25|50 | 100 | 200
Leg [pm] | 29 | 38 | 63 | 112 | 212

By using the above model, one can estimate the effective heater length L.g from
Eqn. (3). Calculated L. values for different Ly have been shown in Table 3.1 and 3.2
for the single-mode waveguide design with a slab height of & = 1.5 yum (W = 1.4 um
and H = 2 ym) and h = 75 nm (W = 500 nm and H = 250 nm) respectively. For
waveguides with thinner device layer thickness, the values of m is larger compared to
waveguides with thicker device layer, which manifests itself in smaller L. for a given
Ly. This is expected as effective thermal conductance through silicon increases with
higher slab height. It is worth mentioning here that by the knowledge of change in
phase of a guided mode, one can estimate the change in peak temperature (67,,) in the
waveguide using Eqns. (3.2) and (3.3). Subsequently, one can evaluate the length and/or

geometry dependent figure of merit of a microheater.
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3.2 Transient Analysis

Transient response of microheater is studied using time dependent study of Joule heating
module in COMSOL Multiphysics™ for both micron (H = 2 ym, W = 1.4 ym and
h = 1.5 pm) and sub micron (H = 250 nm, W = 500 nm and h = 75 nm) cross
section waveguide. A square voltage pulse Vy(t) (50 % duty cycle and frequency 20
KHz) is applied on microheater terminals and average Temperature profile in waveguide
is recorded as a function of time for Wy viz. 2 ym and Ly viz. 50 pm , 100 gm, 200
pm for both waveguide geometry. Amplitude of square pulse Vi () is set such that peak
temperature change in waveguide induces a round trip phase shift of 7. Amplitude is 3 V
for micron cross section waveguide and 1.3 V for sub micron cross section waveguide.

Difference in bias values for micron and sub micron cross section waveguide can be
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Figure 3.6: (a) Simulated transient response of micron cross section waveguide (W =
1.4 pym and h = 1.5 pm) with Ti micro heater (Wy = 2 pm, t5 = 150
nm, Ly = 200 pum); Tiise (Tr) = 4.3 ps (4.4 ps). (b) Simulated transient
response of sub micron cross section waveguide (W = 500 nm and h = 75
nm) with Ti micro heater (Wy =2 um, ty = 150 nm, Ly = 200 pm);
Tiise (Tan) = 7.8 s (9 ps). Black dotted trace shows the input square pulse
(Vi (t)) with 50 % duty cycle and frequency 20 KHz.

explained from Figure 3.3 a,b. Effective heating zone of micron cross section waveguide

is larger compared to sub micron cross section waveguide, thus electrical bias needed to

25



induce same peak temperature change is also higher. Figure 3.6 a,b shows the simulated
transient response of micron and sub micron cross section waveguide respectively for
Wy =2 pm, ty =150 nm, Ly = 200 pm. Y-axis shows the normalized temperature
change in the waveguide for an applied square signal Vj(¢) on microheater terminals
(black dotted trace). Typical Tiise (1fa1) of microheater for micron and sub micron cross
section waveguide is calculated to be ~ 4.3 us (4.4 us) and 7.8 us (9 us) respectively.
This difference in response time can be understood if we look at Figure 3.7 a,b. Effective

thermal conductance through silicon increases with slab height.

1.4
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Figure 3.7: (a) Cross-section of 2 ym SOl (W = 1.4 ym and h = 1.5 pm) with Ti
micro heater (Wpy =2 pum, ty = 150 nm). (b) Cross-section of 250 nm SOI
(W = 500 nm and h = 75 nm) with Ti micro heater (Wy =2 um, ty = 150
nm).

Higher slab height in case of micron cross section helps in conducting heat faster
from heater to waveguide compared to a 250 nm SOI where silicon slab height is only ~
75 nm. No appreciable variation is observed in response time for different microheater

length Ly viz 50 pm, 100 pm, 200 pm for both geometries.

