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Micro-optical elements

Free-space

diffractive optical

microlens array element

optimized grating

Integrated

U

grating coupler integrated optics fiber optics

@imt -
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Definition of micro-optics

® Optical elements with structures in the
sub-mm and sub-u range, which are
fabricated mainly by lithographic methods

® Systems based on these elements

.lmt
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Realization of micro-optical
elements

® Computer generated data

® Conversion of data into an optical element

by lithographic methods

® Transfer of the structure in a rigid or
transparent material (etching)

® Replication

@®imt

institute of microtechnology
university of neuchétel
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Micro-Optics: contents

® Diffraction - refraction
® Design fundamentals of micro-optical elements
® Fabrication techniques

® Aperture modulated diffusers (AMDs)
® Color fan-out elements

® Grating spectrometer

® Fourier spectrometer

® Lab on chip .'mt

ttl of mic: th ology
rsity of f uchatel




Refractive and diffractive
micro-optics: theory

® Fundamentals of refraction and diffraction
® Complex amplitude transmittance

t(x,y) = exp[P(x,y)]
® Implementation of phase function ®(x,y)

® Optimum design
® Diffraction elements - refractive elements

@imt -
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Refraction
n (A} sin 6 =n,(A) sin 6

Plane wave

insttl of microtechnology
lyf uchatel
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Diffraction
sind=m~A /A

Plane wave

institute of microtechnology

e university of neuchatel
Diffraction
sin8=m~ /A
i Plane wave
.
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l Far-field b,

‘ /FJ //]\\J diffraction orders

\_/"‘ \./14\/

| |
o 3 g FH Y L :

Fourier
transform
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Blazed grating
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Refractive-diffractive properties of
blazed grating (shrinkage error 10 %)
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Complex amplitude transmittance

2n

U, =U, expli®(x)] with Ox)=d(x)(n-1)(2m/A)
U, =tx) U, transmittance: t(x) = exp[i®(x)]

@®imt

institute of microtechnology

10/02/00 university of neuchatel

Why rigorous diffraction theory?

The interaction of light with structures having geometrical features in the
order of the wavelength can not be described with ¢lassical scalar (thin-)
diffraction models, but ask for

DOE

incident plane wave modified wavefront

thin diffraction theory rigorous diffraction theory

@imt

institute of microtechnology
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Transmission and propagation

U(X,y) —> t(X,y) U(X,y)

Propagation
Rayleigh-Sommerfeld
Angular spectrum

Ray-tracing

Transmission
t(x,y) = explid®(x,y)]

@imt
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Calculation of the phase function

A thin phase element that is illuminated by an
incident wave ®,,(x,y) generates an oulput wave

@, ,(x,y). The wavefront conversion is described by

(Dout(xvy) = (Din(x’y) + (D(X,}’)
(D(X’y) = (Dout(x’y) - (Din(an)

@imt

, institute of microtechnology
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(x-| Y124 )

Diffractive lens which
connects an object point
(X,¥,,Z;) with an image

Xy point (X,,¥,,Z5).

(Di(XsY) = %:LE\/(X = xi)2 +(y—y, )2 + (Zi)2

0

¢ (x21y2|z2)

@imt

institute of microtechnology
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In general, the optical task is more complex,
c.g., if an extended object has to be imaged. In
that case, the DOE phase function &(x,y) is

typically described by a polynomial;

27r H1 1
D(x,y) = o Z a,,X Y

m.n

The DOE 1is then optimized by optimizing the

polynomial coefficients a_ .
i (1 t

institute of microtechnology
university of neuchatel
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Implementation of the phase
function as DOE

In order to realize a diffractive element, the phase
function @ is wrapped to an interval between 0

and an integer multiple of 2m.
Phase profile: P(x,y) = [D(x,y) + ©,] mod 2w
Relief profile: h(x,y) = [P(x,y)/2r][Ay /(n(Ay)—1)]

@y  constant phase offset.

n refractive index of the grating material
Ag design wavelength. imt
to/02/00 " iniversity o neuchier |
d(x) P(x,y) = [@(x,y) + 93] mod 2n
A

@imt
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Design of continuous-relief DOEs

l) Calculate DOE phase function ¢

analytical, custom or commercial (ray-
trace) program.

