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Course agenda

Day Time Instructor Topic
Tuesday * Micro-optics: Theory
14.11.2023 13:00 — 16:30 Caglar Ataman * Micro-optics: Devices and
Room MC B1 303 applications
Wednesday « Micro-optics: Devices and
15.11.2023 13:00 - 16:30 Cagdlar Ataman applications (contd.)

Room MC B1 283 * Micro-optics: Fabrication
Thursday « Optical MEMS: Actuation and
16.11.2023 13:00 - 16:30 Cagdlar Ataman dynamic modeling

Room MC B1 283 * Optical MEMS: Devices

Friday *  Optical MEMS: Applications
17.11.2023 13:00 — 16:30 Caglar Ataman * Optical MEMS: Emerging topics
Room MC B1 283
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Course content

* Part I: Micro-optics
— Introduction
— Theory
— Devices and application
— Fabrication
— From micro to nano

* Part Il: Optical MEMS
— Introduction
— From static to dynamic
— Devices
— Applications
— Emerging topics

*
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Where do | come from?

Rostoct

* University of Freiburg founded in 1457

+ Department of Microsystems Engineering
— Founded in 1995
— Germany’s largest MEMS institute

» 25 Laboratories

+ Over 370 research, teaching, and technical staff e T —
.Freibuvg

Hamburg

Berlin®

* Hannover

* Dortmund
*Ksin
*Bonn D

*Leipzig

* Frankfurt

Minchen

* 550 microsystems engineering students

* Microsystems for Biomedical Imaging Group
— Multi-modal endomicroscopy, adaptive optics, rapid prototyping and in-situ
manufacturing of freeform optics, 3D nano-printing of optical MEMS

Basel CH

.
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© Fraunhofer IOF
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What is micro-optics?

* Optical components and systems with sub-mm and sub-um features
» Unlike traditional optics, micro-optics are
Comparable to wavelength of light in size;

Can be free-space or on-chip/integrated
— Not manufactured through grinding and polishing;

Compatible with wafer-scale manufacturing (mostly);

Conventional optics Wafer-level micro-optics
—

© SUSS MicroOptics

.
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Scaling down optics

<
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Brief history of micro-optics

BC Scratch-o-grams
1785 Rittenhouse
1882 Rowland
1910 Wood
'é>'. 1948 Gabor
£
E. 1962 Leith/Upatnieks
-3
g, 1969 Lohmann/Brown
;0 1972 D’Auria/Huignard
1975
~ 1983 Gale/Knop
2. 1985 Arnold
£ 1989 Swanson/Weldkamp
£ 8 1994 Lee/Daschner
- o
1995 Potomac
1998 Canyon materials
2002 boc
2004 ucsb
< 2005
2008
2
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Gratings made of hair

} Ruling engines

In-line holography (phase objects)

Off-axis holography and HOEs

Synthetic holography (CGHs)
Optical lithography

CNC precision diamond ruling/turning

Direct analog laser write in resist
Direct binary e-beam write
Multi-level optical lithography
Direct analog e-beam write

Direct analog excimer laser ablation

Greyscale masking lithography
Stacked wafer scale (backside alignment)
LAF greyscale masking

Nano-imprint / soft lithography
Direct nano-write (fringe writer, two photon, ...

8 Micro-605: Optical MEMS and Micro-Optics
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Micro-optics: pros and cons

*  Why are they great?
— Manufacturing of large arrays;
— Much larger design freedom;
— Low-cost, high-volume manufacturing.

*  Why are they, sometimes, not so great?
— Small apertures limit resolution
— Complex manufacturing techniques
— Considerable upfront investment

.
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Micro-optical components

Free-space

=

diffractive optical

microlens array optimized grating

element
Integrated
grating coupler integrated optics fiber optics

*
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Ancient micro-optics: Chinese’s magic mirror

*
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MLAs for beam homogenizing in DUV lithography

BEAM HOMOGENIZER
* Method developed in Neuchstel
— H.P. Herzig and his team
* Homogeneous illumination from
inhomogeneous light sources

MLA
AT TOP

SOL

© Siss MicroOptics

with homogenizer without homogenizer

© Suss MicroOptics

*
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MLAs for automotive lighting

MICRO-OPTICS HEADLIGHTS SUSS, MicroOptics

Headlight

Module

Different apertures per channel
'SUSS MicroOptics h

Module, exploded view

.
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Micro-optics for consumer electronics

© Apple

*
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Microlens arrays (MLAs) for image sensors

] I
Metal wiring | i (1]
|

Metal wiring

Substrate

Micro-optics I - Introduction
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Micro-lenses

]
Metal wiring |l
|
Metal wiring

Substrate

© OPTO Engineering

Micro-605: Optical MEMS and Micro-Optics
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Diffractive Optical Elements (DOEs)

© NIL Technology

€.
IMTEK®

Micro-optics I - Introduction

© Zeiss

Lines, Dots, Matrix or
Random Patterns

Micro-605: Optical MEMS and Micro-Optics
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DOEs for 3D imaging

iPhone X dot projector

.
od
gw\m« Micro-optics I - Introduction 17 Micro-605: Optical MEMS and Micro-Optics o= [P g

Wafer-level micro-optical systems

OPTICAL COMPONENTS OPTO-ELECTRONIC COMPLETE SYSTEMS

WLO WLS WLI WLM
Wafer Level Optics wmp Wafer Level Stacking mmp Wafer Level Integration msp Wafer Level Module
8" wafers Reflowable Black Materials Injection molding
Custom Substrates or Foils Precision Stacking Spacer Wafers Shielding
Nanometer to Spacer Technology Stack Optics on PCBA's Software
Millimeter Features Assembly

$SHEPTAGON™

*
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Metalenses: A new way?

* First developed by the F. Capasso
group at Harvard

* Subwavelength dielectric structures
— Effective index modulation
+ Discrete phase shaping!

— Can still be considered as diffractive
*  Why not just use diffractive optics?

— Single patterned layer

— Simple mold manufacturing I

Conventional

.
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Resources

* H.P. Herzig, ed., Micro-Optics: Elements, Systems, and Applications
(Taylor & Francis, London, 1997).

* ). Turunen, F. Wyrowski, eds., Diffractive Optics for Industrial and
Commercial Applications (Akademie Verlag, Berlin, 1997).

+ S. Sinzinger, J. Jahns, Microoptics (Wiley-VCH, Weinheim, 1999/2005).

» H. Zappe, Fundamentals of Micro-Optics (Cambridge University Press,
2010).

+ S. Kawata, M. Ohtsu, M. Irie, eds., Nano-Optics (Springer, Berlin, 2002).

* S. V. Gaponenko, Introduction to Nanophotonics (Cambridge U. Press,
New York, 2010).

* L. Novotny, Principles of Nano-Optics (Cambridge, 2012)

*
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BASIC OPTICAL CONCEPTS

.
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Coming up next....

» The wave equation and its solutions
— Plane and spherical waves
— Gaussian waves
* Interference
— Interferometer & interferogram
— Spectral width and coherence
 Scalar diffraction theory
— Fresnel and Fraunhofer approximations
* Quantification of optical performance
— Point spread function and resolution
— Modulation transfer function

*
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THE WAVE EQUATION AND ITS SOLUTIONS

*
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€. ooicn T =PEL

Wave Equation

» Equation defining the time and spatial variation of either the E or H fields

* Using Maxwell’s Equations, one might derive that

g L 0°E
v 512
* The general solution is in the form
1. . 2
E(r, 1) = Bye /Tt k= Tu,

+ ks the wavevector for propagation in the r direction
+ Solutions of the wave equation define a propagating wave
+ Solutions to the Wave Equation in homogeneous media

— Plane waves

— Spherical waves

— Gaussian waves (approximate solution in the paraxial regime)

.
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Meaning of k and ©

s (Fkzzot)=¢
— ¢ is a phase
— Spatial constant k = 2m/A = /v
— Time constant o = 2mf

, ot =271, kz=2m
time, t distance, z
Snapshot in space Snapshotin time
.0
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General 3—dimensional waves

* In one dimension (z)
_F . alttaik
E=E, -e™e X
* In general
rr=x’+y’ +7°
— 3D wave equation Kk
2 2] 2, 2,
X~ ady” 0z V- ot
— 3D wave

A4

—j(ka+kyy+kZz) —jkr

_ jot _ joot
E=Ee"e =Ee"e

* k and r are vectors where |kl = 2n/A

+ The wavefront is the surface of constant phase

.
L
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Spherical waves

* A point source uniformly emitting in all directions
*  With ras the radial distance from the source

By .
E(r) = =2 e Jkr
r

+ Surfaces of constant phase form concentric spheres

*
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Plane waves

» The source is at infinity
+ All wave vectors are parallel
*  With propagation the z-axis

E(z) = Ege /%

* This is an idealized case, as no wave is of infinite extent

@ source

-

.
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GAUSSIAN BEAMS: PARAXIAL SOLUTION OF
THE WAVE EQUATION

*
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Paraxial Helmholtz equation

» Special case: paraxial waves, z direction
— Normals to wavefront are paraxial

E(r) = (r)e ™

— Envelope y(r) varies slowly with z, so

2
6_1p<< ZkB—wz
9z° 9z

Gaussian Beam

— Yielding the paraxial wave equation:

2 2
TV, 0 _ g
X" ay 9z

— Solution is a Gaussian wave: R

*
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Gaussian Beams (TEM,,,)

» Approximate solution to the wave equation in the paraxial regime
* Accurate description of laser beam propagation and focusing

Radial phase factor

i H if i
i = xzﬂ/z“ JkO 4y b —j(kz—arctan(i))i
E(r) =iEy e w@le 2@ e R ))
Lwe | |
Amplitude factor Longitudinal phase factor
z=0

—

p
z Phase advance

with propagation

*
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Gaussian Beam Characteristics

. .
Observations Gaussian beam intensity profile

— Flat wavefront at the beam waist
— Tight focusing — Short depth of focus I(r) = |E(M)|? = [Oe—ZrZ/WZ

— Weak focusing — Long depth of focus

Envelope i
—— Wavefront S
- — = Intensity profile
...... Radius of curvature

wy = Beam waist | z,. = Rayleigh range | R(z) = Radius of curvature

.
L - -
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Gaussian Beam Width

Two common definitions
— FWE2: The diameter at which the beam irradiance
(intensity) has fallen to 1/€*(13.5%) of its peak

— FWHM: The diameter at which the beam
irradiance (intensity) has fallen to 50% of its peak

wy = Beam waist defined in FWE2 o
direction

of propagation '

We will frequently refer to this in
— Imaging systems

— Display systems

— Spectrometers

— Optical interconnects

Diamete

1/e2 diameter 13.5% of peak

/

FWHM diameter 50% of peak
J

r of a Gaussian beam

*
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Rayleigh Range / Depth-of-Focus (DoF)
2wy ’\
| 2
0=20==—
\ W,
T<— ZR
w(—2g) = V2w, w(zg) = V2wg
+ Rayleigh range (zp)
— Distance over which the beam radius spreads by a factor of \2
* Also called Depth of Focus
+ Trade of between DoF vs. resolution
. kw _ Tw?
2 A
*
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Gaussian Beam Propagation

laser ;I;narwavefront — |
z=0 2wgl2 T \
planar wavefront / /fff{f{,ﬁlf—v--“"/ |1\
\\\ T »;' | | “ \
Gaussen |y, 1T ) \ |
profile ‘/’ # - 7i;;;;;;r‘;;£¥; L “ ‘ J /'
Y 2wg Y, R S hi | ’/\
“"“R — IRy v
maximum curvature =, IlIF _Gauss_'a“
( intensity
| profile
» Good approximation for Beam half-width

— Laser propagation 712
— Propagation after single-mode fibers w(z) = wp\/1+ (z_)
* Beam waist expands with propagation K

 Radius of curvature Radius of curvature

— 0o@7=0 R =z|1 ZR\2
— max @ z= z (where RoC = 2.7) A=z L+ (7)
- 0@z=®
go‘ ) . -
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Gaussian Beam Propagation

» Two parameters are enough to define the beam
— Beam width at a certain location
— Radius of curvature at that location
*  We will use this result to see what happens to a Gaussian beam after a
lens

| | Beam waist
| z | w

\ Wo = ———

\ 2

\ T[W2
/ 1+ (—AR )

Location of beam waist

___—-~\\\\\\\\\\\N/ R
l Z=""""3
/ 1+(AR)

nW?