3.3 Conclusions

In this chapter, a simple design of slab deposited microheater is first discussed. A lin-
ear piecewise model for an integrated optical microheater is then presented. The model

helps to calculate the effective heater length and the temperature distribution along the
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waveguide. The model is equally valid for micron to submicron waveguide cross sec-
tions. It is observed that effective heater length has a dependence on slab height of

waveguide. Finally, the chapter concludes with the transient analysis of the microheater.
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CHAPTER 4

EXPERIMENTAL INVESTIGATIONS

This chapter begins with overview of design and fabrication of optical masks for micro-
heaters. Optimized fabrication processes and parameters are discussed in detail next.
Loss and mode profile measurement is discussed as well. The model developed in pre-
vious chapter has been used to evaluate the performance of the fabricated microheaters.

Both static and transient response of microheaters is presented.

4.1 Mask Design for Device Fabrication

Fabrication process for microheaters integrated with rib waveguides involves three pho-
tolithography steps, hence three photo masks were fabricated. The first mask is used
to define the rib waveguides, second for contact pads and third for definition of mi-
croheaters. The mask layouts were created using RAITH 1507"© GDSII software.
Combined Mask layout consisting of microheaters and probe pads integrated with rib
waveuguides is shown in Figure 4.1. First mask consisted of a total of 36 waveguides
of W = 1.4 ym and 20 mm long each separated by 250 pm (out of which 6 were ref-
erence waveguides and rest were integrated with microheaters) and a slab 50 ym wide.
Second mask contained patterns for contact pads. Contact pads were 200 ym x 250
pm in dimensions, to ensure sufficient area for probing. Final mask is a dark field mask
with total of 15 microheaters each of Wy = 2 ym and 3 pm respectively, for different
Ly =50 pm, 100 pm, 200 pm. Each mask had alignment marks for proper lateral and

angular alignment. Slab waveguide facilitated easier coupling of light into the sample.



Schematic of mask layout is presented in Figure 4.2. Structures created by the software
were transferred to the commercially procured PPR coated mask plate using DWL66
mask writer (A ~ 442 nm). Patterned photoresist was developed using TMAH based
standard developer (Microposit’™ MF319) for 40 secs. Chromium etching was done
next to remove unwanted Cr using Ortho-phosphoric acid based wet etchant for 90 secs.

Finally remaining PPR was removed with boiling acetone and Piranha.

Figure 4.1: Combined mask layout of microheaters along with probe pads (blue) inte-
grated with rib waveguides (red).
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Figure 4.2: Schematic of mask layout of microheaters integrated with rib waveguides:
A total of 36 waveguides (grey) were defined, out of which 6 were reference
waveguides and rest were integrated with microheaters (yellow) and contact
pads (white).

4.2 Device Fabrication

Process optimization was carried out in cheaper Silicon wafers before implementing the
same on SOI wafers. The specification of SOI wafer is presented in Table 4.1. Device
was fabricated in 2 ym SOI as it is easier to couple light into micron cross section

waveguides with standard end fire characterization setup.

Table 4.1: SOI wafer specifications

Doping P-type
Resistivity ~ 5 KQ-cm
Crystal Orientation <100 >
Device layer thickness 2 pm
BOX layer thickness 1 pm
Handle Wafer thickness 500 pm
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Fabrication process flow adopted for fabricating microheaters integrated with rib waveg-
uides is shown in Figure 4.3. The critical step in this process flow is the definiton of

microheaters, hence it is the final step. Intially, sample was cleaned using TCE, ace-

Cleaned SOI wafer

& Waveguide Patterning Lift — off

- V’

; Reactive lon etching f deposition
P

<>

& Aluminum deposition
@a“eming for
s contact pads

Figure 4.3: Fabrication process flow of microheaters integrated with rib waveguides.