¢in(x9y)+ ¢(x= y)z ¢out (x: y)

-

1Ty Wrap phase

HI) Transform wrapped phase into surface relief

MBI MO Theory- 02 98

Design freedoms

Wrapped phase function ‘P:‘P(’”)Z [¢(")+ Pn +q)0]m0d (Mm 273)—‘Pm

Phase-matching number M, Phase offset ¢,

=9
100-80 60 4020 0 20 40 60 80 100
radius [um]

Zone position and
size ¢,

r fumj

S I T ory- 02 98




Binary and continuous-relief DOEs
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Optimum design

Object

Image 5 (x.y) Ip{u,v)

Aperture
stop DOE

(a) (b)

(a) Imaging (b) Beam-shaping

@imt
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Iterative Fourier algorithm (IFTA)

image plane DOE plane

input: Am(0) =1
Y m(0) =random

-1
UnK), yn® [ 1K) (gv), oK), v)

f |

amplitude adjust. U y (k+1) clipping : 1K) (1,v) — 1
FFT
UK,y | t— oK) (u,v)

i t
institute of microtechnology
10/02700 university of neuchétel

Example: fan-out 9x1

3
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- 1
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5 -10
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Cost Function E S i m u I ated

Variable g
Probability P(AE)

Temperature T an nealing

ke

AE >0
AE = E(97 - E(q)

Reject
P = exp(—AE/T)

Accept

Stable?
No

| Tempearture change T=T

@imt
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Dispersion

Refraction Diffraction

red
green

blue

@imt

institute of microtechnology
/0200 university of neuchatel




Dispersion

Refractive Diffractive
Abbe number: n(A,) -1 A
V.= VvV, =
* () - n(k,) LY VY W
A, =587.6 nm
A, =486.1 nm v, =80 to0 20 vy =-3.45
Ay =656.3 nm
10702,/00 institute of microtechnology

university of neuchatel

fr'

t

Dlspersion ration Dr = Vrefractivelvdiffrac:tive

40—

W
T

Dispersion ratio

/02700

| |
400 600

Wavelength [nm]

1000

@®imt

institute of microtechnology
university of neuchatel




Paraxial properties of lenses

C1 02
BN \
AP 4
1 1 M
() =~ o1 e -5 f =15

@imt
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Spherical aberration S, = (NA)*f C,

TAT 2
— n(d) > ‘ >
3 n2 _ —% 21] + 2 ﬁ
Cu= (n— 1) Cb_ n(n - 1)* CC:l— 1

@imt
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Airy disk radius

Refractive Diffractive
A f Ao £,
r(A)=1.22 D r(A)=1.22 D = const
imt
Diffractive Refractive
elements elements

® Arbitrary shape
® Accurate focal length
® High functionality
@ High dispersion (<0)
® Problems: '

- low NA (< 0.2)

- diffraction efficiency
(80% - 95%)
- stray-light

10/02/00

® Spherical and
cylindrical shape

® High NA (> 0.1)

® Low dispersion (>0)
® High efficiency

® Low stray-light

® Problems:
- fill factor
- arbitrary shapes

@®imt |

institute of microtechnology
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Fabrication of micro-optical
elements

- Fabrication of diffractive optical elements
- Gray-tone lithography
- Melting resist technology

- Protile shaping by RIE
Fabrication methods
Design -
' l
Holographic Mask fa!rication Direct writing
recording e-beam, laser-beam e-beam, laser-beam

Y

Pattern transfer

etching, lift-off \

P L7  ANNN

Refractive index Multilevel Continuous
modulation profile profile

.imt

L0/02,/00 ttute of micr otkecpnology
ersity of neuchatel




Hologramm

Holog raphic Reference

recording |4 _//WaveCGH

Aspheric
wdve
CGH
10/02/00 instil tul: :1 tl;l:;rgﬁ;[ﬁr::zgy #

Crossed gratings (A =1 pm)

Au, v Hpol Magn WD Exp 2 [Ln
I1Ikv1h 10000x /16 2
;.-si':;;;t-_:

@imt
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lHlumination

ARR%

Mask

Photoresist

10/02/00
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Mask level 1

Mask level 2

Photoresist

Etch 1 {} j] Etch 2 @

Bl

10/482 /00
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Laser-beam
writing

10702700

acousto-optic

modulator

/. (CHeNelaser )

(autofocus)

HeCd laser

(writing)

ubstrate

7]

air-bearing xy table ))/

Bl
resist-coateg
/ g

’Es%{ HeNe Iaser] )

linear motor drive

(interferometer)

X
—

granite

S

A

passive vibration
isolation

active vibration
isolation

@®imt

institute of micro;g&tﬁ{;ology
university of neuchatel

/U200

Diffractive optical element (DOE)

Direct laser writing
at CSEM Zurich

(M. T. Gale, M.
Rossi)