2wy

=
—~
N
<
Il
=]

.
L
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Beam Waist vs. Far-field Beam Width

100
3
£ 80
g
=S 60
o
T,
e 40
5
o 20
©
c
[ 0

0 1 2 3 4 5 6 7 8 9 10
Starting Beam Radius wo (mm)
Beam radius at 100 m as a function of starting
beam radius for a HeNe laser at 632.8 nm
Micro-optics IT - Theory 37

Imaging of Gaussian Beams by a Lens

Lens phase:  A(r) = e 77

r2 r2 r2 1 1 01
Phase after the lens: kz + kZR(Z) - k; =kz+ kﬁ == 7
Beam width after the lens: w=w'

€.
IMTEK®
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Gaussian Beam Focusing

* For a lens at the waist of a Gaussian beam: Lens at the beam waist

14 (o) e

/ \ T
o \ /
zZ= 2
1+ () P
. Special case: zg >> f Focusing a collimated beam
A N i
T ZR>>f—>‘<—Z_f>‘
Wo nwof g
// \\ 2w’
Zxf ¥i :
“‘\ / T
\/
L
)
Rs 2wy -
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Gaussian Beams - Recap

* Accurately models beam propagation
— Laser beam propagation
— Beams emanating from single mode fibers

» Trade-off between “spot size” and “depth-of-focus”
— Tight focusing leads to large beam divergence
— Depth of focus increases alongside the beam waist

* Alens:
— Madifies the radius of curvature
— Leaves beam width intact (assuming no clipping)

.
L
6"““'« Micro-optics Il - Theory 40 =PrFL




INTERFERENCE

.
L
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Optical path difference (OPD)

* Product of the geometric length of the optical path followed by light and
the refractive index of the medium

*
23 . o rpre
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Interference

A\

Arises from the wave nature of light

A\

o Constructive Interference

0 Destructive Interference

A\

Observed in all types of waves

v

Resultant Wave

Superposition of two or more waves with a well defined phase relation

Interferogram: interference intensity profile as a function of path difference

wave 1 DA AN AN NN
\VALAVALVALVARV,

VvV V V V \V
Wave 2 JANIVANIVANVAN

JANIVANVANVANVAN
vV VvV V V VvV VvV V

Constructive Interference Destructive Interference

*
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The Interferometer

Amplitude/Wavefront
Division Interference Detector
///7\\\ //h\\ //7 \ ///7\\\
(S >/ i D)
N N S N N
Source
P
o~
N
Phase Delay

> Amplitude division interferometers

> Michelson, Mach-Zehnder, Twyman-Green, etc.
> Wavefront division interferometers

> Young's double slit interferometer
> Multiple beam interferometers

> Diffraction gratings

> Fabry-Perot interferometers

.
od
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Amplitude Division Interferometers

OPD: p =2Ad =1/2
Ml\\
M, — OPD: p=2Ad =0
source @ I source @ I
beam M beam M
splitter z splitter :
1
CCD

> Applications
> Surface characterization / 3D Profiling
> Spectroscopy

» Laser Doppler vibrometry

*
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€. ooicn T =PFL

Interference Theory
> When multiple waves are superposed, the complex amplitude is given by
Ex,y,2,0 =) Eilx, 5,20

> With two waves, the time-averaged interference intensity is

2

>= (IE1l*) +(|E1*) +(E1-E3 ) + (E{ -Ez)

S—— ——
i L

> Now assume we have two linearly polarized monochromatic waves:

I(x,y,2,1) = < Y Ei(x,,2,1)
i

Er(x, 2,0 = Bs(x, 3, 2, g5
> The interference intensity now becomes:

1(x,y,2,0) = I + L + 2(A1 - Ap) cos (w1 — w2) t — AP(x, y, 2,))
L J \ J

Dot product! <«— — Beat frequency

*
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Interference and Interferogram

> If F and E, are

a Of the same wavelength A and wavenumber ¢ = 1/A

a Of the same optical frequency — w; = w, = w

O Linearly polarized and parallel — AA,= /1,1,

a Of optical path difference (OPD) of p — A =2mp/A = 2npo
> The interference intensity becomes

27p
I(p)211+12+2 11]2COS(27'[0’[)):II+12+2 I I, cos T
l_'_l
Fp)

p )
<A At A
4 . 4
. v
o . = =
€. ooicn T " =PEL

Interferogram and Spectrum

> If f and Eare
> from the same non-monochromatic source with power spectral density B (o)

> of the same amplitude
I(p) = /DC B (o) (1 + cos (2mop)) do
0
= /X B (o) +/X B (o) cos (2mop) do
0 0

oC
— j+/ B (o) cos (2rmop) da
0

F(p)
> F(p) is the interferogram.
> B (o) and F(p) are therefore Fourier pairs:

F(p) = /j;B (o) cos (2mop)do (W)

B(o) = [zF(/))(‘os(Qrmp)dp (U"/mn*l)

*
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Interferogram and Spectrum

oY)

F(p) = J B (o) cos(2map)da (W)

Flp)

AL
VUV

Interferogram

Fip)

A

n {\ﬂ ﬂ N P Fourier

Transform

A

*
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B@) = [ F(p)cosnop)dp W/, )

Fourier
Transform

o

B(o)

Monochromatic Source

.

Spectrum
4 B(o)

Broadband Source

LN

Temporal Coherence and Coherence Length

> Temporal coherence tells us how monochromatic a source is

0 Laser — High coherence
a White Light — Low coherence

» Coherence Time:

ATAw =1

v

Coherence Length:
Al=cAt = c/Aw

» Measured with an interferometer

@" M Il - The
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SCALAR DIFFRACTION THEORY

*
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Scalar Diffraction Theory: Basic Approximations

Maxwell’s equations operate on vector quantities ANV
Scalar wave equation is obeyed if the media is NAAAAAY
. AN N
0 Linear ANV
a Isotropic and homogeneous W

0 Nondispersive and Nonmagnetic
Boundaries do not normally satisty these condlitions
Good approximation in two conditions:
Q The aperture must be large compared with a wavelength.
0 The fields must not be observed too close to the aperture.
> Our treatment will not be useful for
0 Subwavelength gratings
a Photonic crystals

0 Waveguides and dispersive media

No polarization nor edge effects

.
L
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Complex amplitude transmittance

* Thin element approximation
— Model elements as a spatial amplitude and phase function
— No edge effects

Ax
k &
—_— |
an Uout (%) = t()Upn (%) |z=0
transmittance: t(X) = e~l®®)
. 21
with ®(x) =d(x)(n — 1)(7)
X
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The Huygens-Fresnel Principle

ik
exp(7kroy) o aean
0

u(ey)=5 [ [uEn ==

r01=\/zz+(X—f)2+(y—Tl)2

.
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Fresnel Approximation

> If 8 is within the paraxial region

> Then, the Huygens-Fresnel principle becomes
uen)=2 [ [ vien {igzlie-02+ -]} aca
Xy "1z ) ) »1]) €Xp ]22 X y=n n

> After factorization of the exponent within the integral

ejkz

:—efz—i(xzwzlffoo {U(n) e/ £ s G gy
jAZ —00

FourierTransformation

*
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U(xy)

Fraunhofer Approximation

> If the following stronger (Fraunhofer) approximation holds

k(fz + 772) max
z>—

2
> The Fresnel approximation becomes
jkz pj 4 (P +y?) oo S
N

> Which is the Fourier transform of the input aperture function evaluated at

fx=xlAz, fr=ylAz

2D?

A\

A

6” M tics 11 - Tt ¢
MIEe  Micro-optics eory 56

In practice, this approximation holds if Z = —— (D: aperture size)




From Fresnel to Fraunhofer

Fresnel number

S S SN :
=== &

i
_T_

|
—
N

Incident
plane wave

o

—

Propagation along z

.
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From Fresnel to Fraunhofer: Circular aperture

0,3 mm 16 mm 38 mm

12 mm 20 cm

16 m 1,5 m

Lehrbuch zur Experimentalphysik Band 4: Wellen und Optik

*
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Fraunhofer Diffraction Examples

SIGHAL plane wave

NAANE o1 1™
AVAVAV

3GUARE sinc function r
PULSE {continuous)

-aj2 af2
period

.
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Fraunhofer Diffraction Examples

TRIANGULAR |
PULSE sincZ
[square pupll
' H
GALISSIAN
PULSE n Gaussian n
FT
I +— T
]
descrete point
SAUARE WawE I I I pattern in sinc _
function
envelope
FT Il
A
— % ¥
o* -pr-
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Limits of scalar theory

Grating ( I w I Wﬂ ” [‘“
L (iR
/ {H ‘f\,‘ .ﬂ ;.f\ .h .f
I LI lllwhj/] l“']‘\” \lul H\ } HMML HJ\J{H}/WWLUIJ

.
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Scalar vs. rigorous diffraction

> Scalar theory breaks down when A~A
> Rigorous analysis based solving Maxwell’s equations
> Needs numerical methods

> Polarization effects are included

0.9 e m=0
——m=1
< f—t— =2

— - = Scalar

0.15 4

0.10 4 ——TE
[===TM
[= - =Scalar

0
Diffraction efficiency of Ist order

0.0 M, B o e o 0.00 —————————
1 2 3 4 5 6 7 8 9 U 1 2 3 4 5 6 7 8 9 10
Grating period S/h Grating period S/

Appl. Sci. 2021, 11, 6897

*
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QUANTIFICATION OF IMAGING
PERFORMANCE

*
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A Thin Lens as a Fourier Transformer

> Let’s see what happens after a lens
> Aperture illuminated by a plane wave
> Aperture placed right before a lens of focal length fand diameter D

> We are interested in the profile at the focal plane!

input aperture: t,(¢,m)

---_J

> The lens adds a phase function

_ike2 o
ta (En) = ta(E,me /27t

*
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A Thin Lens as a Fourier Transformer

> Rewrite the Fresnel integral after the lens

jkzgig (P +y") o oo . , .
Uy (x,y) = %f‘[ tA(E,n)e_]2£f(52+’72)elﬁ(‘fz+flz)e*]i—z(xﬂyn)dgtdn
—0oQ|

Aperture after lens

> To find the profile at the focal plane, evaluate at z= f!

. . i, 2|
kf ,izp(x*+y oo ;
el*le'2f 2 x4y
—7ff Ata,me i gean
JAS -0
Quadratic Fourier Transform of the
Phase Function Aperture Function

> Thus, a lens is a Fourier transformer!