atterning of

t microheaters

Wet etching

of Aluminum

tone, nitric acid and hydroflouric acid. This was done to remove organic and inorganic
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contaminants. PPR S1805 - Microposit’® was spin coated next with the optimized
spin coating parameters: Speed 3000 rpm, Acceleration 450 rpm/s, Time 45 seconds,
to get a thickness of ~ 500 nm. PPR was then hardened by prebaking the sample @
120°C in a convective oven for 8 mins. This was done to remove excess solvent and
to avoid sticking of PPR onto the mask plate while aligning. The sample was aligned
with MA6/BA6 mask aligner using waveguide mask and exposed to i-line UV (lamp
intensity ~ 15 mW/cm?) for 10 seconds. Next, PEB was done @ 80°C in a convective
oven for 2 mins to remove line edge roughness in PPR sidewalls. Development of sam-
ple was carried out next using TMAH based standard developer MF321 for 45 seconds.
Finally, Post-baking of sample was done for 20 mins @ 80°C to improve etching resis-
tance of PPR. Patterns were subsequently transferred onto sample using Oxford Instru-
ments Plasmal.ab 80 reactive ion etching system. SFs/Ar based chemistry is used to get
smooth and vertical sidewalls [63]. With the optimized etching recipe (see Table 4.2),

waveguides were etched for ~ 0.5 um. PPR mask was removed by ultrasonic agitation

Table 4.2: Optimized etching parameters.

Gas flow rate SF4:Ar::20:20 sccm
Pressure 200 mTorr

RF power 150 W

Table Temperature 20°C

DC Bias 38V

Etch rate ~ 0.37 pm/min

of sample in acetone for two mins. Patterning of probe pads was done next. First, ther-
mal evaporation of Aluminum was done and Al thickness of ~ 300 nm was achieved.
Then, PPR S1805 was spin-coated with the same coating parameters as described be-
fore. PPR was hardened for 8 mins @ 120°C. Sample was then aligned by alignment
marks present on the sample and the mask using mask aligner. Sample was exposed for
10 seconds in UV lamp (i-line) and developed using MF321 for 20 seconds. Sample was

post-baked for 10 minutes in 80°C convective oven. Ortho-phosphoric acid based wet
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etchant was used to etch excess Al. Etch rate was ~ 100 nm/min @ 22°C. PPR mask
was removed using ultasonic agitation in acetone. Patterning of microheaters was done
next. S1805 resist was used to define microheaters, with same optimized parameters as
discussed above. Titanium of thickness ~ 150 nm was deposited using e-beam evapora-
tion. Lift-off of the resist was done next to remove excess Titanium. But, as seen from

Figure 4.4, Titanium gets deposited on the waveguides as well. This is due to non con-

Figure 4.4: Confocal image showing Titanium remnants on waveguide due to non con-
formal coating of thinner resist S1805 on top of waveguide.

formal coating of thinner resist on top of waveguides. Instead, S1813-Microposit’™

resist was used to define microheaters. S1813 is a thicker resist compared to S1805,
which helps in conformal step coverage over waveguides. Resist was spin-coated with
the optimized coating parameters: Speed 3000 rpm, Acceleration 500 rpm/s, Time 60
seconds, to get thickness ~ 1 pym. Sample was then pre-baked @ 80°C for 20 min-
utes. Mask aligner was used to align the sample with microheater mask with the help
of alignment marks. Exposure was done for 12 seconds under UV lamp (i-line). PEB
was done @ 80°C for 2 mins. Development of the exposed sample was carried out us-

ing standard developer MF321 for 35 seconds. Titanium of thickness ~ 150 nm was
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deposited using e-beam evaporation. Lift-off of the resist was done next to remove ex-
cess Titanium. Initially, ultrasonic agitation was done in acetone to lift off excess metal
and resist, but results were far from optimal as seen in Figure 4.5 where excess Ti got
redeposited back onto the sample.To ensure excess metal doesn’t stick to the sample,
Ultrasonic agitation in Acetone, IPA, DI water was repeatedly done in separate beakers
for two minutes each. Agitation in IPA ensured that PPR residue and metal remnants are

removed. Finally DI water agitation cleans the sample completely. Figure 4.6a shows