@imt
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Gray-tone
mask

Gray-tone

Photoresist

fill-factor

mask

ubstrate
Photoresist

S

Development

e

b . Y

HEBS-
Glass

tching
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MELTING RESIST TECHNOLOGY

Fabrication of microlens arrays

FH

light

mask
resist
substrate

resist cylinders
substrate

micro lenses
substrate

Photolithography

Resist cylinders

Melting (~150°C)

@®imt

10/02/00

institute of m;cro;?c[Hl ology
university of netichatel

Melting resist microlenses

Non-spherical lenses

Elliptical lenses for off-axis imaging

Cylindrical lenses

10/02/00

close packaging (0.2pm gap)

Spm lens diameter

. i t
institute of micro c‘ﬁnplogy

ooooo

university of nauchatel




MELTING RESIST MICROLENSES

IMT Neuchétel - IBM ZRL - SUSS KG

10HM 20K 12

10/02/00

I =5um*
lpm gap

@®imt

institute of mncro;gc nobgy
university of neuc atel

Transfer of laser beam written structures
(In cooperation with CSEM, Ziirich, Switzerland)

3500

3000 |

e e T e Photoresist on 2500 ‘ Co

l Transfer RIE

profile depth [nm]

=
(=]
(=]
(=3

Final microstructure
in substrate

w
(=]
o

O b b b e —eme g
20 40 60 BO 100 120 140 160 180 200 220 240

exposure [a.u]

Transfer diffractive lenses with continuous-surface relief profiles of up to 3 um depth

1200

®

® [:] selectivity transfer to maintain the elements dimensions
@ Possibility to correct depth errors of the photoresist structure
®

Depth variations of less than 5 % tor depths of 0- 3 um

@imt

institute of mlcrogycrﬁnology
university of netichatet
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Fused silica microprisms

(In cooperation with Friedrich Schiller University, Jena, Germany)

® Si02 microprisms realized by dry etching of photoresist structures
realized by using graytone masks (HEBS glass).

sl s Pt
AT M proan

10/02/00 institute of mu:rogpml'uisI ology
university of neuc| el

v -

Profile shaping and low selectivity etching

® Shape modification of micro-optical elements during the transfer process
- Correction of eventual fabrication errors of photoresist master element
- Dynamic of selectivity for shape correction from 0.8:1 o0 1.2:1

® [Low selectivity etching: e.g. height 30 um (photoresist) = 3 pm (fused silica).

2 P e

o A RN P40 SN (U

Photoresist refractive microlens

Diameter 300 pum, height 31.5 pum,

max. deviation from sphere + 2 um

Fused silica refractive microlens

Diameter 300 um, height 23 pum,

max. deviation from sphere -1.8 um [ TR . ‘Ii‘l
15:“ ‘ \l U‘ ‘ '\J’

v a
e M|

Protile measured with Mach- Deviation from perfect sphere

Zender interferometer

10702/ (k) institute of mlcrch[ﬁnolo Y
university of neuc atel




MICROLENS ARRAYS

« Melting resist technology

« Refractive plano-convex microlenses
« 2 um to 5 mm diameter possible

» Photoresist: < /5, Quartz: < {/30

« Diffraction limited resolution

« Replication techniques

« RIE transfer in fused silica

@®imt

10/02/00 institute of microtgchr ology
university of neuc atel




Diffraction efficiency n

__Ah
S

noverall -

9 |2

R: reflection
A: absorption
S: scattering

.nmt

institute of microtechnology
university of neuchétel
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Diffraction effiCiency (scalar theory, no losses)

‘¢' (x) blazed grating: @p = 2n

w XAl :%Sm(}(g] ,sin[n(n—-l)]

> N/ | (n~1j
sin|
N

it =[Jon( 2]

=]

N: number of phase levels
n: diffraction order

= 2 4 8 16
IA}12 = 40.5% 81,1% 95,0% 98,7%

@imt

institute of microtechnology
university of neuchatel
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Diffr. efficiency: theory - experiment

100 l , : :
| A. Schilling
&
< )
)
[&]
f
Ko,
Q J
2
[}
o
2
Q
E —
s
1))
-
[a] 20_
. measurement
101 ~  rigorous calculation | |
scalar calculation
% 10 20 30 40 50 ) 7

0
grating period [m] -
dimt

institute of microtechnology
10/02/0 university of neuchatel

Diffraction efficiency versus
wavelength

100 - 3
90 e sin{ e[ (A/A,)—m]|t )
g o0 n(A)= (rl2/2) ]
.g 70 M% i 7([(/1//10)—111]
£ 60 |-
2 50 p— Swanson, 1989
% 40
E o[ -
T
° A:["n(;t)dxl
A Mooy = A=A