.
138 ) ) R (= = L=y
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Diffraction-Limited Spot-Size / Airy Disk

> Theoretical limit on imaging system performance
> Aberration-free performance
> Sets smallest possible spot size

> Assumes plane wave illumination

> Beam size is limited by lens aperture

> Notice the size bands! George Biddell Airy Ernst Abbe

1081- 1892 1840 - 1905
intensity 1
=1 ZZAf =0.61 A
el R 7
: R Airy disk pattern
position

.
SN e
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Diffraction-limited spot size vs. Resolution

> Diffraction limits system resolution

> Remember! Lens is a Fourier transformer!
. . . A
> Rayleigh criterion: Ax= 061~

2
> Abbe criterion: ~ Ax=057%

intensity

intensity

2
Ax=061—'
NA

*
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Quantifying Imaging Performance

Imaging
Point Source sysgem PSF
A

B
v

> Point Spread Function (PSF)
0 Impulse response in incoherent imaging
a Defined by the diffraction-limit
a Tells how well a point source is imaged

O Acts as a smoothing spatial filter

> Modulation Transfer Function (MTF)
a Frequency response in incoherent imaging
a Contrast vs. spatial frequency in [cycles / mm]

(1) MTF
06 (2)

Object

o
=

(3)

0.2 (4)
IIII IIIIII |||||||||||||- °

spatial frequency [cycles / mm]

Contrast

*
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PSF vs. MTF (For Incoherent Imaging)

> MTF = Re(F{PSF})
a Small PSF— MTF falls off slowly

* Good image resolution (system 1)

O Large PSF— MTF falls off quickly /'
System 1

Object

\S{ystem 2

Aberrated PSF

* Poor image resolution (system 2)

» Q: How would the MTF and PSF of
a perfect optical system look?

Diffraction-limited PSF

1

AN

0.8 AN N -= MTFsySIPm1
_ 0.6 N N I MTFsystemZ
3 N
“é 0.4 8 . Dl i YIS @ oy ST Aberrated \I,
S} 7
O 2

0.2 ¢ \\\// \ \ ///

0 s & k /

0 100 200 300 400 500

spatial frequency [cycles / mm]

350 .
MrEke  Micro-optics IT - Theory

Wavefront Error and Aberrations
AW(xy)

- = Aberration

-
w
b4

Aberrated Reference
Root-mean-square JI AW (x, y)2dxdy
WErmus = |0

wavefront error [f dxdy

» WEgps: Deviation from an “ideal” wavefront
0 Quantitative measure for aberrations

Astigmatism

> Diffraction-limited performance criteria
O Marechal criteria: WEgys< A / 13.4

O For more sensitive applications: WEg,s< A / 50

e” M tics Il - The
ke Micro-optics eory

Arbitrary




Modelling aberrations: The Zernike Modes

> Orthonormal set of basis functions defined on a unit circle
> Any arbitrary wavefront can be represented as a linear combination
> Coincides with fundamental aberrations

' PN
zz‘ ’Z,‘ 7, Yy
Zs\ ’ 2z, Z L, e
— LI »
£ -
2 I )
Zg\ & ’z-; zy\\./Z'; z, L L, LWL
y - \ / .\ ( ) ./ \‘
. »
ACARCTAN O LS R
.
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Theory- Take home messages!

> Gaussian Optics
O A paraxial approximation
0 Depth of focus and spot-size are correlated
> Interference and Interferogram
O Interference is the superposition of multiple beams
0 Coherence length of a source is related to its spectrum
a Interferogram and spectrum are Fourier pairs

Diffraction - Fourier Optics

0 An aperture profile and its far field diffraction pattern form a Fourier pair
a Alens is essentially a Fourier transformer
a Diffraction puts a limit on the resolution of an optical system

0 Quantifying Image Performance

a Point spread function (PSF) and modulation transfer function (MTF)

Q PSF and MTF are Fourier pairs

Cime oot EPFL
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DEVICES AND APPLICATIONS
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Devices and applications

Refractive microlenses
— Fresnel lens

— GRIN lenses

— Microlens arrays

Diffractive microlenses
— The diffractive “Fresnel” lens

Diffraction gratings
+ Case study: How to solve a diffraction problem?

Diffractive optical elements

*
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Microlenses

Refractive Diffractiv Metalens
e
Nature Communications, (2020)
11:1991
o* -
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REFRACTIVE MICROLENSES

*
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Refraction

n1(x) sin 6, = nz(k) sin 6,

.
od
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<
1

Refractive lenses

* Smooth curved surfaces
* Volume (and weight) grows rapidly with aperture size

* Focal Length

1 (m)\(1 1
~6)e)

* Refractive power

Vw. * Lensmaker’s formua
C [¢

—— 1.1 1
Ry <0 v =—4+—

f Si So
5, Object distance
5 Image distance

*
. ) ) ) ) ) -pr-
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The Fresnel lens

» “The invention that saved a million ships”

(a) Plano-convex lens

* Independently invented by Georges-Louis
Leclerc and Augustin-Jean Fresnel
+ Lighthouse lenses with
— Large aperture
— Short focal length
— Low mass

* d >> A = not diffractive!

AR

https://commons.wikimedia.org/w/index.php2curid=150664
.
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Beam shaping on fiber-tips

Gold
mirror

Huminaton

Cuser Port

Single-mode
optical fiber

Insertion
funnel 125 um

-~

.
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Gradient-index (GRIN) optics

Affects the optical path by varying
the index of refraction within the
lens

Fabricated by ion diffusion
Ultra-compact lenses with flat
surfaces

— No grinding & simple surface

polishing
— Coqtrol o aber(ati,@w);zt rough the
ot

Applications

Photocopiers & scanners

Optical communication networks
Endoscopic imaging

— Neuroscience & optogenetics

od N . . L
MTEke  Micro-optics IIl - Devices and Applications 81
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SGRIN

© OptoSigma
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GRIN optics for neuroscience

A i
HC-920
assembly
TFB
v 1 To detector
5
g '
[l
S
8 Dichroic
13 o mirror
E & 3
© 3
o
I
] g MEMS
e | 1777 Photons v
. ¥ lens
e B
E Stitching
¢ 1.5 mm Baseplate adapter
-
1 o .Y Objective
Fluorescence 2 _{i :
a 3
— 8 i@
S ~
T 18
8
38
€.
icro-opti and Applicati 82
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Glass MEMS
membrane Polynier piezo 9i 10 20; 30, 140750
Voltage (V)
Three interchangeable objectives
V' boas D0254 D0277
GRIN
Coverglass Prism

Cell 185, 12401256, March 31, 2022

EPFL
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Microlens arrays (MLAs)
» Applications * Fabrication methods
— Digital photography and IR imaging — Reflow
— Retinal scanning displays — Grayscale lithography
— 3D and integral imaging — Nanoimprint lithography
— Source-to-fiber light coupling — Injection molding
— Automotive lighting — Wafer-level imprinting
— Laser beam shaping — lon diffusion
— Illumination optics — Femtosecond laser ablation
— Optical switches and cross-connects — 3D nano-printing

,?;ﬂ" -
-
77

&

*
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Shack-Hartmann Wavefront Sensors

Ideal for characterizing continuous wavefronts
Key component in many adaptive optics systems

— Astronomy
— Ophthalmology
Laser beam correction

€.
IMTEK®

Micro-optics 111

~ Devices and Applications

Plane Wavefront

L
[ )

Microlens Array Defector Array

Distorted Wavefront

O .

O .

O i

O .
Microlens Array Detector Array

Micro-605: Optical MEMS and Micro-Optics o= [P g

© Edmund Optics

60

*
IMTEK®

Fly’s eye beam homogenizer

LA
Focal plane Relay lens
L a "
—— e ’/’_"/’7[ Display surface
=i ]: H
A # p

Micro-optics 111

Devices and Applications

Micro-605: Optical MEMS and Micro-Optics

Li et al., Appl. Sci. 2020, 10, 4569

EPFL




Fly’s eye beam homogenizer

» DUV Lithography, automotive lighting, laser machining, etc.

Detector

LA1 LA2 Relay lens

Relative intensity
Relative intensity

Li etal., Appl. Sci. 2020, 10, 4569

*
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3 Micro-optics I11 - Devices and Applications 87 Micro-605: Optical MEMS and Micro-Optics E PFL

IMTEK®

Automotive lighting: light carpets

* Micro-projector array with double-sided MLAs

+ Combines beam homogenization and imaging

*  Wafer-level imprint manufacturing in Neuchatel!

*  Chromium mask with slightly different image for
each channel

* Overlapped projections form an achromatic, long
depth-of-focus image

© Suss MicroOptics

Chromium mask

*
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Automotive lighting: Precision headlights

Aperture layer to generate grayscale

Photometry

Different aperture shapes in each channel

High contrast with > 2000 individual projectors

Modular construction

Less weight compared to conventional systems
- Combination of several benefits

(Modular, Slim, lightweight, High Contrast, High Efficiency)

© Suss MicroOptics & Lucid Motors

*
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DIFFRACTIVE MICROLENSES
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Refraction-
dominated system

*
od N . . L
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Refraction — Diffraction

Diffraction-dominated

system

o1 Micro-605: Optical MEMS and Micro-Optics o= [P g

The diffractive “Fresnel” lens

ideal “Fresnel” profile

Th

A\

refractive lens profile

n; = index of lens
YA
ky =21/ A,

*
od .
& MfEke  Micro-optics III - Devices and Applications

index of ambient

2n
4n
61
8n

OPD =17

Diffraction Zones =

-

incident
wave

diffracted
wave

D(r) = kong, (f —yr? +f2)

92 Micro-60s: Optical MEMS and Micro-Optics o= [P g




The diffractive “Fresnel” lens: Profile

Constructive interference of each zone on the optical axis
*  Focal length defined by the geometry of the zones and A,/

*  With r,, the radius at the
beginning of zone m, we have

- |
el
|
P

T+ 2= (f + map)?

3 33

* Focal length in the paraxial
regime

2

N f= Tm
§ X zmﬂ.o
—~I L}

<>

« Radii of consecutive zones

~
<

(x

Tm =~/ 2mAyf

od
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The diffractive “Fresnel” lens: Implementation

- e e e e e e -
W T T T T T ~ -
e e e e e e e e e e e e e e e ol -
R SR St EN
P e e e e e e e e e e e e e N e A e e

*
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Diffraction efficiency vs. wavelength

— Continuous surfaces
: 2-level
] ——— A— : Llovel

o o
IS o

Diffraction efficiency

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Wavelength /pm
.9 . /. diffraction order
1 . L, sin[r(a—1i)]
=—5-sinc*| - | - ————% L: number of levels
L2 L) gp2|ma=i .
T a: AO/A
.IMTEK‘ Micro-optics IIl - Devices and Applications 95 Micro-6os: Optical MEMS and Micro-Optics EPFL
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The zone plate

The simplest form of diffractive lens
Consecutive opaque and transparent zones

Constructive interference of the transmitted
light on the axis

Applications
— X-ray optics

0 Vi 2B .0

lon Beam Milled Fresnel Zone Plate

/5




Multi-order lens (MOD)

*  Combines refractive and diffractive

characteristics .
* Multiple waves of phase shift at each j /\/WT\[\N\

zone -> multi-order PR nononT

Waves

» High efficiency at multiple
wave | € ngth (a) Conventional

Diffractive Lens

1.00 /\ /\ ] /

075 # 5 %
g
2050
S
H I V ] ( (b) Multi-Order

'_.»" Diffractive (MOD) Lens
025
N,
y
000 +=
400 450 500 550 600 650 700
Wavelength (nm) E .
——p=10 - - Photopic - Scotopic
© Apollo Optical Systems
*
.
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Dispersion of diffractive lenses

A A A

N A
fo fo 1 f@) = fo

intensity

*
* . o . N .
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Abbe numbers of diffractive and refractive lenses

Refraction Diffraction

blue
red
reen
green 9
blue red

i n(,—l ] s

i =— Vo o d
A6, = TN a2

Aq=587.6 nn
Ap=486.1 nm
Ac=656.3 nm

*
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Refractive vs. diffractive dispersion

Refractive Diffractive
Abbe number: _ n(h) -1 B A
VT h(n) —n(hy) VaTh ooy
A, =587.6 nm
A, =486.1 nm v, =80to20 vy =-3.45
A3 =656.3 nm

< =~
=< =<

*
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Hybrid achromats

refractive
only
(a) /

diffractive _—} R Gl B
only
(b)
refractive /
diffractive hybrid n G
C
© =
B

Refractive and diffractive
dispersion cancel each other out

C Cai
Zref + Zdiff =0
Uref  Vdiff
Refractive powers add up

Chybria = Crer + Caify

Effective focal length
111
fryvria  frer  fairr

*
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Multilayer diffractive lens
* Developed by Canon to achromatize efficiency
» Two equal-period diffractive lens with
— Different step height
— Different material
+ Commercialized around 2013
1.0 ./'\;/';__
0.8 q
)=sin ¢2 (01
-}
I & 04 1
d, 1)-1 )1
n, () 0z = d‘—"‘(; - dz_n2<; |
0 T T T T T
400 450 500 550 600 650 700
Advanced Optical Technologies 2.5-6 (2013): 351-359. Wavelength {nm)
*
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Canon multilayer hybrid achromat

(M1 W

© Canon

od
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Diffractive intra-ocular lens

* Multifocal intraocular lenses
— Multiple diffractive lenses each optimized for a different focus
— Single diffractive lenses operating at multiple diffraction orders
» Compensates for the lack of accommodation

10L (side view) 10L (front view)
Far focus Intermediate Near focus H
focus
Retina
v - v .\
R DR - A Lo L
\/\\\/k ‘

Advanced Optical Technologies 2.5-6 (2013): 351-359.

