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Integrated Nanophotonics Research Group
Current projects

Planar waveguide devices Biosensors

e Etched grating demultiplexer Integrated SPR

* Photonic crystal superprism - Grating-enhanced SPR
 Photonic crystal wavelength Spectro-angular SPR =

conversion Plasmonic polymer

A I

Hybrid laser integration Cavity ring down resonant
Fabry-Perot comb filter switch sensing

Nano-crystalline cellulose
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Integrated Nanophotonics Research Group
Current projects

Planar waveguide devices Biosensors

e Etched grating demultiplexer * Integrated SPR

* Photonic crystal superprism e Grating-enhanced SPR

e Photonic crystal wavelength e Spectro-angular SPR
conversion e Plasmonic polymer

* Hybrid laser integration e Cavity ring down resonant

e Fabry-Perot comb filter switch sensing

e Nano-crystalline cellulose
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Distributed Etched Diffraction Grating (DEDG)

e Deeply etched sidewalls replaced by distributed reflector
— E. Bisaillion and A.Kirk, IEEE-LEOS Annual meeting 2006

e Single shallow etch depth simplifies fabrication
— J . Brouckaert et. al. IEEE PTL Vol. 2, No. 4, 2008

* Dispersive and reflective properties tailored individually

— This work
Output Waveguides

Input Waveguide ‘*%
\ i core
Distributed
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Distributed Etched Diffraction Grating

Reflective properties Dispersive properties
Reflectivity and bandwidth Resolution, free spectral range,
determined by number of channels:
— Etch depth (index contrast) — Operating diffraction order
— Bragg order (periodicity A) — Periodicity (d)
— Number of periods — Facet size (s)
— Number of periods
— Blaze angle
— Focal length
A ncient light Diffracted light
r—, Y, d SO\
Etch depth i > S A /
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Experimental demonstration in SOI

4 channel, CWDM, 3@ order gratings

— =

S \Vaveguide =
: aperture 5“‘

—_ |NpUL

""" waveguide UOnm)DB'ﬁM‘ :

| §/0KVA8 Oraimxd 50k SE(U)

N i Deep etched : :
e — 20nm) .. .. Fabricated at IMEC (ePIXfab) via

B deep UV lithography
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4 channel CWDM
TE polarization

5 dB insertion loss
25 dB crosstalk

Performance
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Spectral engineering
E.g. Dual band operation (simulation)
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A.Jafari and A.G.Kirk, ‘Distributed Etched Diffraction Grating Demultiplexer with Engineered Response’,
Proc. IEEE-LEOS Annual Meeting 2008, Newport Beach, CA, 2008
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Integrated Nanophotonics Research Group

Current projects
Biosensors

I

Planar waveguide devices

[ L

i e s,
* Etched grating demultiplexer ¢ Integrated SPR
* Photonic crystal su perprlmf%m i eratl 0 - nhmmmem SPR

‘¢ Photonic crystal wavelength e Spectro-angular SPR
° Plasmomc olymer

~_conversion
‘Hybrid laser integration
abry-Perot comb filter switch

L

sensing

N N an dumlumtuwv %t a l “ ne c el I u I ose ==

11
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Interferometric electro-optic switches

e Integrated Mach-Zender

waveguide switches developed 30 1 1’
years ago, demonstrated in LiNbO, ]

e Scaling beyond 8x8 challenging ]
due to waveguide bend limits 2 2

e Electro-optic switches based on
Fabry-Perot etalon filters are
typically narrow band due to small
An

e However there is the possibility of
using free-space slab approach for
better scalability

AV

Transmittance

v

Wavelength
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Filter Desigh: Comb Response

Negative voltage

l ' | Od\III Even

J L. Positive voltage

Input channels Transmitted channels | Even III odd

e EO effect shifts the filter response by 1 nm only

 Reduced the filter free-spectral range to create a
comb filter with a 200 GHz Spacing

e Bandwidth > 30 nm

M.Menard, A.G.Kirk ,/Integrated Fabry-Perot Comb Filters for Optical Space Switching’,
J.Lightwave Technol., 28, pp 768-775, 2010
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Four coupled cavities, 2" order mirrors
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Integrated 2 x 2 optical switch

Alignment Waveguides

Input 1
Collimat

Output 1
Alg 0sGag g4As (0.6 um)