Wavelength ratio (Ay/A)
Buralli and Morris 1992
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Aperture modulated diffusers

16/12/99

(AMDs)

H. P. Herzig

Institute of Microtechnology University of Neuchitel

http://www-imt.unine.ch/
hanspeter.herzig @imt.unine.ch

@®imt
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" | os system
|
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YYVYYY

Principle of AMDs

ax,, y;)

Multimede
laser

A =248 nm
Aperture shape:
Source

U()(XO,Yo)

Transmission function:

—

Hx, y) = a(x,,y yexp[i®(x,, y,)]

Diffuser Coherent:

2

h{xs,¥,)= ’Uz("?’h )|2 = iFT{U] (% ,y;)} k

T s o)

= = |U0(xn!)’u )@ Fr{"(xl M )}17
T L i h
e Farfield | Incoherent
istribution Iz(xz’yz)=|U0(x0,_y0)’2 ®|Fr{f(xz»)‘|)}f_
(b)

@imt

institute of microtechnology
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array

@®imt

institute of microtechnology
16/12/99 university of neuchétel

Specification of diffuser

® Flat-top with rectangular shape
(e.g. 7 deg x 3 deg)

® Space invariant design

® Deflection angle of 7 deg at A = 248 nm
— grating period A =2 ym (mfs = 1 um)

® High diffraction efficiency > 80 %

® Fabrication of elements in quartz

@®imt

institute of microtechnology
/12499 university of neuchatel




Diffraction efficiency

i\
FITE 11T

Diffraction efficiency: 2 phase levels 40.5 %
4 81 %
8 95 %

Problem: Fabrication of a lens with

smaliest feature size of 1 pm

Possible solutions: - Binary lens

- 8-4-2 level | .
- Contin%ﬁs—?gﬁef lens l mt

16/12/99

institute of microtechnology

university of neuchatel

Diffraction efficiency of binary
gratings

/ \

Binary lens n=40.5%
Binary diffuser n281.0%

@imt

16/12/99

institute of microtechnology

university of neuchatel




Far-field of a hexagonal diffuser

300

institute of microtechnology

@imt

university of neuchétel

16/12/99
Annular Diffuser
250 200| -
| f“‘wﬁ". ff“‘qﬂl
200 150 Lo I
o |
150 o 3. !
100 |
L |
100 | ‘I ﬁ ‘l
| | ‘i ‘
0 ] "
50 ‘I‘JI : " | |
W”/ (S N \w_ R
0 ' e e s
50 100 150 200 250

16/ 12799

50 100 150 200 250

@imt
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Color fan-out: principle
A. Schilling

Color fan-out elements are special phase gratings which project the three color
components blue, green, and red into the three central diffraction orders.

phase
grating

red (-1. order)

green (0. order)

coloured
object

blue (+1. order)
imaging
lens

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98

Color fan-out: principle

Desired phase profiles of the diffraction gratings for the three
color components:

a\ A 7

S TR i

! ! !

blue green red

Solution: overphasing of phase structures (deep phase gratings)

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLQGY .
29/05/98




Color fan-out elements: SEM images

Color fan-out elements etched in quartz: * 12 um grating period

* 3.3 um profile depth

R R
R 4 R

Magn  F————{ _0;m
0G0« imt

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98

Color fan-out elements: efficiencies

Characterization of color ~ rigorous theory (lines) and measurement (markers)
fan-out elements (quartz): 1000 o | o

a0l | R S

* 4 phase levels 80 ‘ ‘ '
70!
60--- §.
50+
40
30+
20}
10},

* 16 wm grating period

* 3.3 um profile depth

diffraction efficiency [%]

Tt

:‘ ._—.. it
700 800

50 600
wavelength [nm]

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98




Application: py-spectrometer

S. Traut

Microlens

UNIVERSITY OF NEUCHATEL
29/05/98

Grating

Detector

INSTITUTE OF MICROTECHNOLOGY .

Holographic recording

1) Fabrication of a

microlens array

2) Photoresist coating of

the array by spincoating

3) Holographic recording
of the grating

B L

UNIVERSITY OF NEUCHATEL
29/05/98

INSTITUTE OF MICROTECHNOLOGY .