*
* ) ) ) ) ) -
g MfEke  Micro-optics III - Devices and Applications 104 Micro-605: Optical MEMS and Micro-Optics l:PFL




DIFFRACTION GRATINGS

*
. ) ) - o -pr-
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Diffraction Gratings

» Optical component with a periodic structure
— Period in the order of the wavelength
— Transmission amplitude/phase gratings
— Reflection binary/blazed gratings
+ Splits light into multiple diffraction orders
* Orders separated by the diffraction angle
— Defined by the period and the wavelength
+ 27 most common MOEMS component

d 1 A -2" order
sin@=mA/A I I A ]
I ; -1 order
Polychromatic plane wave | 9
_ @ o order
I []
1 1t order
I v
I A 2" order
v

*
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CASE STUDY: ANALYSIS OF DIFFRACTION
GRATINGS USING FOURIER OPTICS

*
od
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How to Solve a Grating Problem

Grating Function Unit amp./phase function Impulse train
IEQ)| or (S IEI or p(S)
— E, RN B B B N
¢
0 A 2A (N-DA 0 A 2A (N-DA

* Can be represented as the convolution of
— Aunit amplitude/phase function
— An impulse train
* Our analysis will follow
— Diffraction analysis of an impulse train
* Array of point emitters
— Abinary phase grating
— What does “tuning” a grating do ?

.
o . v v -
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Diffraction for a Point Emitter Array

ﬂi.%.._ — H rrrrr |H ,,,,, | ,,,,, [ f

n=N-1

0 A 2A (N-DA
* For a 1D point emitter array, the E-field at the grating plane is

N-1
Eg(&)=Ep ) 6(—nh)

n=0

The E-field the image plane is the Fourier transform of £,(¢)

N-1 .
Ei(x)= Eé) Z eijnkAz_i k=2m/ A z;: propagation distance
n=0

* Substituting x/ z;= sin 6 yields £,(x) as a function of angle

N-1
/ 3 g
. _ —jnkAsinf
Ei®) =E, Zo e For oblique incidence sin & — sin 0 + sin 0;
n=

*
od
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Diffraction for a Point Emitter Array- Continued
*  With simple trigonometry we get

, e~ iNkAsing _ 4 sin(%NkASine)

1 s .
E;(0)=E ——— = o~ 3~ J(IN-D)kAsing
=54 g~ phksmd 1 sin (3 kAsing)

* The intensity profile is thus given by:

Diffraction profile has maxima at

1
1) = 2 sin? (§ NkAsin0) 5KkAsing = £nmw=sinf = +ni/A
" N2 [sin? (L kAsin®) 0 ~+ni/A

— 1 l l ——N=8
=) —N=4
808 —N=2
206
B
504
€
— 02 ‘ \
0 i 4|=\ d"’~ ‘l\ 4|=\ w“’~ g | % ) D s, i~ e, D e D . D
SMA -ANA BMA 2MA -IVA 0 MA  2MA 3NA ANA SNMA
.
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Reflective Binary Diffraction Grating

1 A H

L

d ¢ = 4nd/2

T

* The reflected/transmitted field:

Ep) = (e’f‘/’/zrect(Zf/A —AI4) + el 2rect(2E /A + A/4)] % Eg(é)

. TIX

s‘inc(i) =
rect(&) : Az X
Az

1 Fourier Transform
—AZL' AZ[
A 4
NN B B VAN
) 05 0.5 VoV
QTWEK‘ Micro-optics Il - Devices and Applications m EPFL

Binary Diffraction Grating

* Beyond Fraunhofer distance, the diffracted field is given by

Ax
)

* If the diffracted light is focused with a thin lens of focal length z,

e iy Ax : S
Ef’(x) = (e 12 271Ax/(4/12,)”n6 (W) + e]¢/2+2nAx/(4)Lz,)SInC(
Zi

¢ 2mAx
2 4Az;

A
Ef?(x) =sinc(—x)'sin( )~E,-(x)

Zﬂ,Z,‘

» Therefore, the intensity profile is

Asinf 2mAsinf
If](x):sincz( 21/1 )-sinz(%- an )~I;(sin6)
. v n v )y
envelope Intensity  periodicity
modulation

*
. =
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Binary Diffraction Grating

1.2
— | Ix)vs.d —d=0 — 1} I(x) vs. N ——N=24
5 ! —d=8 S —N=12
5048 —d=4 20.8 ——N=4
206 g 06
€ €
= 04 =04
2 g
© ©
T o
0 -~
0
0.1 -0.05 0 0.05 0.1 0.1 -0.05 0 0.05 0.1
diffraction angle [rad] diffraction angle [rad]]
1.2
- I(x) vs. A —— A=5um S 1 [(x) vs. N ——N=24
g —— A=10pum S, —N=12
208 —— A=25pm 208 —N=4
2 B
g 0.6 g 0.6
2 £
=04
E Bos
w 0.2 ©
< 02
£y 5
€ 0 A o
0.1 -0.05 0 0.05 0.1 0.1 -0.05 0 0.05 0.1
diffraction angle [rad] diffraction angle [rad]
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Diffraction Efficiency

1

P, Ntotal = P

o

.
L - -
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Blazed Diffraction Gratings

» High efficiency in a given diffraction order (up to 90%)

» Grooves with a “blaze angle” 6,

+ Diffraction angle: sin 6, + sin8; = +ni/A

+ Littrow condition: 8, =6, = 6,

— The input and output rays, propagate along the same axis.

. tni
— Blaze wavelength: 8 = asin=_=.

. Littrow Condition

e’l;ﬁ'« Micro-optics Il - Devices and Applications 15 EPFL
Multi-level blazed grating
i i ¢(x) blazed grating: ¢o = 27,
" X (A= Lsinc(n)Sn[a(n D]
=—SINC, —
! - ‘|“|N N/ . [ (n-1\]
Sln[:rr\ N )J
2
2 [N (my]
A1l = |=sin, =
sl = Syl
N: number of phase levels
n: diffraction order
N= 2 4 8 16
IA112 = 40.5% 81,1% 95,0% 98,7%
e’l;ﬁ'« Micro-optics Il - Devices and Applications 16 Micro-605: Optical MEMS and Micro-Optics EPFL




Resolving Power of a Grating

+ Ability to separate two adjacent wavelengths A and A + 87

Rdef/’{_ N
_SA—m

* Very important for grating based spectrometers

» Can you derive the resolving power expression?

— Hint: The minima for A and'the maxima for A + 6 overlap at the order n

M
\

)

- > 4

y

_\ N: # of illuminated periods

*
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Grating spectrometer

Exit Slit
Focusing
Mirror
Diffraction
Grafing
=y Collimating
g Mirror
Entrance Slit |

© Avantes

*
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Grating spectrometer: Free spectral range

* Assume the range without overlap at
order mcovers A > A + AL

* Then, the condition for no overlap at
is given by

(m+ DA =m@A+ AL

*+ Solving for Adyields

A
A==
m

*
'
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Quadriwave Lateral Shearing Interferometry (QWSLI)

checkerboard cross-grating

a cross-grating c
2 12a
H
A (X) : diffraction of the
W +7and-lorders | o
H 2
S
=i [y
2
S
&

200 ym

ACS Photonics 2023, 10, 322-339
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Quantitative phase microscopy with QWSLI

a Light source b
= ,,

planar wavefront

E—3 Llens l " i

substrate

Kohler illumination
5

= =3 5(z,y)
F distorted wavefront

=
@ QLSI systems

w
o
3

o
o

Microscope

Tube lens

ACS Photonics 2023, 10, 322-339
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Quantitative phase microscopy with QWSLI

a : high-pass filter

mitochondria__-
RN

=
I
75 optical path difference (nm) 70 o
d norm of OPD gradient. OPD e
.
40 um
[ ] [— ]
-50 300 0 o 07

optical path difference (nm) (m 2% 37 Tempenature () 44 dry mass (pg/um?)

ACS Photonics 2023, 10, 322-339
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DIFFRACTIVE OPTICAL ELEMENTS (DOES)

*
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Diffractive optical elements

* General name diffraction-based optical components
— Sometimes called DOEs, CGHs, phase plates, kinoforms, ...
— Highly A-dependent
— Includes a wide variety of optical structures
+ Optical functionality
— Arbitrary wavefront sculpting to form complex far-field patterns

Far-Field Diffraction Pattern

DOE Surface
Relief Profile

'

Diffractive Optical
Element

© Holoeye

*
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Computer generated holograms
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Incoming beam

Reconstructions Reconstructions

—

0.8mm

0.8mm

*
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Fourier array generator

<=

250mm
35mm
i . |

¥ 35mm
1mm

© LightTrans
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Iterative Fourier transform algorithm (IFTA)

Image plane DOE plane
input: Amn(0) =1
Ym (0) =random
-1
Un), im0 | | R, 6K 0)

t

amplitude adjust. U m (k+1)

U'm(K) 'm0

FFT

clipping : 1K) (u,v) — 1

R uy)

Ripoll, Olivier, Ville Kettunen, and Hans Peter Herzig. "Review of iterative Fourier-transform
algorithms for beam shaping applications." Optical Engineering 43.11 (2004): 2549-2556.