FP Cavities

GaAs material system Output 2

Input 2

I 1 mm I

M.Menard, A.G.Kirk, ‘Integrated Fabry-Perot Optical Space Switches ‘,Optics Express, 17
pp 17614-17629, 2009
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Response (dB)

Prototype Spectral Response

20 SR AwARAWARATATH A Rf
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| | l | | |
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Wavelength (nm)

— Reflection ———Transmission -—--Collimation Only
e Fabrication errors shifted the response to the L-band and
reduced cavity coupling

e High loss (20 dB) due to misalignment of the input/output
waveguides. Additional loss due to filters < 1dB
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Loss & Crosstalk (dB)
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Prototype 10 G
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 Transmission power penalty caused by the
combination of collimation & radiation, which
brought the output power below the SOA sensitivity

floor

Andew Kirk, June 2010 Integrated photonic systems 18



T McGill
Switch Fabric Layouts

\

<«—Collimating
Mirror
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Filter
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Integrated Nanophotonics Research Group
Current projects

Planar waveguide devices Biosensors

Etched grating demultiplexer e |ntegrated SPR
Photonic crystal superprism ¢ € anced SPR

Photonic crystal wavelength e Spectro angular SPR
conversion e Plasm

polymer

=% Hybrld laser integration e Cavity ring down resonant
abry-Perot comb filter switch sensing

» Nano-crystalline cellulose
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Photonic biosensor Types

detector

— metal
?_ E adlayer
evonescent field

SPR Biosensor

T YT YY
/

Waveguide Biosensor

Andew Kirk, June 2010
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Reference Region B Input
Grading Coupler Detecting Tiluminating
Fiber Fiber

Interferometer Biosensor

Beam Combiner

Photonic Crystal Biosensor

Evanescent Wave

Standing wave

Core; 80 um
Length: B om

Au-rod monolayer
target molecules

Optical Fiber Biosensor

Micro-Cavity Biosensor
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Motivation

1. Improving Sensitivity for Biomarker-Based Diagnosis

2. Drug discovery

ndew Kirk, June 2010 Integrated photonic systems
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- M Motivation:

Improving Sensitivity for Biomarker-Based Diagnosis

Biosensor Requirements ‘ O <>

e Multiple biomarker detection for effective diagnosis 0 4
» Small proteins (< 100 kDa) . <> O

e Low concentration pg — ng /mL
e Require Real-time sampling and Biofunctionalised Surface

on-going measurement for fluctuations

e Label free
e Integrated biosensor

Nanostructure and Nanoparticles

L

Signal Amplification

Treatment
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Transduction mechanisms

o Affinity of sensor is determined by
functionalized surface

e Many transduction mechanisms exist:
* Mass sensing

— E.g. Quartz crystal microbalance
e Electrical sensing

— E.g. capacitative sensing
e Optical sensing

— Evanescent wavesensors

— Surface plasmon resonance (SPR) sensor

.<> Q

| Biofunctionalised Surface

Measure change in mass,
electrical, optical
properties

S
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Surface plasmon polariton

e Surface plasmon: electron density wave
on a metal, excited by incident light

e Results in reflectance dip

Plasmon excited when momentum of
incoming wave matches that of plasmon

Plasmon Dielectric

&p

8m Metal

Incident Reflected
light / \ light

Incident dielectric

g

Cielectric

D AARE

+++ ey +++ gt
MMetal

Plasmon momentum:

@ | Eoén

Sp

: frequency, €: dielectric constant: c: speed of light

Andew Kirk, June 2010
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Surface Plasmon Resonance Sensing

e Label-free sensing technique Reflection dip

./

e Picomolar concentrations detectable
e 10°%—1028 refractive index units

An

—_—

1 >
>

Reflectance

Wavelength, Incident Angle

Surface plasmon

Probes ’; ;

Biomarkers gres ~ Sil’l_l 1 v €p
iii%‘An Ns \éw +&p
: ver :

Gold/Sil
Prism

v

Reflectance
Wavelength
Resonance Angle
>

Time
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Commercial SPR

Several commercial SPR analysis systems exist

y 4 .