Grating on top of a refractive
microlens

o

Ace Vo Spol Magn wD Exp p—— 2 pm

200KV 40 10000x 7 ¢ 2

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98

Resolution

Resolution of p-Spec610

1.2
10 : lens measured
3 0.8 H diameter resolution
Z 06 350um I1nm
£ 04 610pm  6nm
e 990 um 4 nm

e L JL

450 500 550 600 650 700
lambda [nm]

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29705798




Stray-light suppression

-Spec610 performance

25
20 ~ lens measured
diameter damping
0 350pum 6-9 dB
10 o e 610 um 20-22 dB .
5 - - “ B 990 pm 18-20 dB
°o. . . X

450 500 550 6800 650 700
lambda [nm]

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98

L

Spectrum of a Xenon lamp

HR250 (1nm resolution) H-Spec99 O

0.6 1
. 0.5 o8 .
3 ' .
L
— 0.4 iy
Z | = 0.4
@ = 990
g 09 2 -
£ 2o+ m

0.21 g

0 4= . + : \L'“'"'“" 0

350 450 550 650 750 350 450 550 650 750

lambda [rm)] lambda [nm]

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY .
29/05/98




Concept of a y-Spec System

micro-lens  capillary ;nrlrg?lviir;ﬁ detector de:ggtroéig\xay
array tubes grating array

A2

UNIVERSITY OF NEUCHATEL
29/05/98
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Miniaturized
Fourier Transform Spectrometers

Hans Peter Herzig and Omar Manzardo
Institute of Microtechnology, University of Neuchatel

www-optics.unine.ch
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Fourier Transform Spectroscopy

T Ax Resolution:
i‘""—" Ac =1/8 ., A= 1/o
» 4———% Al = N215_

Resolving power
M Ak = no. of fringes

Detected intensity - Spectrum
f\/\/\/\ H D Fourier analysi§>
8§ =2Ax ! A g

yd -
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Fourier Transform Spectroscopy

T Ax Resolution:
; Ac =1/5

wm

Variable filter

W functions

; max r=1/o
> ; AN = N25,
B(o) = [ I(8)exp[~i(2m06 + Ap)[d5
Detected intensity — Spectrum

ﬂ I:I Fourier analysis>

3 =2Ax ’ A g

L
/{*Wm> UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLOGY l mt
Resolving
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Setup

Michelson Interferometer

Electrostatic Actuator
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Actuator

Mirror (Al coated) Electrostatic comb - Va, Vo, n, h, g

Mirror displacement

I
Ax=——80n~ll2V4V0
k g

Magn —— 200 pm

P50 IMT Michaelson Interfe
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Setup
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0.6

Linearity

Variation of the optical path difference: Aé
(interferometric measurement)

0.4y

Ad [um]

Ad=% 0.5um

) 20 40
& [um)

60

2.0r

1.5¢

1.0f

AS [um]

IR,

Ad=% 1.0 um

\ °% 20 40

80

& [um]
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Laser HeNe

Phase correction for calibrated mirror motion

without phase correction

1.0F

AB [um]

0.5+

1.0

0.5} —_—

Intensity |a.u.]

0. f 1, L n
800 650 600 &850 700 750 BOO
Wavelength A [nm]

B(o) =2 1(8)e™
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e
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Wavelength A [nm]
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Transducers'99, Sanda (Japan) J.-C. Roulet June 7-10 1999

Chemical chip

(for fluorscence detection)

J.-Ch Roulet
Institute of Microtechnology University of Neuchatel
http://www-1mt.unine.ch/

Achcknoledgment: K. Fluri, E. Verpoorte, R. Vélkel,
H. P. Herzig!, N.F. de Rooij, R. Déndliker
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Tramnsducers'99, Sandar {Japan) J.-C. Roulet  June 7-10 1996

Introduction

Fluorescence detection with micro-optics:

* Focusing excitation light into a detection volume
(capillary, detection cell)

* (Collection of the fluorescence

 Separation of the fluorescence (signal) from the
noise (excitation light)

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLO 4 Y




BIDA UL Cin ~5, odliedl Lodprdnly AT A e e e T e T

Stacked UTAS system

excitation light

array generator
or VCSELs

microlens array

chemical chip

microlens array

& filter
detector array
UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLO 3Y
Transducers'99, Sandai (Japan) J.-C. Roulet June 7-10 1999