Micro-optics I11 - Devices and Applications
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Simulated annealing algorithm

A stochastic global search
optimization algorithm

Can prevent the cost function from
being trapped in local minima
Should be used alongside IFTA for
fine tuning of the design

Chain number: 51

Initial (random)
guess for DOE (i = 0)

| Reorganize DOE(j)
v

=

[ Compute reconstruction for (i) |
v

=i+l [_Evaluate cost function E(i) ]

v
AE>
lAESO

Keep configuration of DOE(i)

500

400

score

300

200 o

100

v

CO

—Slabe? "7
i=i+1
Yes
Cool-down T —
i=i+1
Optimized DOE(i)
(phase or complex mapping)|

*

Micro-optics 111 - Devices and Applications

IMTEK®

Micro-605: Optical MEMS and Micro-Optics

=PrL




C

od
IMTEK®

SUBWAVELENGTH OPTICS

Micro-optics I11 - Devices and Applications E PFL
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Subwavelength optics

[ ] micro-oPTICS 77 "] MACRO-OPTICS
[ ] NnANo-OPTICS [ | OTHER

A

100 um

10 um

1.0 um Micro in IC

100 nm™7

5nm -1 Nano in IC

A
100 nm 10 um
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Subwavelength optics

* Plasmonic lenses

* Metasurface optics

* Photonic crystals

.
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Surface plasmons

Aspp
hv

e B feg, [\ /\ /\ /\
\j+

— ++
ﬁw E, L°.1EZ1 O )

Wikipedia

*
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Metallic slab lens with nanoslits
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Plasmonic near-field optics

A B

200
- nm
HALLYS NP re ]180

1440

oL\ P e o
; 1600 ]
Q’»@;%’QC’FPﬂ

1760 T

s T -~

1920 I

2 6= 65 deg

6. ' Negative reflection from
Metasurface ¢} A=1umto} =1.9 um

| Substrate

Metasurface

: Negative refraction from Substrate

6 A=1umtoA=1.9 ppm

Science 339.6125 (2013): 1232009
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Plasmonic metalenses:

@ 1

@

~ =

.': g
H Intensity

400 600 800

NAN
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® | Wavelength A(nm)

(©

-—
MIN MAX

Adv. Optical Mater. 2017, 5, 1700811 0 (deg)
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Dielectric metalens: Principle

5.t

y,
N,
()

b R

y ¥ e

Nature Communications 8:187 (2017)
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Controlling phase with meta-atoms

Resonance phase Propagation phase Geometric phase

Top View Side View

RCP (0=1)

S,
0
Diameter = 200 nm
LCP (o=—1)
d
b f
270 % 08
265 5
E k] @ 100
£ 260 05% o 08¢ 300
@ § ° %0
8 255 & 2 2 .
i & 04 : s 200 i
g 3 g 100 3
] © FDTD £
Isolated waveguide L 4
- . 50
0 0.51 n 1.5n 2n 100 120 140 160 180 200 220 225 450 615 904‘; 112.5 135.0 157.5 180.0
Phase (rad) ()

Diameter (nm)
Light: Science & Applications (2022)11:195
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Dielectric metalens

A —6— 147660 nm
8 —&—14=532nm
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Science 352.6290 (2016): 1190-1194. 70 80 90 100 110
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Metalenses with dielectric nanostructures

Potential advantages compared to diffractive optics

— Reduced thickness

— Binary structure

— CMOS compatibility

— High numerical-aperture capability
— Chromatic correction

— Tunability

— Polarization sensitivity

Conventional lenses

Barrel Lens 1 Lens 2 Lens 3 Lens 4

|

Plastic —

/ i
- A=A

r\ ! /\

Glass plate with bandpass filter

Near-infrared contact image sensor

’0

|MTEK® Micro-optics 111
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Metalenses

Barrel

Metalens
e e \

Near-infrared contact image sensor

© Metalenz
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Photonic crystals

Micro-optics 111 - Devices and Applications 140

Courtesy: R Uppu (via Physics World)
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Photonic crystals: Structured color

optoelectronics.eecs.berkeley.edu

.
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Photonic crystals. Operation principle

Resonant Non-resonant

.
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Photonic crystal fibres

Index guiding Photonic bandgap

e o 0o 0 0 0 0 o o
e © o 0o 0 0 0 o o
® o o ¢ 0 o o o

.
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MICRO-OPTICS
MANUFACTURING

°
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Micro-optics manufacturing

+ Resist & Plasma Etching (RIE)
+ Greyscale Lithography

* Imprint Technology

* Laser Ablation

* Injection Molding

+ lon Diffusion (GRIN)

* Direct Laser Writing

* Holography

* Diamond Turning

* Embossing or Mold Pressing

*
. ) ) ) -rpr
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Reflow microlenses

Thermal reflow

— Melt PR cylinders

— Hotplate / oven
Lens shape depends on:
Surface tension

— Temperature ramps & Maximum temperature

— Photoresist viscosity
Photoresist lenses
Only for A > 600 nm
Limited robustness
: transfer into substrate
Dry etch
Silicon
Glass
: use as mold

* PC, PMMA, SU8...

Micro-optics IV - Fabrication
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IMTEK®

For replication in polymers

Patterned
ma-P 1200G or ma-P 1200

Substrate e.g. Si

v

Reflow

Pattern Transfer:

A B

RIE UV molding with
OrmoStamp® hybrid polymer

Glass

v

v

UV molding with

OrmoStamp®
hybrid polymer
b UV transparent moud
Lens array etched into substrate, .
e silicon or glass (optional) (cured OrmoStamp® on glass)

Applying
antisticking
layer
UV molding with
OrmoComp® hybrid polymer

micro resist
technolf *Jgy

Lens array of cured OrmoComp”
(formed with the zbove mould)

EPFL

146 Micro-605: Optical MEMS and Micro-Optics

Geometry of reflow microlenses

* Focal length

_ R
- nL—l

A

f

— Radius of curvature R 3 S
— Refractive index n, ° '
* Sag height — = >
2
s=R-— RZ—T R

PR thickness required

N

*

Micro-optics IV - Fabrication
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Typical reflow lens characteristics

* Required f:

— f=100 pm R =60 pm s=15pm
— f=400 pm R =240 pm s=2.6 pm
o 10
e Limits
— tpg > 10 pm difficult 8
T o
. =
+ Typical ranges 4l
— D <500 pm D = 50um
~ 0.15<NA<0.45 2
- 1 -13 0 A ‘ ‘ ‘
. 0 200 400 600 800 1000
— Aberrations
. flum]
e <M4 typical
A4
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Micro-contact printing

+ Also called “soft lithography”

* Process steps T T T—

— Make a master
relief structure

- Typically Si T etastomer mold

— Replicate in elastomer
+ Typically PDMS - - coating

— “Ink” with wetting agent
— Print patterns
— Self-assembly in hydrophilic regions stamping
— Thermal or UV curing

» Typical features
— Formation of large arrays

monomer deposition

— Excellent surface quality
— Presence of radially symmetric aberrations (e.g. Spherical aberration)
— Low non-radially symmetric aberrations (e.g. coma, astigmatism)

*
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Inkjet printing

* Lens printing with controlled volume
— Print using “ink-jet” dispenser
* “Drop on demand” UV-curable polymer
— Structured surface patterns
* Hydrophobic Cytop
* Hydrophilic SU8

Nanodispenser UV lamp
SuU8 e ! N.
- o 2

Blattmann et al., Optics Express 23.19 (2015): 24525-24536.

.
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Optical performance of inkjet printed microlenses

08k ® Vertical MTF 08k 08k
® Horizontal MTF
. 06F —— Perfect sphere 0.6 06
s |—— Diffraction limit
L ..
\\
- ~

-:.‘.'av.-,
50 100 150

. et 0. oty
50 100 150 0 50 100 150 0 50 100 150
d) lines/mm e) lines/mm f) lines/mm

Blattmann et al., Optics Express 23.19 (2015): 24525-24536.
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Diamond turning/ruling

Used for prototyping or tooling for
large-dimension and/or deep gratings,
especially reflection gratings
Well-suited to produce circularly
symmetric grooves

— Fresnel lenses

— Circular grating

— Microlenses

Four/five-axes machines for freeform
optics manufacturing
The geometry of the diamond tool’s tip
must be carefully chosen to for each
part.

.
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LITHOGRAPHIC METHODS

A4
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Binary-mask lithography

 Approximate the continuous lens profile by a stepped
structure
— Use standard “binary” lithography
— 2N levels for N lithography steps
— More exposure steps
* Closer approximation to ideal

+ Degrading efficiency due to alignment errors

Ll AN e
ML e iy binary

zone plate

-
od
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Phase levels & efficiency (1)

* Phase levels N

— N=2M rreres = —— e areeaas

* M photolith steps
— mincreases with N

* Example .
— 4 photolith steps '
VIS

— Thenn >~ 99%

* Limitations
— Mask linewidth: 0.1 pm error = n reduced by 10%
— Alignment: 0.3 pm error = n reduced by 10%
— Etch depth: £2.5% error = n reduced by 1%

phase levels

ideal

*
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Grayscale/Continuous-relief lithography

* Forming continuous (2.5D) features on a resist layer
* Fabrication of components, molds or etching masks
» Extremely high precision (<10 nm possible)
* Available technologies
— Direct laser writing
— Electron beam or focused ion beam (FIB) patterning
— Thermal scanning probe lithography

LN HEIDELBERG
WL INSTRUMENTS

binary photolithography greyscale lithography
I I B |

1thenna/ reflow | M |
JAWAWAWAN

micro resist
technolf *Jgy

.
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Binary grayscale lithography

*  Chromium mask with PWM or PWM for controlling dosage

* Features much smaller than the resolution of the tool

* Up to 1000 levels possible within OD range of 0 to 2.0 (1% transmission)
+ A standard mask aligner in proximity mode

Binary photomask \

Resulting exposure at wafer plane

Pulse-density

a

Resulting 4 phase steps in resist after development
SPIE, Field guide to Digital Micro-optics

.
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Direct laser writing lithography

* UV sensitive photoresist exposed with an intensity-modulated beam

* No need for a mask

* Adevelopment step is needed
» Commercial system specifications

— Up to 1,000 gray levels

— Substrates up to 800 mm x 800 mm

UV-Laser direct writing (dose variation

)
3.0
H l“ H H —=—1,,=2905in 0.2 N TMAH
25¢gmn-a-n —e—t, =805in0.26 N TMAH
Positive Photdresist ‘o\
F 20
3
Substrate 3 . -\
microesis Resist development £
technolf*Jgy E 10 .
i
0.5 .
00 . .\.\
0 100 200 300 400 500 600
Exposure dose [mJ cm”]
A4
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Direct laser writing lithography: Examples

LN HEIDELBERG
UL INSTRUMENTS
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Thermal scanning probe lithography (t-SPL)

* Local removal of material with an AFM probe with heated tip
— No development needed
» Uses a resist that decomposes upon exposure to heat (>300°C, ~10ps)
* Double heaters
— Material removal
— Monitoring of the removal process
+ Instrument available at EPFL (NanoFrazor from Heidelberg Instruments)

a b

Heater

Heatable AFM Cantilever

Courtesy of LMIS1 (Microsystems Laboratory / Jirgen Brugger)

*
&WEK. Micro-optics IV - Fabrication 160 Micro-605: Optical MEMS and Micro-Optics E PFL

Laser interference lithography

+ Approach related to holography
— Simple gratings: parallel definition, single exposure
— More complex structures with multiple exposure

— Curved & chirped gratings possible

2.=364nm

\/ »=364nm
Spatial :

filter

— Large areas possible

* Used for large area coatings

— Reflectors and anti-reflectors

mirror

— Holographic gratings

A A
2sin0

Joong et al. (2011 InTech

.
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Multi-beam interference lithography

)O0O00000CW
0000000,

Mulko et al., Nanophotonics, 2021

.
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Nanoimprint lithography

* Reproduce microstructures using molding techniques
— Polymer / plastic optics

— Integrated optics
— Micro-optics - =
* Low cost g stamp and

Silicon Wafer " Spin-coating resist substrate

— Mass production

— €0.001-0.01/cm?
» Feature sizes " = - L _Lim

— Down to sub-5 nm!