Titanium
LHELGH

Waveguide  Microheater

Probe pads

Figure 4.5: Confocal image of Ti microheaters integrated with waveguides after Tita-
nium lift off, black spots (circled in red) correspond to Titanium flakes.
Waveguide, microheaters and probe pads are labeled accordingly

the photograph of microheaters of different Lz viz. 50 ym, 100 gm and 200 pm. Black
marks on Al pads are scratches incurred while probing. Figure 4.6b depicts the confocal
micrograph of a microheater with Ly = 100 pm, Wy = 2 um. Shown in the Figure are
Al contact pads, waveguide and Ti microheater. End facets of the fabricated sample was
polished with different polishing sheets of decreasing roughness starting from 30 ym to
0.5 pum. This ensured optical quality end facets. SEM image of polished end-facet of a

typical waveguide is shown in Figure 4.6c.
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Figure 4.6: (a) Photograph of microheaters of different L integrated with rib waveg-
uides. (b) Zoomed Confocal micrograph of a microheater with Ly = 100
um, Wy =2 um. (c) SEM image of polished end-facet of waveguide
with typical width and etch depth measured. Image clearly shows the cross-
section of 2 yym SOL

4.2.1 Waveguide Loss and Mode Profile Measurement

Waveguides were characterized using standard free space setup [63]. The device under
test (silicon photonics chip) was mounted on a copper substrate holder maintained at
room temperature (~ 300K). Input polarization of light from Tunable laser source was

fixed by fiber based polarization controller and Glan-Thompson polarizer (P). Polarized
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light was focused at the end facet of waveguide by lens assembly comprising of L,
Ly. Output from the waveguide was collimated by lens L3 and was fed to InGaAs
detector. Initially waveguide loss was estimated using Fabry-Perot resonance based loss
measurement technique [64]. We consider waveguides as lossy Fabry-Perot cavities
with polished end facets acting as reflectors. At Si-air interface, reflectivity Rz of an

smooth, vertical interface can be calculated using the Fresnel reflection formula

nff—l 2
Rp=|— 4.1
. (Wl) @1

Where n. is effective index of guided mode. Ry for fabricated waveguides was esti-
mated to be ~ 30 %. For a typical Fabry-Perot cavity of length L, throughput transmis-

sion of a waveguide, P, is governed by the well known equation

nPn(1 — Rp)*e ot

FPow = :
M (1 — Rpeol)? + 4Rpe—oLsin?(A¢)

4.2)

Where Py, is input power, 7 is coupling efficiency, « is propagation loss and A¢p = ASL.
Thus, by tuning wavelength one can estimate the loss of the waveguide. Figure 4.7
shows the measured transmission characteristics of a waveguide for TE polarization as
a function of wavelength around 1570 nm. Each maxima and minima correspond to
constructive and destructive interference inside the cavity. Free spectral range (FSR)
defined as difference between each consecutive maxima or minima in the characteristic

is given by
)\2
2ng L

FSR = (4.3)

Where n, is group index. Propagation loss « is estimated from the extinction ratio ¢

Pmax

where ¢ = 2®
min

, Prax corresponds to maximum power when A¢ is 0 or multiples of 27,

similarly P, corresponds to minimum power when A¢ is 7. Thus, using Equation 4.2
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and measured response (Figure 4.7) one can evaluate « as

_ L (et
a=-gh (RF\/Z+ 1) “9

Using this technique, waveguide loss for some of the best waveguides were estimated
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Figure 4.7: Measured normalized transmission characteristics of a waveguide for TE
polarization as a function of wavelength around 1570 nm.

to be ~ 0.5 dB/cm (1 dB/cm) for TE (TM) polarization. It is worth mentioning that
reflectivity value calculated is for cleaved vertical end facets, but in reality, polished end
facets are far from ideal as seen in Figure 4.6¢ which leads to lower reflectivity. Hence,
this technique gives the maximum possible value of «, actual loss will always be less
than this value. The excess optical loss in the waveguide due to heater integration has
been found to be negligibly small (< 0.2 dB).