Microlenses on sealed capillary

| microlens
array

glass chemical chip o 310um

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOLO 5Y




Transducers'99, Sandai (Japam I.-C. Roulet June 7-10 1999

Chemical chip and microlens array
fabrication

cross section of a capillary

L. chemical chip
bonding

UV light

1l

I ] M:tgn f—————— %o Hm

_ 500x imt

2. photolithographic
process for

. microlens array
microlens layer T ———

3. melting process

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOL( 5Y

Transducers'99, Sandai {Japan) J.C Roulet June 7-10 1999

Beam splitting illumination system

Raytrace Simulation

Distances in we, horizontal z-anxis, vertical x-axis

s < 2.4mm > o6
3. 6 1mm /—n.r-
, : 10.28mm —» T
excitation] | =
-@.2+ ;
o0
1St m]CrO'IenseS Chemlcal Chip Wlth ()v'l!ldnc_:l,ltnses{NA—'ﬂ 22 Uyhindrical lenses (NA=0 19)
layer 2nd optical layer Y o BN
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Transducers'99, Sandai (Japan) J-C. Roulet June 7-10 1999

Beam splitting illumination system

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOL® 5Y

Transducers'99, Sandai (Japan) J-C. Roulet June 7-10 1999

Detection using microlens array

photomultiplier
Hamamatsu H5701-5

interference filter
CW = 670 nm BW = 40 nm

microlens fluorescence light

@ 310 . m

apertures //////////’\
@ 400_m DLILHIE

microiens

2 310 m excitation beam

4505 A=633nm
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Transducers'9y, Sandai (Jupan) J-C. Roulet  June 7-10 1994

Measurement results
(Ti =1/10 s)
collection with microscope objective collection with microlens

reservoir filled excitation reservoir filled excitation
Cy5 with D! water DIl water switched off Cy5 with Dl water Dl water switched off

oL

éﬂ\ E‘Dh ey o i Sz_
és : -gb, AR -: 1614’_
3 ' g I S
N i Loy | |

' I

' I

| . . l .

! ' N L

I [t T!m:l[!s] \a: I 0 Ir % } " Tim:‘[ja] T ,\m{ as
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Transducers'99, Sandai (Japan) J.-C. Roulet June 7-10 199

- chemical chip and optical = route to detection in closely

system integration packed microchannels

- 20 nM dye solution detection =P SNR =20 dB/Hz

- integration of apertures and =

field stops possible sensitivity improved

integrated optical systems with

- versatile technology '=> different elements

UNIVERSITY OF NEUCHATEL INSTITUTE OF MICROTECHNOL® JY g




Optical Nanostructures

® Zero-order gratings

® Fabrication of optical nanostructures

- optical lithography
- e-beam lithography
- self-assembling

® SNOM (scanning near-field optical microscopy)
® HRIM (high-resolution interferometric

Mmicroscopy)

@®imt

institute of microtachnology

| Diffraction theory for gratings
1 | m
I U

llumination

il

o
=
VI

e
-

i

16/12/99

rigorous diffraction theory

As>A

effective index domain
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zero-order grating

0.965

coer

151 order DE

0985

0.96

= <

S o < i
o =t w [
-~ om o o
T

T

0.5 0.6 0.7 3R:]
Alk

TE-polarization gjﬁlf =tg, +(1-1)g,

[83:]

Eeff
TM-polarization 1 £ + (1-12)
TE .
geﬁ 81 82
imt
institute of microtechnology
16/12/99 university of neuchatel
Optical lithography
1.0
0.8
248 nm 157 nim
0.6 Phase shifting masks m
= 05 Off-axis illumination 150
£ L ARC —
= 04 i-line E
g 365 nm % E
-g 03 Phase shifting masks %
3 Off-axis [llumination 80 -—
© o2 op surface imaging )
: w0 5
x
40
0.1
1986 1989 1992 1995 1998 2001 2004 2007 2010
Year
S. Wittekoek, Microelectronic Engineering 23 (1994)
imt
institute of microtechnology
10/12/99
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Interferometric recording

Photoresist
Substrate

A = N(2sina)

Transfer by
etching
r_I_|_J_|_I_I_l_|_l_\_| Subsirate

@Iimt

institute of microtechnology
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Gratings recorded in photoresist
@imt




33nMIsu| 13443YIS [ned
‘ADOojouLD3)oURN pue -0JD}I J10) Adojedoqe]

