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| v Introduction

» Interaction of light and optical media !

» Mechanisms of nonlinear signals !

» What is photonic crystal substrate (or called
resonant waveguide grating)!

» Our motivation !

v Photonic crystal substrate

» Enhanced two-photon photoluminescence (PL)!
» GMR enhanced SHG and THG !
» GMR enhanced upconversion PL !

v Conclusions
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{; f‘ “% Interaction of light and optical media ﬁ
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Wave equation in optical media :
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The polarization can be expressed as a power series in the incident field stregth
as: T T T mTmmsmsssmemmeme=e- 1
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The polarization can/Ze con5|dere as a sum of a linear and nonlinear component:

To produce nonlinear signals need multi-photon absorption !
Nonlinear signals:
1. Two-photon photoluminescence,
2. Second-or third harmonic generation.
£ -i ano Fabrlcatlons an
e = 3. Upconversion photolummescence
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- zb & "% Mechanisms of three nonlinear signals (upconversion) ﬁ

1l Geometry of second-harmonic generation (SHG) 2. Energy diagram of two-photon

Energy-level diagram photoluminescence (PL)

1 h PL
(D (D WU_’ [ /\/\/\M
S A [, —
LN e T - | 20 ho g AE=2hv
SHG N> °
© VAAAVAS <
4
3. Energy diagram of upconversion photoluminescence
in rare-earth codoped upconversion nanocrystals
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I~ “% What is photonic crystal substrate ?
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z (pm)

[ material with high refractive index
e.g. Si, TiO, , ...etc.

material with low refractive index
e.g. Si0,, SUS,...etc.

Photonic crystal substrate (resonant
waveguide grating, RWG)

t 115

RWG can produce very sharp guided-mode resonance (GMR) !
In particular, the strong local field can be generated at the surface of RWG !
That is very interesting for nonlinear optical effect !

=
=]
E, relative amplitude

y 0
X (Um)

Ref. Appl. Phys. Lett. 91 111109 (2007)




)‘; % Photonic crystals filter biosensors
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l Enhanced fluorescence emission from quantum dots on a photonic crystal surface !
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Enhancement factor ~ 100 times !



Motivation ﬁ

To design and fabricate a RWG based on two-beam
interference technique for enhancing nonlinear signals !

Two-beam interference technique
Advantage:

Fast and easy for fabricating a large grating structure.

Opt. Express 14, 10746-10752 (2006)
Opt. Express 17, 3362-3369 (2009)
Appl Opt 50, 579 (2011)
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1. Fabrication of micro-nano structures

Two-beam interference technique .

double-j

— uniform!
— large !

3D structure (Su8) 7
Cpt. Express 14, 10746-10752 (2006)

Opt. Express 17, 3362-3369 (2009) |
575 2011)
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Photonic crystal substrate

» GMR enhanced SHG and THG !

1. Geometry of second-harmonic generation (SHG)

Energy-level diagram
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{2 7 “;% Design and fabrication of RWG
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Fabrication process:

9

1D SU8 grating structure on SUS8
buffer layer was fabricated by using
two-beam interference technique !
TiO2 thin layer was coated on the
top of 1D SU8 grating layer using E-
gun evaporation !

To produce second- and third-
harmonic  generation, an azo
copolymer thin film, was spun-cast
on the top of the TiO, layer with a
thickness about 600nm-1um.

A corona electric field poling
technique was employed to align
azo- copolymer to form non-centro
symmetric distribution.

Table: sample parameters in experiment

Period=845nm T_SU8=950 +/- 50nm;
Groove of grating=210 +/- 10 nm n_SU8=1.56 at1.3 um
T _Ti02=180 +/- 10nm; T _azo=690+/- 10nm ;
n_Ti02=2.25 at 633 nm n_azo=1.53 at 1.3 um




7" "%GMR in a normal RWG and an azo-polymer RWG
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b < Measurement setup
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Sample

Grating

spectro-
meter

OPO laser

X Light source: 450-2300nm wavelength
Detector: Monochromatic with PMT I range.',.pulse width=5ns, 10Hz
\% Z repetition rate.
at normal incident
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ﬁP S 7 "% Electric field profile calculations
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High SHG and THG output are caused from the strong local field
at the interface of an azo-polymer layer and TiO2 !