Biacore

Surface Plasmon Resonance
detection system

—
——

Microfluidic system

SPREETA (Sensata e
Inc)
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Angle scanning sensors

 E.g. Biacore

Reflection dip

Reflectance

s

Incident Angle

’ detector

Andew Kirk, June 2010 Integrated photonic systems
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Angular spectrum sensor

e SPREETA sensor

Mirror
chip

o T

-

Light
shielding

LED Polarizer Diode Memory
array
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Integated SPR sensor

e Angle sensing SPR

e Objective: Replace external
focusing optics with moldable
diffractive elements on
disposable sensor head

Side

Top

optics

/\/\_/\
Pse

dielectric ¢p
k,,,metal &y

B/NSP

Diffractive

Collimating mirror —»»

Sensor-ﬁead

call
Al | | .

w

ubstrate

N
-
Coupling Slab 5
source Photodetector
© [~
% g Sensor-head
c £ [
E E Coupli
A pling
o Slab
- L >

W-Y Chien, M. Z. Khalid, X.D. Hoa, A. G. Kirk, ‘Monolithically Integrated Surface Plasmon Resonance Sensor Based on
Focusing Diffractive Optic Element for Optofluidic Platforms’, J.Sensors and Actuators B, 138, 441-445, 2009

Andew Kirk, June 2010
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Fabricated device

Surface plasmon resonance
sensing

e Complete optical system
integrated onto sensor chip

Andew Kirk, June 2010

8-level diffractive
cylindrical mirror etched
in fused silica

Integrated photonic systems

|~

Light out
NV

-5 Etch profile

T (800 nm depth)

31
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Results: Refractive index measurement

7.00 -

6.00

(NaCl solution)

5.00

/{

4.00

A8 =126.45n-16811 &

3.00

Noise limit: 2.5 x 10>

2.00

1.00

P

Relative angle of incidence, A? []

0.00

Y S

1.320 1.330 1.340 1350 1.360 1.370 1.380

W-Y Chien, M. Z. Khalid,

Refractive index, n [RIU]

X.D. Hoa, A. G. Kirk, ‘Monolithically Integrated Surface Plasmon Resonance Sensor Based on

Focusing Diffractive Optic Element for Optofluidic Platforms’, J.Sensors and Actuators B, 138, 441-445, 2009
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Integrated Nanophotonics Research Group
Current projects

Planar waveguide devices Biosensors

R, i (i i,

e Etched grating demultiplexer . Integrated SPR
* Photonic crystalsuperprlsm e Gratlrw enhanced SPR

***** ‘¢ Photonic crystal wavelength * Spectro-angular SPR

conversion . Plasmomc polymer

Hybrid laser integration e Cavity rmg down resonant

abry-Perot comb filter switch sensing
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Enhancing SPR response

 To increase SPR sensitivity we need to amplify the

effects of small changes in refractive index at the
surface

e Sensitivity is measured as either:

— Change in dip angle vs. refractive index (AG/ARIU) or

— Change is dip wavelength vs. refractive index
(AA/ARIU)

 Two possible approaches:

— Increase field concentration and penetration (e.g. use
nanoparticles)

— Use optically resonant structures
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Periodic metallic gratings

Flat surface dispersion curve

0.90 -
Incident - |
light 0.88 -
£, 0.86 -
& |
g ]
= 0.84 -
0.82 -
Metal film QP T
0.80 trmormomr 44— -
60 70 80

Angle of incidence
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Periodic metallic gratings

* Creates bandgap in dispersion curve

10 nm grating dispersion curve

0.90

Incident
light 0.88

Wavelength

Wavelength A=850 nm
S S e e S —— 0.82 Period A=300 nm

A Metal film! SP

Bandgap appears at Bragg wavelength:
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Effect of grating

 Plasmon propagation is forbidden at the bandgap
e Creates plasmon standing waves:
— Increases electric field penetration into dielectric

— Increases speed at which dip moves as a function of refractive index
Results in increased sensitivity

10nm Grating Dispersion Curve at n=1.34

0.989829

0.0243627

10.5262

I 0.88

I 0.80

-0.1 0.0 0.1 0.943156
Magnetic f|e|d Angle of incidence

Rigorous coupled
wave analysis
simulation for one
period of grating

Wavelength
o
e

o
0
r
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Sensitivity enhancement