Heating up ,_% Pressing mold and De-molding substrate
— Sub-nm roughness 7 substrate together T>T, from the master
Dry etching silicon Dry etching Pattern transfer into the
New mold 1% generation |- ~ residual layer ,, silicon

Paul Scherer Institute

*
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Shim manufacturing

* Materials
— Glass, Ni, Brass
* Electroplated
— PR master, Electroplated Ni
* Solid metals
— Ultra-high precision machining
* LIGA

e rfe vKa ofe v¥s s wty ufs vfs o¥o R

Positive resist master Silver coating evaporation

—T /
e

Shim electroforming Resist dissolution Shim release

.
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Injection molding

* Mass production of plastic optics @ @
* Being developed for glass
components =

* Possible defect

— Stress-induced birefringence i

— Aberrations due to non-uniform
shrinkage and/or local refractive

I

Closing the mold;
Filling

Compression
Cooling and ejection

goce

Simulated residual stress vs.
measured birefringence of
an injection molded MLA Precision Engineering 76 (2022) 29-51

.
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Roll-to-roll nanoimprint lithography

* Ideal for large-area, polymeric optics
+ Step-and-repeat or rotating mould type
+ Applications
— Fresnel lenses as micro-concentrators in photovoltaics
— Lighting and illumination
— 3D displays and VR
— CCD and CMOS sensors
— Display back- and front light guides

U
w‘)lymer Patterneq Mold

P
Smooth i, eMed Molg

N

Pamﬁlm

PM{F\M

UV Lamp Heat Source

Nip Roller
AN 3
-~ Solutions

.
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RAPID PROTOTYPING OF MICRO-OPTICS

*
g IMTEK® Micro-optics IV - Fabrication Micro-605: Optical MEMS and Micro-Optics =




Rapid Prototyping of Micro-optics and MOEMS

* Motivation -
— How can we cut down design cycle time?

— How to realize low-volume, high-complexity devices?
— Can we manufacture optical surfaces and actuators monolithically?

*  Most promising methods are
— Laser ablation
— Two-photon polymerization
— Selective laser etching

.
L
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Two-photon absorption process

One-photon absorption Two-photon absorption

Vibrational

states Relaxation via heat

First excited state m—

Photon Photon

absorbed emitted
Vibrational
states

Ground state

© Simon Thiele, ITO Stuttgart.

*
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Two-photon absorption process

Conventional

Two-photon excitation
fluorescence

fluorescence

©S. Ruzin and H. Aaron, UC Berkeley.

.
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3D Printing by 2PP

* Based on 3D scanning of a focal spot

* Overlapping of neighbouring voxels can lead to < 10 nm surface
roughness

+ Limited in maximum sample dimensions

1] fs-laser in near infrared (NIR) excited

9 f{/ state
liquid /
photo-
resist
absorption

— .
- — = o
e optical intensity®

2w
© Simon Thiele, ITO Stuttgart.

e 0 o
¢: Zpr
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ground
state UV NIR

polymerization




3D Printing by 2PP

*  Voxel size depends on NA
— 63X objective: 0.2 x 0.2 x 0.7 pm
— 20X objective: 0.6 x 0.6 x 5 pm

+ Optical quality surfaces possible by
process optimization
— Free-form optics
— Complex optical surfaces

* Emerging actuator concepts
— EM actuation via magnetic liquids
— Electrostatic actuators

~

mierslightso

*
&Mm(o Micro-optics IV - Fabrication .
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©ITO, Stuttgart

fP8AG

© Vanguard Photonics
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3D Printing by 2PP: Adaptive surface finish

Base-writing power:  high
speed:  high
‘ slicing:  constant
structure: filling

|

Surface-finish power:  medium
speed:  slow
slicing:  adaptive

structure: surface contours

|

final element

fast printing
minimal discretization

Micro-optics IV - Fabrication 173
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Surface-finish of a 2 750 um lens
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3D printing on GRIN lenses

25

X evaluated data
— fit

phase plate 0

=25

GRIN collimator

RMS<10nm
roughness (nm)

00 um gt
[— ]
£ ul 0 20 40 — .
height (Lm) shape deviation (um)
IMTEke  Micro-optics IV - Fabrication 174 Micro-605: Optical MEMS and Micro-Optics o= [P g

Imax

active (pm)

60

IMTEK®

o o
S o

3D printing on GRIN lenses

imaging (movable <)

il it (gaussian/Ai
\-; © measured data
~900 pm

-200 0
axial direction (um)

*
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Selective Laser-Induced Etching of Glass

(a) 3D design (b) slicing (¢) laser irradiation
z
yA/ *

(d) ultrasonication in KOH (e) finished microchannel

Current Opinion in Colloid & Interface Science 2019, 43:1-14
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Selective Laser-Induced Etching of Glass

* Process details
— Fused silica, quartz substrates
— Two-photon based absorption
— KOH etching of exposed areas
— >1500 aspect ration (with fused silica)
— ~1/2 pm resolution/accuracy

+ Potential for Optical MEMS
— System integration platforms
— Plug-and-play fibre interfacing
— Actuators with 3D complexity
* Electrostatic actuators
* Magnetic actuators

*
* ) o . ) ) ) ) -
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Use of SLE at IMTEK

OCT endomicroscope

i-modal endomicroscope

JMM, 28 (10), 105009, 2018

.
od
w iMTEke  Micro-optics IV - Fabrication 178 Micro-6os: Optical MEMS and Micro-Optics = [P g L

SLE for Micro-optics?

Laser polishing |9Lf glass surfaces

» Can we also “write” the optics.

* SLE processed surfaces have
— ~100 nm RMS roughness,
— ~5 pm peak-to-peak flatness error,
— Therefore a need for polishing

* Laser polishing eliminates roughness,
but does not help with shape errors

1000 5

Initial state Micro roughness Wettflow E "
= —_ -
i 100 "
£ E R T
’ k=% 1 - _e
= Waviness | 3 10 < —
5] 2 E ¥
o /
T g 1 E 7
| Laser polished 5 E /
2 0.1 —e=—e=—9-—9-=% - & -|nitial state
o« Eniaiadl ~ - - Laser polished
i g 0.01
Residual waviness 0.01 USSRy L L e
. 10 100 1000
i ] ] i i (R i 1 10 100 1000

Distance x [um)] Cratial vwaual lanath | Timl
w Spatiar waveiengin i

it
). Laser Appl. 29(1) 2017

*
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Femtosecond laser ablation

+ Surface-relief type glass micro-optics
* Laser machining
— Step 1: Laser ablation
* Pulsed laser raster scanned on the surface
* Pulses ablate a precise volume of material
+ Complete part formed by scanning
+ Ends up with a rough surface
— Step 2: Laser polishing
* Raster scanning over the surface
+ Avery thin surface layer melts
+ Molten silica reflows due to surface tension
+ Commercial rapid-prototyping service
offered by Powerphotonic

PowerPhotonic
&-n)) Enhancing Beam Performance

*
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Laser ablation process

l l lLaser B

Pitch |
Beam Width

<— Raster Direction

Remaining surface

Laser polishing of the surface

Laser Scan
Direction

Currie, M., et al., Proc. SPIE. Vol. 9727. 2016.
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PowerPhotonic LightForge™

* Rapid prototyping service

* Process specs:
— Substrate dimensions: 25.4 x 25.4 x T mm
— Sag 0-65um

— Slope (form error PV < 500nm): O - 8 degrees

— Slope 0 - 45 degrees
— Feature Size 200 - 15000 Mm

— Steps & Discontinuities smoothed over 150pm

A4
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PART Il: OpticalgMEMS

© Fraunhofer IPMS
R
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What is MOEMS (or Optical MEMS)?

micromechanics

y: 4 _ micro-
micro- \ Y2l

/ opto-

/ electro-

| . mechanics
~electronics

\ ~ opto-

\ “electronics

Image first created by Dr. M. Edward Motamedi

*
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Optical MEMS — Components and Devices

- Projection and scanning displays
- Imaging systems
- Optical interconnects

o o - Spectrometers
NAEiomfiie P

Projection Displays -
Wavelength selective switches -
Spectroscopy -

Maskless Lithography -

Llinableysiratines

- Autofocus and zoom cameras
- Stereo (3D) imaging

- Endoscopic imaging systems
- Laser-to-fiber couplers

Tunable lasers and optical filters -
Reflective displays -
Spectrometers -

Add-drop multiplexers -

Infralec

.
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MOEMS EXAMPLES

A4
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MOEMS-Based LIDAR Systems

* LIDAR: Light Detection and Ranging
* 3D mapping of the environment

* High-speed MOEMS scanners

» Applications

— Robotic vision
— Landscape monitoring
— Autonomous driving

Laser
Laser driver

LIDAR controller chip
(ADC, GHz sampling, TDC, signal
processing, data compression,

)

MEMS driver ASIC
Transimpedance amplifiers
MEMS mirror
APD sensor array

.
od
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MOEMS Display Engines for AR/VR

* Augmented/Virtual Reality

* 3D image generation

*  Numerous micro-optics and MOEMS
— Waveguide arrays

— Diffractive couplers
— MOEMS display engines

B® Microsoft

*
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MOEMS for Telecom: 3D Optical Switches

CALIENT

od
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go

Tl Digital Light Processor

3-times Emmy award winner technology! (No kidding)
Array of active micromirrors
— Up to 4 million individual mirrors!
— Up to 8 KHz refresh rate
— 7.6 ym mirror pitch
20 years of development
Remarkable process chain
Applications
— Projectors

— Automobile head-up displays
— Maskless lithography

— Structure illumination

— Optical metrology

— Machine vision

*
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Deformable Mirrors for Adaptive Optics

* Guiding Star

Turbulent

Atmosphere
Continuous mirror
X Distorted Wavefront
Camera
Beam Splitter
— 1\ *
Electrodes Deformable
. Mirror
Spatial phase modulator Corrected ——
Wavefront,
Control WW Shack-Hartmann
electronics e Wavefront Sensor

.
od
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Deformable Mirrors for Adaptive Optics

Image of galactic center with and without AO

Image by the Keck Observatory

*
o4 . . . - - =
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MOEMS Deformable Mirrors

» Advantages of MOEMS Technology
— Impeccable surface quality

© Iris AO

— Large actuator count

— Large bandwidth

— Relatively low cost © Boston Microry
+ Spin-off applications

— AO microscopy

— Ophthalmology

— Laser communication systems

© Flexible Optical B.V
— Femtosecond pulse shaping

.
od
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MOEMS in Neuchatel

* Ashutter based reflective display
* CEH... now CSEM in 1983 !!!

— Very nice demonstrator array

— Electrostatic actuator

— Torsion beams

— "parallel" plate actuation F137 Gl sicrmetes comortant 4 chfres

adressables par segsents, ces segrents sont
fornés de 2 3 4 carrés de 5 volets chacun.

— 200 nm thick aluminum for shutter and beams
— 70V driving voltage
— ...too early, no market in 1983 ?¢2?

__Volets adressés

R. Vuilleumier et al., Bulletin Annuel Societe Suisse de Chronometrie, vol.12, pp 37-40, 1983

*
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Content

MOEMS: Fundamentals
— Actuators and sensors
— Design and modeling

MOEMS: Devices
— Micromirrors
— Tunable gratings
— Tunable lenses
— Tunable resonators

MOEMS: Systems

Display systems

Imaging systems

Telecommunication network components

— Advanced instrumentation

TI Digital Micromirror Device

Emerging Topics

L
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Resources

An Introduction to Microelectromechanical Systems Engineering by N.
Maluf

Microsystem Design by Stephen Senturia

Micromachined Transducers Sourcebook by G. Kovacs
Fundamentals of Microfabrication by Marc Madou

Micro Electro Mechanical System Design by /. Allen

Analysis and Design Principles of MEMS Devices by Minhang Bao
The MEMS Handbook by Mohamed Gad-el-Hak

MOEMS: Micro-Opto-Electro-Mechanical Systems by AManouchehr E.
Motamedi

Foundations of MEMS by Chang Liu
MEMS & Microsystems by Tai-Ran Hsu
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FROM STATIC TO DYNAMIC
MICRO-OPTICS
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ACTUATORS AND SENSORS

.
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Actuators and Sensors

* Electrostatic Actuators and Position Sensors
* Electromagnetic Actuators

* Thermal Actuators

* Piezoelectric Actuators and Sensors

* Piezoresistive Sensors

A4
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M(O)EMS Actuators

+ Converts energy into mechanical motion
* Actuator defines dynamic performance

* Requirements
Compact size 0 2001

. im
1MT Prof. de Rooij - Fi

— Low power consumption

— Linear and hysteresis-free operation

— High-speed, repeatable and stable motion
*  Wide range of actuator types

— Electrostatic

— Electromagnetic
— Piezoelectric

— Thermal

— Pneumatic/pressure
— Opto-mechanical
— Shape-memory

*
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Position Sensing in M(O)EMS

Real-time monitoring of motion

Integral part of commercial M(O)EMS devices

Close-loop device control

Most actuators can be used as sensors as well

Challenges

IMTEK®

Electrostatic Actuators — Capacitive Sensing
Thermal Actuator — Thermoresistive Sensing

Microvision, Inc.