Opt. Express 22, 2790-2797 (2014)



Photonic crystal substrate

»Enhanced two-photon PL !

2. Energy diagram of two-photon
photoluminescence (PL)

he PL
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j: 'ﬁ% Enhanced two photon PL via RWG structures ﬁ

Absorption spectra and Photo-luminescence of PFO thin film
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PL spectrum of PFO sample pumped by two photon excitation !
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“% Design and fabrication of RWG with a PFO thin film
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SEM imaie

Experiment Simulation
. Period=385 nm Period=385 nm
Grating Depth=90 +/- 10 nm Depth=85 nm
Tio2 | T_TiO2=60 +/- 5nm; T _TiO2=55 nm;
! ayer n_Ti02=2.19 at 634 nm n_TiOz2 is dispersion
T_SU8=1000 +/- 50nm; T_SU8=950 nm;
SUB layer n_SU8=1.58 at 634 nm n_SU8 is dispersion
PFO film T _PFO=280+/- 20nm ; T _PFO=280 nm;

n_PFO=1.60 at 634 nm

n_PFO is dispersion

GMR in transmission spectra !
100 - TE Experimental

> - - - Simulation

B » (0}
o o o
] ] ]

Transmission (%)

N
o
1

5(I)O | 6(|)0 | 7(I)O | 800
Wavelength (nm)
1. TE 634 nm resonant mode at norme
incident, and its bandwidth is 4 nm !
2. Agrees well with the prediction of
simulation !




£ zb sy I “%erlmental and simulation of angular resolved GMR
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1. GMR at 6=31°~ 32° can be matched with excitation wavelength (810 nm) !
2. Enhanced PL extraction (550 nm) using GMR at at 6=14°~15°!
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;% PL measurement setup @

Sample

OPO laser Nanosecond OPO laser

Stage -
“Inter. 550nm +/-10 nm, KG3X3

PMT connected with Boxcar

Power=3 mW at 770-840nm 0. : emission angle
Pulse width: 5 ns (collected angle)
Repetition rate: 10Hz 0 : incident angle

Aperture size: 4mm

B Nano Fabrications and_Polymer Opti
S A Bl e e | s T;j; 3 !




il @

25/(a) ° 9-RWG
\o —m-on glass
E)
o 2.0
-
(e
% 1.5- nhancement factor{*138
e o
© 3 1(b) ei=3o° 6:=32° 6:=34° 6:=36°
b 10' S 1.04 \ \ AA
= c L \
E 9 % 0.8 . ) /
£ 0.5- ‘i 05 |
T ? X10 z .
- l.=,..lll Y - € 044 ! i
OO_’MI T T T T T T T T T 1 i ] I 0 \ 1
790 795 800 805 810 815 820 825 830 § 02 / . \ | ‘s \
T o/ A A A
Excitation wavelength (nm) E 00 it st
(@]
) Zz 790 800 810 820 830 840
Incident angle at 32 deg Excitation wavelength (nm)

S ano Fabrlcatlons and.pP Imer Opti




%6 e j— “% Enhanced PL via GMR enhanced PL and resonant TPE
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Angular resolved transmission spectra
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/é ]L' "% Enhanced PL via GMR enhanced PL and resonant TPE ﬁ
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Y )‘: "%GMR enhanced PL vs two-photon excitation powerﬁ

100-: TE
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PL intensity (a.u.)

0.1

01 | o
Power(mW)

GMR enhanced PL is close to square dependence on excitation power !

Opt. Express 21, 24318-24325 (2013)
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Photonic crystal substrate

» GMR enhanced upconversion photoluminescence !