BAIND 421299 SAIND 431294 9AIND 421299
1940 pug J3PJO 5| JapJo ;0 piaeq )
‘4
A9 | abe)joA moT
m $3.1N}ONJJSOURN
m pue s2idQ pajea6a)u] Joy wAYSAS Ayde.aboyyq
! ' Ty “d
uojssasIdwod elep UL AJOA <=
sabpa yjoows Ajjedndo <=
saApuad Jo suobAjod Aq
- PaquISap JOU 3L SIAIND
ISIAIND 131299

paJinbads BuydmIs pisy ou <=
J3wade|dsiw abe)s 10) $23LsU3dW0I A|UO UOIDI|YOP Weayg «
(Das/unu g "xew)
yyed (Qubiedss 4o paaand) Buoje saaow abe)s ajdwes «
_2poul )

apouw (Od)) 1043u02 yjed snonupuod
Ul S9AIND-131Z99 Jo aansodx3

100} AydeaBoyli| weaq-a |-A1 NOITduL

— LNLILSNI 35H3HIS NYd &8

~ : LR LILSNI H3HEIHOS Nvd @M_ —~




SIno

win

$9.

Jajyuep wd | ‘xoadde

U Q:9W[) SINSVUXD @

w 20 0)
C1 WOy SYIPIMBUL|

n3onJys aull 000°Sk «

(Jaupsedydafoad -1 ‘0119313 YINNVE Aq pajuadjed)

Jajsew
NSIp Japodud Jenbue ue suonedijddy

(SYIPIM 3ul| |{e 10} G'¢ 0] 3SO0|D 3[2AI AJnp)
wu 01 0) umop BuISNI05aP AQ YIPIM UL JO |OI)UOD POOD) »

apow-)4d) U1 aul| 3{buls auo se pasodxa IUOZ |oeJ «

314 Ag JD WU O OjuU} paydle
VN WU 0S U] A3 G2 1@ pasodXa saunjand)s ajejd 3uoz «

waajpyed ajeld auoz jo ydeaboadiw WIs

~ LINLILSNE HIHEIAHIS 1NYd aﬁ-mm; -

| J
_ LNLILSNI H3HHIHOS NVd @




spinbi] Ul UOI}I3]3P UO] o
SJIOSUISOUNWILY o
10} 105UdS JIeLINS <= Wil dpINBasem

43j3woJ)>ads pazianjejunu <= yjbuajaaem s

:uo spuadap jeubis Jndino jo %A uojisod

IbUAjIAEM
wu 10 @ w | yybuad| i) <=

.uw..uxu..Ow.m ///
AN . P
a $3.1N1INJ4)S IUOZ QC? : sjensqns onsed

.m-—u_ M i

wiy spinbasem oIy Wil 002 ~ Lk
wiw | ‘Buoj W | :92IS WNWIXeW « T

oo+ T 3l

daap wu ool ‘pIm wu ool
$AANIONILS JSIArWS »

l 314 pue Aydeaboyyy weaqg-a
Aq

EE TR <l 11> 1S Woy apew sajejd auoz «

<bli> g

10 gy
AL LB

Z-W3ASD "3129 "1'N PUR B13Y20S f UNM uopeLoqe| 10D Ul

SJOSUS apinbHarem
J0J sbujyeab pad.aiyd :suonednddy

| H34HIHOS 1 = Avd N O,
ANLILSN nvd m W LNLILSNI H3HH3HOS Nvd @




‘ 4D U0 [17 P A NEo 5
{0 A4S AHD R e ) AJUO g e ou e
UDLITILI)S-76 DU NSIY NI YSPWU ) pue |y

v

RHINH UK IR 779 LA UN IRITRIR)
(oad pPad- v i zrenh ur Suneas pazeyg

wigos

el |

~b




What can you see?

Propagating

diffraction orders

Non-propagating
diffraction orders

Broadening due to

: finite illumination
-1 ! ——— Spatial
frequenc
-1I/A O UA /A d Y
A
-
I Grating

16/12/99

{} LI/} {} ilumination

i t
institute of microtechnology
university of neuchatel

Amplitude

Optical near ﬁeld]

I:xample of calculated near-field intensity distribution
1

z[um]

Chromium on glass mask: 50 nm layer,
T grating period, TE-pol & =633 nm

3
2
he rigorous calendated field 3
15 nol 4 binary funchon ot
c\’) Q5 1 15 5
E FIED)
15
The phase 15 not constam 5 M
msids the apertures 55}
rf\l N I N
DD a5 1 15 ]2 25 3 335
X m]

Intensity and phase in the output plane

1n/12/99

Exampie of phase dislocation

\

phase contour plet

Phase

Scan through the singulanty

[

xy

There is always a m phase
jump scanning through a phase
dislocation. The jump is sharp.