Piezoelectric Actuation — Charge Sensing

Small displacements
Low power consumption
Noise

Bandwidth

Integration

Piezo resistive position sensor on a torsional flexure

MOEMS II - Fundamentals 200 Micro-605: Optical MEMS and Micro-Optics E PFL
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ELECTROSTATIC ACTUATORS
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Electrostatic Actuators

+ Utilizes capacitive attraction forces (Coulomb’s force) between electrodes
held at different potential

* By far the most common actuation and sensing method in MEMS
» Device and substrate typically on ground
* No charge flow (ideally!)

* Advantages Positive Charge
— Very low power l
— Fast + +
— Easily integrated with electronics

» Disadvantages B - T

— Relatively large surfaces NegaliveClisige ™ — P
— Inherently nonlinear F-V behavior
— Small forces = only attracting!

— Actuation and sensing with similar structures

.
> od
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Electrostatic Actuation

* The total energy stored in a capacitors is given by
1
Up==CV?
72
* Actuator force is defined by the rate of change energy with displacement

ox 7T B

F=-AUg> Fy=- )
E pd 0)/ z 9z

* Usually applied potential is independent of displacement. Thus,

1 2
F=--V2AC
2

*
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Electrostatic Actuators

g K |
z
n
&o
WX
Stored Energy
1 1 wyw
Up=-CV?=2 Y y2
E=3 2€o(g0_z) (1)
Electrostatic Force 0 033 1
= 0Ug _ _le WxWy V2(1) Normalized Displacement (z/g 0)
0z 2 (go—2)?

+ Susceptible to pull-in instability

Mechanical Restoring Force — Maximum travel limited to g/3

Fnecnh = Kzz — Limits analog operation range
Equﬂlbrlum points are given by — Provides well-defined digital operation
By B + Trade-off between voltage and travel range

*
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Parallel-Plate ES Actuators: Examples

Calient/NTT: MEMS Mirror Qualcomm IMOD Display

Incident light

10-100 M

OPEN STATE COLLAPSED STATE

Mirror -10 deg

Electiode s ok 4
‘ L Z
R - SN/
X = TI DMD Yeke
] J | Micromirror Array Spring Tip Substrate

*
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Electrostatic Comb Drive Actuators

* High force density ILAB, EPFL

* Lateral actuation :
— In-plane (IP) motion

+ Vertical actuation
— Out-of-plane (OOP) motion
— Rotational motion

* Vary accurate movement

. . . . Magn . F————1 200 um
*  The contribution from ’frlnge capacitance 126x ~ IMT Prof.de Rooij - Filfer Switch

is substantial, and cannot be ignored.

7

Fujitsu

* ‘Fringe capacitance’ is highly non-linear

*
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Force in ES Comb Drive Actuators

Individual capacitance contributions:

P 1 (5.5 R S L)
d-x
Total capacitance:
c,=(2¢c.+2¢)xN,
c, = 2[M+Lw] <N,
g d—x
. h
Electrostatic force: <«<—
10C h h .
Fo=—Zv = g5 | 24 —L | N, V?
2 Ox ( —x)

I Independent of displacement !!

.
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%TEK. MOEMS I - Fundamentals Micro-605: Optical MEMS and Micro-Optics EPFL




Linearization of Comb Drive ES Actuators

* The applied potentials are given by
Vi(t) = Vpc + Vac = Fi = ag (Vb + Vac)®

Va(t) = Vpc — Vac = Fa = ag (Vpc — Vac)?

Differential Drive

* Resultant ES force: Comb Actuator

Fe=F1_F2=aO[(VDC+VAC)2—(VDC_VAC)2] Vs Ve

* The total force is found to be

y
F.=4a0VacVpc E‘x

D
B

>o ol
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evice layer
uried oxide layer
Handle layer

C’
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ES Comb Actuation Modes

OOQP translation IP translation OOP rotation

1 = 0™ & 10 3 ~

2 14— | . 2

: = :

o1 S 5 . 0.8 H H £

=0 E s " =z -' H &

] & & kY g ¥ : L

E:1 R o, Eo0 H i
o Z0.6fa0msmemt” H

g 05 v dCiz ), 5 g0 . i FR e o =

g o, g H o s

b | 8 £o6 0 g H s

g ¢ g g ‘e, 04 H 1

S = 2.0.4] 0 < R H 3

0. & 3 . & 9 E

a © LY S 5

o @ 0. v 0.2 j ..... ; \ =3

o FEA Results L © : 38

0 imwj P"ly;“’"“”; ——— % 0 2 1 6 ——— N~ 0"

Displacement (m) Displacement (m) ¢ 1° 00 0.05

0
Tilt Angle (rad)

*
>o ol . - . : :
g IMTEK® MOEMS II - Fundamentals 209 Micro-605: Optical MEMS and Micro-Optics

cPrL




ES Comb Drive Actuators: Examples

B ¥V m
'n g "

& G SAMLAB, EPFL,

“SAMLAB, EPFL

Fujitsu

!

Magn-> ———1 200 um
126x {MT Prof. de Rooij - Filjer Switch

*
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Capacitive Position Sensing

*  Widely used for accelerometers and gyroscopes

* ldentical to ES actuators in structure

+ External capacitive readout circuitry A simplified capacitance
- Advantages readout circuit
— Simple structure identical to the actuators [V,

Large bandwidth (limited by electronics)

— When designed well, very good sensitivity 7 Cq=Co+AC

— Well studied; commercial ICs available
——— /s } V= VACIC,
+ Challenges

— Presence of noise and interference Cs, =Cy- AC
— Extremely small typical capacitance values

* Static capacitance values are in the picoFarad rapgen -V,

+ Capacitance changes are in femtoFarad range

— Carefully designed complex and sensitive ICs

A4
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Capacitive Sensing Configurations

Gap-closing Sensors Comb-drive Based Sensors
Back Volume

Perforated Backplate
Electrode Support Post

\%mmmmmémm
/== : ‘:\F\\_|

Diaphragm

Wafer

Acoustic Port
(Through Hole)

Dielectric Constant Sensors

I
I

-
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Electrowetting on Dielectrics (EWOD)

+ Contact angle modification with electric field
* Liquid encapsulation of the tunable lens
* Fast tuning speed
+ Commercialized technology
» Applications
— Tunable lenses
— Tunable apertures

Krogmann et al., Sensors and Actuators A 143 (2008) 129-135

i

[+ 4 ATy
1‘1- € YSV‘ dielectric layer
electrode

3-phase-contact-line

*
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ELECTROMAGNETIC ACTUATORS

.
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c MTEe  MOEMS Il - Fundamentals 214 Micro-605: Optical MEMS and Micro-Optics EPFL

Electromagnetic Actuation

* Exploits electromagnetic interaction forces
+ Comes in two common flavours

— Moving-coil Actuation

— Moving-magnet Actuation
+ Advantages

— Well-established principles

— High force density

— Moderately high speed

— Possibility of remote actuation
+ Disadvantages

— Power consumption

— Fabrication challenges

— Material limitations

— Integration limitations

— Process limitations

*
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Moving Coil Electromagnetic Actuation

» pCoil on fabricated on moving features
* External magnetic field
+ Low mass — Fast operation

— Heat generation on the device Vertical scan Bm Horizontal scan
. . flexures flexures
— Electrical access to the device T~ 7
Drive
— Usually Cu; Au and Pt also used lines —__
F = y{ Idl x B
L Vertical scan
frame with
F = Force acting on the current loop drive coils
I = Current in the conductor
B = External Magnetic Field
! Right Hand Rule !
00.
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Moving Magnet Electromagnetic Actuation

* Interaction between permanent magnet or “soft magnet” and DC
magnetic field
— Torque to align with external field.
— Non-zero force if field is non-uniform
* Hard magnets: NdFeCo, SmCo, etc.
— Electroplating
— Manual assembly

*  Soft magnets F=M (wl‘)AH
— Ni/NiFe
* Electroplating M = Magnetization (p,yH)
* Sputtering/evaporation wt = cross-sectional area

— Polymer magnets
* Spin coating, casting
* 3D Printing

AH = difference in magnetic field

*
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Moving Magnet Electromagnetic Actuator

+ Magnetic materials on device
. . reflective silicon frame
- External magnetic field membrane
No heat generation on the device
Electrically passive device

— High mass — Slow operation

torsional spring  polymer magnet

solenoid / micro-coil original easy axis
magnetic field H ¢

P) Tras > €asy axis
&2
Lo, pj
M

| =

iip 20 N
; IUIIIIIIIIIIIIIIII
hot =
Ataman et al. / J. Micromech. Microeng. 23 (2013) 025002 Weber et al. / J. Microelectromech. Syst. 21 (5) (2012) 1098-1106
3e0®
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Magnetic Position Sensing

« Hall Effect Sensors

— Direct voltage output as a function of magnetic fi : B Field
— Particularly suitable for moving magnet actuators ¥ '\L"

* Multiple sensors for absolute position encoding w
— Advantages i

+ High speed .

* Non-contact
+ DCand AC
* Back - EMF Sensing

— Used for moving magnet type actuators
— Motion of the magnet induces current on a secondary sensing coil
— Advantages

* Remote Sensing

+ Self powering

+ No additional device complexity

Only for AC operation

.
>ood

2MS 11 - Fundamentals 219 icro-605: Optical MEMS and Micro-Optic: |

c IMTEK® MOEMS II - Fundamentals Micro-605: Optical MEMS and Micro-Optics E PF




THERMAL ACTUATORS

*
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Thermal Actuation

+ Actuation using the thermal expansion of materials
* Required heat can be generated by

— Joule (resistive) heating

— Optical excitation ar N oA
+ Advantages

— Strong force

— Large displacement

— Linear response

— Potentially small / CMOS compatible
+ Disadvantages

— Slow -

— High power consumption
— Heat generation

* Speed is limited by the heat transfer process
— How fast you can heat and cool down the actuator

*
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Thermal Transducers — Basic Concepts

* Heat capacity (0: Energy needed to temperature of unit mass in unit
amount
— Ability to store thermal energy
— Measured in J/kg-K
— Analogous to electrical capacitor

» Thermal conductivity (x): Ability of a material to transfer heat
— Measured in W/m-K
— Analogous to electrical conductivity

+ Coefficient of thermal expansion (CTE, a): Change in length per unit

temperature change (A/= f,a AT)
— Measured in 1/K

*
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In-Plane Thermal Actuation

Pseudo-Bimorph Actuator Chevron Actuator
* Based on heterogeneous beam pairs ~ + Large linear displacement and force
* Provides arc motion + Cascades V-shaped beams
*  With current between the anchors: *  Up to 800 pN of force demonstrated
— |- Hot beam heats and expands more  «  With applied current beams expand
— II. Long beam expands more and push the shuttle forward

NN A

.
>o ol - .
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Bimorph and Multimorph Thermal Actuators