Mode profile was measured by replacing the detector at the output of characterization
setup (Figure 4.9) with a Charge Coupled Device (CCD) camera. Input power from the

laser was reduced to < 0.1 mW, ensuring CCD array is out of saturation. Mode profiles
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were recorded for both the polarization and is shown in Figure 4.8. It is evident from
profiles that the waveguide supports well confined single mode for both the polarization.
Since the waveguide is shallow etched (A ~ 500 nm), field distribution is elliptical.
Mode sizes were estimated by comparing mode size of a SMF. Measured mode size
1s 6.1 pm X 2.6 pm and 5.7 pm X 2.6 pm for TE and TM polarization respectively.
Lumerical MODE solver was used to calculate the mode size of the waveguide for both
TE and TM polarization. Calculated mode size is 5.6 ym X 1.6 ym and 4.2 ym X 1.5
pm for TE and TM polarization respectively. Difference in calculated and measured
mode sizes can be attributed to non-vertical sidewalls of waveguide and finite resolution

of CCD camera used in mode profile measurement.

(b)

Figure 4.8: (a) Measured Mode profile for TE polarization, Mode size is 6.1 ym X 2.6
pm. (b) Measured Mode profile for TM polarization, Mode size is 5.7 pm
X 2.6 pm

4.2.2 Sheet Resistance Measurement

The sheet resistance for the Titanium thin films used for defining heaters was measured
using Four probe method and was found to be ~ 40 /L], which gives a line resistance

(R;) of 20 Q/pm (13.33 €/pm) for Wy = 2 pum (3 um).
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4.3 Results and Discussion

Microheaters integrated with rib waveguides were characterized as per the setup shown
in Figure 4.9a, zoomed in photograph of the free space characterization setup used to
test the microheaters is shown in Figure 4.9b; DUT along with electrical probes can be
seen in the centre along with input and output objective lenses which are controlled by

pico actuators.

4.3.1 Static Microheater Response

Since the effective heater length is defined by L., the effective heater resistance can
be quantified as R. = R; X Leg, which is responsible for uniform temperature rise
of 67,(Vi) according to our model Eqns. (3.2) and (3.3). Thus the effective electrical

power delivered by the microheater to the waveguide of length L. is given by:

Puy = 1% Ry Legt 4.5)

where, ¢y is the current through microheater. This is the power directly responsible
for phase change in the waveguide via thermo-optic effect. In other words, P takes
into account of the power utilized for phase-shift due to edge effects as well. However,
actual temperature rise 07, can be estimated only by the knowledge of phase change
(A¢). It must be noted that the resistance of Ti-microheater increases with the increase
of its operating temperature, which has been taken into account by considering the tem-
perature coefficient of resistance (3 x 1073 /°C) for bulk Ti. This is a good assumption
as the Ti thin-film thickness (¢ ~ 150 nm) used for microheaters is large enough to be
considered like bulk as far as resistivity is concerned [65]. We have used Fabry-Perot

modulation technique to estimate the Fes for a desired phase change in the waveguide.
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Figure 4.9: (a) Free space characterization setup used to test microheaters integrated
with rib waveguides. (b) Zoomed in photograph of the characterization
setup showing DUT with electrical probes at the centre and i/o0 objective
lenses controlled with pico actuators at either side.
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First, a resonant wavelength (), ~ 1570 nm) was launched at the input of the Fabry-
Perot cavity of length L (20-mm-long waveguide). Afterwards, a current source meter
was connected between heater terminals as shown in Figure 4.9a. The 2-probe con-
figuration is used to source current and measurement of voltage across terminals. The
current source is used to drive the microheaters to estimate directly the actual Joule
heating power used for changing phase in the waveguide by discounting losses due to
Al contact pads. As the current through the heater increases, the induced phase change