— « Juanf
rehel surface

Pasition of the phase dislocation
for different gratmg depths

parh A Not vel d phuse
hslocation

path 4 Notanvmore 3 phase

dislocation
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[Far-—ﬁeld phase dislocations after low-pass ﬂltering]

]
" NA =t 9 weey
23 E
= 5
L 1] e
£ e
A £ ' E
g RRE 4 -
o &
E 1.6 il e :
= ' f—%
. = | ]
~ 7 02 0.4 08 0B 1 1] o2 o4 LX) e 1
~ VI // y * [pm] % [Um] .
~ | Ve
ops Fided - il vt NA = 0.65 : 5 wavas
] a 3 e —
28 any/
@ £ ZEJ .
24 24
T 22 = Hﬁ ﬁ
E - 3 Z# ——
= n |-4__,_/——/—”//
. ‘l;_///_—
v et e vememe en s a et e s e 4 14 .
Measuring the phase in the far ficld , ,
- can give some information about " o % [im] o ° ' : o o “I o k
the geometry of the structure! *

‘ @imt:
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Lngh Resolution Interference Microscope -
-
PZT )
\ ' Magnification
Sanple '\ '
Mach-Zender interferometer
40 beain 3
expander 1
HRIM based on a Mach-Zender interferometer ! - CCD-pixel size: 10 pm
. - Object-pixel size: 10 nm t -
institute of microtechnology ,
1o/ 12/99

university of neuchatet \




SEM pictures

S L VANVANVANY
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measurement / calculation

2510 #3 TM A=.632um TM ninl 5n=1A=1.3um h=.41 NA=.8
e e = = = e e =7

o

§ T

IS

npm

fclel) ase
piral of the cod - camara

Ipixel of the ced-camera = 10nm A =1 3um h=0.41pm TM

n,=1.5 n=1 A=.632um NA=0.8

@imt
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measurement / calculation

znum

B.1C. #2 TE

il ™

r o s A "
50 100 150 20¢ 250 300 350 400 450 500 Bl
pixel of the cod - camera

@
-

1pixel of the ccd-camera = 10nm

h=632pm TE "\." 5 "l-‘ Az=1.833um hu.85 NA= 8

xin pm

A =1.833m h=0.65pum TE
n,~1.5 n=1 A=.632um NA=0.8
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Resolution

o

w
i

-
in

dnstance ot the singuianmes from a reference ong :npm

0

»

35

A=832 n =147 n=11=.48 TM bnary grating h=58 & .60um
T

measuremant PR 1

Mf—r-—“"\ 4
e

El 185 ] 2.08 z1 218
Anum

distances of phase singularities

in the far field of a grating
Az=60nm

16/§2/949

far-fieid of a diffusor

200 250 ao0 asn 400 450 500 550
pixel of lhe ced-catnara 1pixel=10.5nm

speckle
Ax=Ay=20nm

108 150
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Heterodyne detection system
for PSTM measurements

Pulunsatum
cuntroler

$i photo-
detector

91/9% Fibre
coupler

9% I+ 91% Iy

Fibee wjectun

AFM detector

AFM laser dhode

1 i 1 1 1

noa

FESTI L)

Mol i i | bt |

4%

Acousto-Optic

Modulators Fibre canhilever

-
il ool Wil

Frequency

AOM dniver

40000 M

Eimin g bty

generalor

Reference

[ ,,L " %
£;=70 kHz

Bent ceated fiber cantilever

16/12/99

AFM

Tapography

Recosd) Near-field optical

Ran(e) }

Amplitnde
Phase

. Why heterodyne detection?

- » Interferometry for phase measurements.
: » Low signal detection.

| s
L rer 7> Popj = SNR:“ﬁ' "ob

1 » Sensitive detection method.
{more than an avalanche photodiode detection)
h —

institute of microtechnology
university of neuchatel

Evanescent standing wave field

Measurements with transparent AFM probe

-
Detector
‘B—Fi’ ? Laser duode
Ll @ beam
AFM detecior +
A

aw data

Ay ==t=—= 219.1 nm Agp = 220mm tlnm &

exp

A= 633 nm

16/12/99

Sinuserdal Ny

Smoothed data

g="72°%1°
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ol 4

Amplitude[au]

Amplitude and phase measurement of

evanescent standing wave

Ampitude
Fhase

phas e [-x 4]

@imt
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16/12/9 university of neuchétel
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Amplitude and phase of evanescent
=
standing wave
Amplitude field { TE Mode, 81inc= 71°, 92mc= -69°, A= 532 nm)
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1 ym grating at normal incidence

TE-mode TM-mode

Ampitude Arnpitude

RIS "
a2 —
3 s 2
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%0 su.
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