3. Energy diagram of upconversion photoluminescence
in rare-earth codoped upconversion nanocrystals
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f % & ‘l% What is up- conversion fluorescence ? @__,
|

Yb % Tm
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¥ )

Absorption spectrum FIuorescent spectrum
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o Lanthanide series

La |Ce | Pr [Nd [Pm| Eu | Gd | Tb Dy‘HolErlelel

I : Yb #* Tm
| .
i Activator Emissions (nm) : /-A-!—;( Host matrix
: I ol
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Energy transfer




Applications of up conversion

Photoluminescence Bioimaging
Brighfield Overlay
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Experimental results
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2 % TEM of up-conversion @
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NaYF4 (40wt%) solution of TEM

X . | Element||Atomic ”

C K 34.30

O K 7.27

FK 22.71
NaK |[g.35

Cu K 12820

Y L 10.71

Yo L |[5.85
Totals

Full Scale 445 cts Cursor: 0000
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& fﬁf’ LE«J':“% Design and fabrication of RWG @-’
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AFM image

! .
/ glass substrate

—
< -;_-|
&
Height (nm)
N A O
© ©0 O ©

o 1 2 3 4
Position (um)

Experimental parameters
SU8 grating period : 466 nm PMMA thickness : 250-266 nm

SU8 grating depth : 60 +/-5 nm TiO, thickness: 60 nm

SUS8 thickness : 1500 +/-100 nm Glass substrate thickness:2 mm



: ﬁP L'%J': Transmition spectra of TE mode oy

Measurement :
400

500

500
—_—
E 700
c
o
c
r—r)
O) 800
c
Qo 10.65
o)
> 300 Enhanced
© A 2 40.6
; excitation
1565 L 4055
o5

0 10 20 30 40 50

Incident angle (deg)

Laser wavelength : 976.2 nm

Resonance angle of TE : i = 31.5".

Transmission (%)

TiO, layer

1004 . — - - o oo — = oo oo ,

Experiment
- - - Simulation

80 -

60
40 :

20 ! N

920 940 960 980 1000 1020
Wavelength (nm)



? 5;’_—_‘% Measurement setup oy
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Laser information
980 diode laser Use power : 0.5 W

Beam diameter : 0.762 mm
With RG filter power : 0.3 W
Polarization : S

half wavelength plate

Fiber
Fiber laser RG

Polarizer

----- - = Sample

A

Fiber information . Lens
Fiber
Andor SR-500

The angle of fiber : ¢
Laser incident angle : ©

o s




|

GMR enhanced up-conversion fluorescence

-- Use strong local field of GMR to enhance up conversion fluorescence
with an resonant waveguide grating

v Experimental results

4. Up-conversion fluorescence (UCF) enhance
--- Excitation resonance
( Change the laser pumping angle 0 & fixed the collect angle ¢ )
--- Excitation & Extraction resonance
( Fixed the laser pumping angle 8 & change the collect angle ¢ )
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Excitation Resonance

Integral time

:20s

Fiber Collection angle ¢ : 0 degree

976.2 nm
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_ ?P ;3’1 "% Excitation Resonance (2)

(a) " |—— On-Resonance (6=31.5°)
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?P L.;ﬂ),:- "% Excitation & Extraction Resonance
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PL intensity (a.u.)
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Table I. Summary of enhancement factor of three emission wavelengths (450nm, 480nm,
650nm) in the RWG under excitation resonance and both excitation and extraction
resonances.

Enhancement factor

Ae=450nm Ae=480 nm Ae=650 nm
Excitation resonance 2.2 X 10* 28X10° 56X10°
Excitation & Extraction 6.8 X 10* 8.8 X 10° 1.6 X 10*

UCF intensity can be enhanced up to 10% times in visible range and 103
times in near-IR range compared with that from a flat area.

Preparing to submit to Nano Lett.




Conclusions @

l » We demonstrated that the nonlinear signals can be enhanced by aligning

the GMR modes with the incident excitation light in the RWG structure !

» By setting the incident angle of the excitation wavelength at resonant
angle, incident light resonates with the grating wave structure and
produced strongly enhanced E-field near the TiO, and active layer

interface, leading to enhanced excitation field !

» Furthermore, the nonlinear signal can be further enhanced by setting the
collection angle of the detection system at the other resonant mode
away from the normal direction of the RWG, another 2.2-fold
enhancement of TPP and 6-fold enhancement of UCF was obtained due

to the high reflection of the GMR mode !
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Thanks for your attention !