in the waveguide causes a modulated throughput power given by:

an(l _ RF)Qe—aL
Pr = 4.
"7 (1 = Rpe=L)? + ARpe—Lsin?(Ag) (4.6)

where P, is the input power, 7 is the coupling efficiency, and « is propagation loss
of the waveguide. Figure 4.10a shows the calculated Fabry-Perot transmission (TE-
polarization) as a function of A¢; whereas, Figure 4.10b shows the measured Fabry-
Perot transimission (TE-polarization) as a function of current (in steps of 50 A) through
the heater with Ly = 100 ym. Time step between each reading in individual measure-
ments was 200 ms, ensuring sufficient time for thermal equilibrium to be reached. Sim-
ilar measurements were also carried out for heaters with Ly = 50 um and 200 pm. It
1s now evident that the phase difference between successive maxima and minima is 7/2.
This information allows us to plot P vs. A¢ for heaters with three different lengths for
both TE and TM polarization for Wy = 2 pum as shown in Figure 4.11a. We observe
that the effective power needed for a certain phase change is always lower for a shorter
heater length. However, this is achieved only at the cost of higher temperature change
in the waveguide as shown in Figure 4.11b. It is worth to mention here that there were
thermal drifts observed in Fabry-Perot transmission at reasonably higher operating tem-
peratures of the microheater (67;, > 150K). This may be attributed to the fluctuations

in air-assisted heat convection from the waveguide surface. Nevertheless, higher peak
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Figure 4.10: (a) Calculated intensity modulated output as function of A¢ for a waveg-
uide cavity of length 20 mm with propagation loss of 1 dB/cm for TE-
polarization at A = 1570 nm. (b) Experimentally obtained intensity modu-
lated output (TE-polarization at A = 1570 nm) as a function of current (i)
through a heater with Ly = 100 um and Wy = 2 pm.

temperature creates a larger temperature gradient across the guided mode (especially
for shorter L), eventually leads to thermal stress [66] and may be the reason for po-
larization dependent performance as seen in Figure 4.11a. The power consumption for
TM-polarized light is nearly three times more than that of TE-polarized light in case of
50 pm long heater, whereas it is almost equal for 200 zm long heater. We also notice
that for 100 pm long heater, the birefringence is slightly present but but could very well
be uncertainty in measurements due to finite step size of current source (~ 50 pA). To
study the effect of Wy on P. for same Ly, similiar measurements were carried out for
microheaters with Wy = 3 um as well. As seen in Figure 4.11c, for a given polariza-
tion, (shown for TE polarized light) heaters with Wy = 3 pm require higher effective
electrical power P.i compared to heaters with Wy = 2 um. Wider heaters tend to heat

the surroundings more via the slab thus lot of power is wasted.
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Figure 4.11: (a) Effective electrical power (FP,g) versus induced phase change (A¢) in
the waveguide for Wy = 2 um, and different Ly viz. 50 pm, 100 pm,
200 pm for TE (solid line) and TM (dotted line) polarized light. (b) Peak
temperature change (67,,) required as a function of desired phase change
of the guided mode. (c) Effective electrical power (Fes) versus induced
phase change (A¢) in the waveguide for Wy = 2 um (solid line) and
Wy = 3 pm (dotted line), and different Ly viz. 50 pym, 100 pm, 200 pum
for TE polarized light.
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4.3.2 Investigation of Polarization Rotation