Sinusoidal gratings show a 6 x increase in sensitivity vs. flat

1 . . . . . 700 - :
— — -+ -Flat surface | : :
600 || —+— Grating ................. ............ ................ i
0.8 : : j :
2 500 B s spiasins pmssopsianic ................. ............... ................. N ol
> i § 5 : §
£ 0.6 Ty OO R 1253 N T 5 Tr——
_.g = : : ] :
= =
5 I = TaTo ) UELSRDREROUNR. SR SPRIIIG TN WOt SO
LT . SRR, | NI SR S——— ]
0.2 : : . :
100 _...“,.._..'..._;..._'.,_._1_...%_..+J_.+u—;..—+—,_.'_u;.-.-.-]b.-.sm-&.._
0 i i i i |
60 65 70 75 80 85 90

0 i i i i
Angle of Incidence (deg) 1.33 1.332 1§§;ple InL.:fS 1.338 1.34

However, for a given wavelength, range is limited. Increase range by measuring
in two-dimensions (wavelength and angle)

C.J. Alleyne, A.G. Kirk, R.C. McPhedran, N-A.P. Nicorovici, and D. Maystre, ‘Enhanced SPR sensitivity using
periodic metallic structures’, OSA Optics Express, 15, pp 8163-1869, 2007
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Experimental evaluation: Grating +

patterned surface chemistry

Protein Absorption Chemistry

Protein Repellent Chemistry l
e Enhanced SPR response

e Increased electromagnetic
gradients

e Surface receptors with
optimized orientation, density
and non-specific absorption

& «— Antigen - Biomarker e Generate biochemical
<— Antibody - Probe optical contrast

<+— Protein A
<+— Self-Assembled Monolayer

X.D. Hoa, M. Tabrizian, A. G. Kirk, Enhanced SPR Response from Patterned Immobilization of Surface
Bioreceptors on Nano-gratings, J.Biosensors and Bioelectronics, 24 (2009) 3043-3048, 2009.
Andew Kirk, June 2010 Integrated photonic systems 39
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Rigorous Coupled Wave Analysis Modelling

] ] ]

Uniform Mesa Trough
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X.D. Hoa, M. Tabrizian, A. G. Kirk, ‘Rigorous Coupled-Wave Analysis of Surface Plasmon Enhancement
from Patterned Immobilization on Nano-Gratings’, J.Biosensors, doi:10.1155/2009/713641, 2009.
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Microfabrication and Surface Chemistry

Protein Repellent Chemistry (PASSIVE)

l Protein Absorption Chemistry (ACTIVE)
l Au (Grating)

%\\\\JW!\\\\\\JWJ N

& — Au (Underlaying)

I -

SF11 Substrate

1mM of PEO in water
Overnight incubation

1H in Acetone/MEK
1 min ultrasonication

1mM of MCHA in ethanol
3H incubation time

X.D. Hoa, M. Tabrizian, A. G. Kirk, Enhanced SPR Response from Patterned Immobilization of Surface
Bioreceptors on Nano-gratings, J.Biosensors and Bioelectronics, 24 (2009) 3043—-3048, 2009.
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~ i

Characterization via SPR- Imagmg

Prism Coupler
P

Mesa Trough Au (Grating)

Cr
ml%mmemN Wé Au (Underlaying)
[ . ——

4_\— SF11 Substrate

Mesa Trough

W AATLATATUUUAUALL LA Outlet Inlet

e e — Fluidic Cell \ / LED

Uniform Control - Flat

W
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Injection of Anti-TNF-a

1 pg/mL anti-TNF-a

60.5

60

59.5

[8)]
=]

Reflectivity (%)

Y T L

% 5 10 15 20 25
Time (min)

0.18 ¢ Mesa
2 ug/mL anti-TNF-a 0.16 B Trough
: : : : . A Uniform /
0.12 Control

60.5

60

59.5

Reflectivity (%)

(8]
w

Angular Shift (Deg)

58.5

% 5 10 15 20 25

Time (min)
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SPR-Imaging — Injection of TNF-a

ALLLLLLLLLL LYY

1

0.5 ug/mL TNF-a (PBS) ——
|
v

0.5
> v
S 0.4
= 0.3 1
n
g 0.2 -
S y
2 0.1
< —F—

0
Nano-grating with Planar surface

functionalized mesas

* Mapped immobilization is advantageous

e Functionalized trough configuration shows weak response

e Significant improvement is measured in the angular sensitivity

* Increased accessibility of antigen to surface immobilized antibody

Andew Kirk, June 2010 Integrated photonic systems 44
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Integrated Nanophotonics Research Group
Current projects

Planar waveguide devices Biosensors

e Etched grating demultiplexer Integrated SPR

* Photonic crystal superprlsm Grating-enhanced SPR

¢ Photonic crystal wavelength Spectro-angular SPR

-~ conversion Plasmonic polymer

ybrid laser integration Cav y OWN resonant
bry-Perot comb filter switch sensing

- Nano-crystalline cellulose
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¥ McGill 2D vs. 1D SPR

Why use 2D SPR?