Due to asymmetrical configuration of slab deposited microheaters as seen in Figure 3.1,
it is worthwhile to investigate whether polarization rotation is observed in waveguides
due to slab deposited microheaters. Characterization setup as shown in Figure 4.9a was
modified to include a polarizer at the output before the detector to filter a particular
polarization. Input polarization of light was maintained by polarization controller and a
polarizer with an extinction of ~ 20 dB. First, TE polarized light was focused on one of
the reference waveguides and output polarizer was kept to transmit TE polarized light,
then output polarizer was rotated to allow TM polarized light and measurements were
recorded. It was observed that the reference waveguides maintained the polarization

of the input light with extinction ~ 20 dB. Next, input polarized light was focused
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Figure 4.12: Throughput transmission as a function of current of a waveguide with slab
deposited microheater with TE polarized light as input: (a) Output po-
larizer set to pass TE polarized light (b) Output polarizer set to pass TM
polarized light.

on waveguide with slab deposited microheater. Input polarization was set to TE and
current was supplied to the microheater through the probe pads. Output polarizer was

first kept to transmit TE polarization and then TM. Fabry perot oscillations as a function
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of current were recorded for the both the cases and is shown in Figure 4.12 a,b. As
observed, extinction ratio remains constant for both the polarization as a function of
current, indicating there is no polarization rotation taking place in the waveguides due
to applied bias on microheater. Moreover, the plots clearly shows that nes 5 and ne v

are not equal as FSR is different for TE and TM polarization.

4.3.3 Transient Response
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Figure 4.13: Transient response : Measured output response of microheater with Wy =
2 pm and Ly = 200 pm (blue trace) to a 10 kHz drive signal (yellow
trace). Average response time is Treqp ~ 9 8.

To compare the response time, a 10 kHz small-signal (square pulse with 1 us rise-
time) from a function generator riding on top of a fixed DC bias was used to drive
the microheaters as shown in Figure 4.9 and the modulated optical throughput power
was recorded as a function of time. Figure 4.13 shows a typical transient response
recorded in a DSO where blue trace is the output of the micro heater of Ly = 200 pm,
Wy = 2 pum in response of input drive voltage shown in yellow trace. We did not
observe any significant differences in response time for three different lengths (L =

50 pm, 100 pm, and 200 pum) of the microheaters. This is because the difference in
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time constant could not be resolved below 1us (limited by the function generator used
in the experiment). Average response time is found to be T, ~ 9 ps. Thus the effective
figure of merit of microheater with Ly = 50 zm has been estimated t0 Pegr 7 X Tresp ~ 4.5
mW.us, where Pe - 1s the effective electrical power consumed for a thermo-optic phase-
shift of 7 in the waveguide. The corresponding actual electrical power consumed by the

microheater is P, = 1.1 mW.

4.4 Conclusions

Slab deposited microheaters were integrated along rib waveguides on 2-ym SOI. Opti-
mized fabrication process flow was discussed in detail. End fire characterization setup
was used to measure loss and mode profile of waveguides for both the polarization.
Propagation loss of some of the best waveuguides was measured to be ~ 0.5 dB/cm (1
dB/cm) for TE (TM) polarization. Linear piecewise model discussed in the previous
chapter was used to evaluate geometry dependent microheater performance. Py, was
measured to be ~ 500 W for heater length 50 ym. Smaller heaters were found to
be more efficient compared to longer heaters. Temperature induced birefringence was
observed for smaller heaters. Wider heaters tend to dissipate heat more to the surround-
ings, hence were observed to be less efficient. Polarization rotation was not observed in
waveguides integrated with microheaters. Transient analysis of microheaters was also

carried out. Average response time was found to be ~ 9us.
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CHAPTER 5

CONCLUSIONS

This chapter summarizes highlights and key take-away points of this thesis. It also

discusses the future scope of this work.