Possibility of using image analysis techniques.

1D
— 0.90
E
Z < 087
2 S
- c
Q@ 2 084
w >
v m
o 2
0.81

60 70 80
Angle (deg)

y

Image analysis
techniques

Dip finding
Algorithms
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Image Analysis Techniaue

|

N
"3 gy
n1l2L!! 1

Kno

wn index
images
n
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Image Analysis Technique

Associate the weights w; with initial index n,

W1 ai nl
— 4
W 2, n 104 —— e e — — B s
2 2 S i e : -=-512x512 |
. — — — I --:256x256 |
X 105 | \
~ 5 |
W an n o I
| "N ] | | | N _| ut 106 ;
© ;
g 107 :
Absolute Estimate g
.oos‘ : : : ‘ ‘ Lﬂ [
1T Spline interpolation N 108 |.
= of w S ]
C 099 o [
S 10° . . | w w
?gi 0 2 4 6 8 10 12
& oo Standard deviation of noise (bits)
I —— Nestimate
S "~ Refractive index ' '
< a, orn, >

C.J. Alleyne, A. G. Kirk, P.G. Charette, ‘Numerical method for high accuracy index of refraction estimation
from surface plasmon photonic bandgap structures.”, OSA Optics Express 16 (24) pp 493-503, 2008
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Experimental Implementation

Dual channel spectro-angular configuration for measuring SPR in 2D.

eThe second channel is used as a reference for drift elimination

Sample holder

Section 1: Input Stage

Source Collimating optics

White | —— [ 1 1 __
unpolarized light = " g

cL1
Channel 1 Pol
Channel 2 Section 3:
Output Stage

Andew Kirk, June 2010 Integrated photonic systems

Mirror

\

Dual rotation stages on same axis

CL3/CL4

Grating

ccp

Section 4: Image capture

49




¥ McGill Real-Time Data Analysis

Dark and
Reference
images

Channel 2
Image
(Reference)

-1

>

Normalize DPM Algorithm
Image

Q \-—‘
Dark and Pre-calculated

Reference basis
images

Plot estimate in real-time

‘ sig
Channel 1 Normalize ~ DPM Algorithm
Image Image = Estimated index shift
(Signal)
e Real-time output of index estimate (15 frames/sec, N 5 —— ]
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Spectro-Angular experimental results

Monitoring SAM deposition and BSA binding
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Spectro-Angular as Biosensing Platform
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C.Alleyne, P.Roche, A.G.Kirk, ‘Spectro-angular surface plasmon biosensor applied to drug binding assays’, Proc. IEEE-
Photonics Society Annual Meeting, WR3, Antalya, Turkey, 2009
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Collective resonance of nanorods

Nanofabricated gold nanorods (500 nm x 50 nm)
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Nanorods in sol-gel

- Gold
- nanorods

5.00 x5.00 um x 253 nm

‘Plasmonic sol-gel’:
Au Nanorods bound into
porous polymer matrix

P.Roche and A.Kirk,
unpublished work
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Absorbance(a.u)

111
P‘Ilasmonic polymer: Sensitivity to
index change
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Summary

e Applications of slab mode propagation in
waveguides:

— Distributed etched grating demultiplexer
— Integrated comb filter switch

e Surface plasmon resonance sensors
— Integrated systems

— Applications of nanostructures and patterned
chemistry

— Spectro-angular (2-D) system



T McGill

Training program in Integrated Sensor Systems

McaGill, Ecole Polytechnique, Sherbrooke, INRS

Multidisciplinary training
program focusing on the design,
fabrication, integration and
packaging of sensors

104 graduate and undergraduate A
students to be trained over 6
years

Extensive hands-on training in
design, fabrication and
characterization

International exchange and
industrial internships form a key
part of the program

First graduate trainees will | Optical sensors
commence in September 2010

Director: Andrew Kirk
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