5.1 Summary

To assess thermal crosstalk and fabrication induced phase error in reconfigurable circuits
in SOI platform; maximally flat delay lines based on Coupled Ring Optical Waveguides
(CROWs5) is taken as a case study. Design principle employed in extracting inter-ring
coupling coefficients for maximally flat delay response is discussed in detail. Fabrica-
tion imperfections leads to deleterious response in maximally flat delay lines. Thermo-
optic tuning of phase error induced due to fabrication imperfections is discussed. But,
thermal crosstalk in these tightly packed large scale circuits is ubiquitous, therefore,
a linear piece wise model is formulated to study temperature distribution along the
waveguide which is valid for both micron and sub micron waveguides. It is observed
that effective heater length has a linear dependence on slab height of rib waveguide.
Fabry-Perot modulation technique has been used to characterize the microheaters in-
tegrated with single-mode waveguide operating at A ~ 1550 nm. The experimental
results and the piecewise model have been exploited to compare the length dependent
figure of merits of the microheaters. As expected, shorter heater lengths are found to
be efficient in terms of electrical power budget - longer heaters dissipate more energy

to device layer and substrate. Besides, we observed that higher temperature gradient in



the waveguide causes thermal stress (in the lateral direction of the waveguide) result-
ing in increased polarization dependencies. It is also observed that narrow heaters are
more efficient compared to wider heaters. No polarization rotation was observed in the
waveguides due to slab deposited microheaters. Chapter 2 discusses a case study of
maximally flat delay lines using Coupled Ring Optical Waveguides (CROWSs). Design
principle employed in extracting inter-ring coupling coefficients is discussed in detail.
Fabrication induced disorder in delay response is also studied. Active tuning of phase
error induced due to fabrication imperfection using thermo optic effect is discussed.
Thermal crosstalk in these tightly packed large scale circuits is ubiquitous, therefore a
detailed study of temperature distribution along the waveguide due to applied bias in
slab deposited microheater is undertaken in this chapter. In Chapter 3, A linear piece-
wise model is formulated to study temperature distribution along the waveguide which
is valid for both micron and sub micron waveguides. Chapter 4 discusses fabrication
and characterization of slab deposited microheater on 2 pm SOI. Optimized fabrication
processes and parameters are described in detail. Characterization method and the asso-
ciated results viz. loss and mode profile measurement, static and transient response of
microheaters is presented. The effective thermal power budget of Peg, ~ 500 4W (out
of actually consumed power P, = 1.1 mW) for a 7 phase-shift and a switching time of
7 ~ 9 us, have been recorded for a typical Ti heater stripe of length Ly = 50 pm, width
Wy = 2 pm, and thickness ¢ ~ 150 nm; integrated with a Fabry-Perot waveguide

cavity of length ~ 20 mm.

5.2 Future scope of work

Some of the possible improvements and future scope of work is described below.

1. Temperature induced birefringence observed for shorter heaters need to be inves-
tigated in detail.
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. To reduce thermal crosstalk in slab deposited microheaters, air trenches can be
used to trap the heat. Linear piecewise model can be modified to incorporate the
effect of trenches on temperature distribution along the waveguide.

. Linear piecewise model can be extended to different heater geometries viz. me-
ander, curved etc.

. Waveguide loss can be further reduced using ICPRIE instead of conventional RIE
for smooth, vertical waveguide sidewalls.

. With nano-fabrication and nano-characterization facilities at disposal, it is feasible
to realize microheaters integrated with sub micron waveguides. Thus enabling
compact reconfigurable circuits viz. delay lines, routers etc.
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APPENDIX A

FABRICATION CHEMISTRY

A.1 Chromium Etchant

Chromium Etchant is a solution of Ammonium Ceric Nitrate (ACN) crystals and acetic

acid. Steps for preparing the etchant are listed below:

1. 8 g ACN in 30 ml DI water, solution should be stirred continuously to dissolve
the crystals completely.

2. 3 ml Acetic acid dissolved in 35 ml DI water.

3. Mix 2 parts of the solution with one part DI water to get the Cr etchant solution.

A.2 Aluminum Etchant

Aluminum etchant is an Orthophosphoric acid based solution. Steps for preparing the

etchant are as follows:

1. 77 ml of H3PO, is mixed with 5 ml of DI water.
2. 15 ml of CH3COOH is mixed with 3 ml of HNOj;

3. Finally, two solutions are mixed together to get 100 ml Al etchant solution.
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