* Most common thermal actuator type Free
. . UNDEFORMED end
* Surface micromachined
* Based on the difference of CTE lincar

Clamped

* One layer is used as a heating resistor end
»  Commonly used for
— Micromirrors DEFORMED
. Undeformed
— Tunable capacitors state
— Microgrippers

IMEMS, 21 (5), 1241-1251, 2001

Free end
Mirror UNDEFORMED
plate
Clamped end
(s=0) ol DEFORMED
u)
A= e o Undeformed
_ . state
Sen. and Act. A,188, 349358, 2012 radlal
-
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PIEZOELECTRIC ACTUATORS

*
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The Piezoe

lectric Effect

* Voltage/ E-field on CrYStaI Piezoelectric Effect in Quartz
causes displacement T c
. No Stress Tension Compression

*  MEMS coatings: PZT, ZnO, AIN, ... e
e 1lI-V substrate: GaAs, ... -
* Advantages

— High force density

— Low power Silicon Oxygen

— Very high speed @ Alom © W

— Potentially small i\ @\ N Folded-beam cantilever

— Temperature stability - NS N
. MEMS \ N =

Disadvantages
— Low displacement
Difficult to fabricate

MOEMS 11

- Fundamentals

IMTEK®

actuation voltage =N
B

s

Capacitor

[ peewie =T
I Anchor ! ""'md“‘“ﬁ“&
Electrode
(AD

2

Piezoelectric
(AIN

Schematic of folded-beam type piezoelectric tunable capacitor

http://www.toshiba.co.jp

=PrL
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Piezoelectric Actuation and Sensing

Mechanical

Induced Mechanical
Deformation

Forces =
g
<~y paasseassls , B e - -iT
Fo) =R 3 3 |
V) : : 2 : 1
l.- ] 2 !
——— —— - - i
z
Mechanical force induced | Electric voltage induced
electric voltage mechanical deformation
* Electric field induces stress (and therefore strain)
» External stress induces electric field (and therefore voltage)
* Tensor analysis is necessary for complete modelling
*
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Piezoelectric Materials

Typical piezoelectric properties of different piezoelectric films

_—
Parameter ZnO [1] | AIN[1] PZT[1] PMN-PT [29]
e, (Cm™) 1.0 ~1.05 —8to—12 ~9t0-20
ds3 r (pmV7™) 5.9 3.9-5.5 60-130 100-350
. 109 105 300-1300 1000-3000
tan & (10° Vm™)  0.01-0.1 | 0.003 0.01-0.03

—

9’0 MOEMS I - Fundamental
IMTEKe® B - Fundamentals
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A MEMS Tunable VCSEL

tuning contact

laser contact

@
Suspenfed top DBR

Tuning contact

ndoped _, —————
intrinsic —»

| Top
mirror

Airgap

p-doped +GaAs sacrificial layer I Kase( contact

EEsse—aa ey ooy

n-DBR

| Bottom

n-doped mirror

(b)
Huang et al., JSTQE, vol. 13, no. 2, 2007.

IMTEK®
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Piezoelectric Actuation Examples

High Frequency Scanning Micromirror

L _J - . . Lo o -
954 700 -445 -190 63 318 572 954 2257 -1655-1053 -451 150 752 1354 2257

Baran et al. IMEMS, vol. 21, no. 6, 2012
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Piezoresistive Sensing

+ Piezoresistive Effect: Change in Silicon Piezoresistors
resistance due to deformation (stress)
* Change in geometry — Change in R contact region resistor (moderately doped)

with metal leads

’—> resistivity (heavily 01019651)5(7 l
[ —— Jength / \

R=p—
A area Ay A
+ Additional effect in SC-silicon Wheatstone Bridge for Readout
— Stress also changes electron mobility
— Silicon should be doped Sensor

— Very compact position sensors R

— Need careful design Vou
* Piezoresistors are implemented on )

flexures
* Readout with Wheatstone bridge

circuitry

—AR
Vou = <m>vm

e'. MOEMS II - Fundamental 230 Micro-605: Optical MEMS and Micro-Optics =PrFL
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Effective Piezoresistive Sensor Design

13 doped
, resistor
fixed cantilever
end / ﬁ
T 4 4
L (a) 1
M = Fx r
f l deposited
§ é ﬁ resistor

Emax g //

A
' le—q (b)
) i T
il h’ —“—‘— ineffective design #1

distributed \ 7

tensile 7 y

force ) #
distributed .
compressive Z

foree g ) 1F - ©
i ineffective design #2
T max e
o | T =

neutral plane { compressive @ 4

R PR E—

Chang Liu, Foundations of MEMS, 2" Edition

*
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Comparison of Actuation Methods

Force Speed Stroke Power Complexity Size
Density Consump. and Cost
Parallel-plate ES Low High Short Low Low Medium
Comb-drive ES Medium High Medium Low Low Small
Electromagnetic High High Long High High Large
Piezoelectric High High Short Low Medium Small
Thermal High Low Long High Low Small
Shape-memory alloy High Low Long Medium High Small
Scratch-drive Medium  Medium  Medium Low High Medium
Pneumatic High Low Long High Medium Large

Large variety of actuation methods
No “one size fits all” solution

Choice depends heavily on the application

e" MOEMS 1I - Funda al Micro-605: O MEMS and Micro-Optic:
IMTEK® ( - Fundamentals 232 icro-605: Optica S and Micro-Optics

Comparison of Sensing Methods

Method Advantages Disadvantages

Simplicity of materials Large footprint
Electrostatic =~ Low Power Electronics complexity

Rapid Response Sensitive to particles and humidity
Thermal Simplicity of materials Large power consumption

Elimination of moving parts Slower response (than electrostatic)

High sensitivity achievable Requires doping of silicon to achieve high performance

Piezoresistive _.° .. . - g
Simplicity of materials Sensitive to environmental temperature changes
. . Self generating Complex material growth and process flow
Piezoelectric S .
—No power necessary Cannot sustain high temperature operation
. . e 1 terial growth fl
Magnetic High sensitivity Complex ma erial gro and process flow
Power consumption
. . . Requires external components (e.g. light sources,
Optical Accuracy, high bandwidth q P (eg lig

detectors), power consumption
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REDUCED ORDER MODELING

*
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Reduced Order Device Model
MEMS Elements
1. Device \
2. Actuator .
3. Restoring force ;estormg
. orce
Constraints: _
* Device: spring
— Not affected o 2
— Free from substrate g 3
2 =
 Actuator: = de 2
w0 l¢]
— Connected to the device
and the substrate
* Spring:
— Freely moving
— Released from substrate
substrate
*
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EoM for 2" Order Systems

Linear System Model

ermmmmme, § mmm———

O b P b kr = PO 0 -
m—— — x = F(x,

9%t ot

m: Mass k.: Linear stiffness

b: Damping coefficient  F: Force

Rotational System Model

920
Im—azt-l-bE-kae =1(0,t) A m— .. B
o/
Pp Ps
I,: Moment of inertia k,,: Torsional stiffness
b: Damping coefficient 7: Torque
A4
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Reduced Order Device Model

Construction and solution of equations of motion (EoM)
* Best way to gain intuition on the system
* Basic elements in a mechanical system:
— Inertia
* Mass (for linear motion)
* Moment of inertia (for rotational motion)
— Spring elements
* Flexures, Beams, Deformable membranes
— Damper elements
+ Air/liquid friction, Structural damping, Reaction forces (Eddy currents, etc.)
— Force/Torque
* Actuator modeling

+ Force/moment as a function of displacement/rotation

.
838 . ) ‘
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Frequency Response

* Response as a function of harmonic excitation frequency
* Fourier transform of the impulse response
» Contains amplitude and phase information
* Very low frequency region is called the DC response
*  Maximum amplitude at the natural frequency
— Small excitation/large response
— Resonant response/drive

Z.0 T
ol —— Underdamped: { =0.25 |
% """ Critically Damped: { = 1
_-g Lo N Overdamped: ¢ = 2 7
a1
S
®O05F TSNS
0 ‘ "‘ ———————————— Rty
0 0.5 1 1.5 2 2.5
frequency [rad]
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Quality (Q) Factor
0 maximum energy stored during cycle resonant frequency
- energy lost per cycle bandwidth at 1/+/2 of maximum
Low Q Moderate Q High O
Q o o
] < =]
= 2 £
= B a
g g g
< < <
T > T > : >
£ Frequency £ Frequency £ Frequency
Q vs. Bandwidth Q vs. Damping Ratio Q vs. Time constant
g=tn_on 0=+ 0=n
Af  Aw 2¢ 2

*
>o ol
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* Response of the system to a “kick”
» All you need to know to calculate the

Impulse Response

response to any force

An impulse has infinite extent frequency content

Impulse response and frequency response are Fourier pairs

1 : -
—— Underdamped: { = 0.25
g o5+/ N\~ 7 Critically Damped: { =1 |
-"g """"" Overdamped: ¢ = 2
= 2
£ 0
©
-0.5 ! I |
time [g]
*
e’lMTEKO MOEMS II - Fundamentals 240 Micro-605: Optical MEMS and Micro-Optics P::L

Step Response with Different Damping

1.5 =
—— Underdamped: ¢ = 0.25
""" Critically Damped: § = 1
""""" Overdamped: { = 2
1 = il
o | | TN ST \"f"’—/\
s | | N\ A
=
= Settling tolerance
£ + 5% , 2%, 1%
S
0.5
t: settling time
0 . L !
0 5 10 15 20
time [g]
A4
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MOEMS DEVICES

&;m« MOEMS Il - Devices: . Micro-6os: Optical MEMS and Micro-Optics g [P = Lo
MOEMS: Devices
Reflective: Micromirrors
— Operation principle and basic characteristics
— Beam clipping and focusing properties
Diffractive: Active Diffraction Gratings
— Depth tuning
— Period tuning
— Rotation
Refractive: Active Microlenses
— Movable microlenses
— Tunable microlenses
Tunable Optical Resonators
— Tunable cavities
— Tunable optical ring oscillators
&;EKO MOEMS III - Devices: 243 Micro-605: Optical MEMS and Micro-Optics EPFL




MICROMIRRORS

>
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Micromirrors

* Tiny movable mirrors for...

— Off-resonance steering

— Resonance scanning

— DC and AC Phase retardation
* 1-2-3D rotational variants in single mirror or array configurations

Preciseley Inc.

+ Advantages
— Small and Light weight

Fast movement

Low-cost batch fabrication

CMOS compatible technology (mostly!)

Fraunhofer IPMS

High level of integration with position feedback and electronics
+ Disadvantages
— Small optical apertures (< ~2 mm)

— Static and dynamic mirror warp

>
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What is a Micromirror?

* By far the most common component in MOEMS
* Huge variety in shape/actuation/configuration
* The basic building block for the most commercial MOEMS products

Surface Micromachining

alalalala -

-~ | ..
2 Bulk MtctomdcRining

Fraunhofer IPMS, Germany

4
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Micromirror Applications

* The work horse of MOEMS technolog)

— Versatile
— Precise
— High speed

+ Systems employing micromirrors

— Projection and scanning displays
— Endoscopic imaging

— 3D imaging & LIDAR

Optical X-connects
Spectrometers

— ... and many more

http://www.enterrasolutions.com/
4
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®

MEMS
scanning
system

& /‘

B

P e

© Maradin Ltd.

HOW PHOTONIC SWITCHING WORKS

Intelligence data transmitted as an optical signal arrives
ata communications hub by fiber-optic cable.

Mirror
array

‘The mirror array is
composed of
millimeter-wide
gold-coated

Input bundle mirrors.

Output bundle

Light,
A:T

Lenses and mirror arrays redirect, or switch, the signal to
another fiber-optic cable, which delivers the information

to an intelligence analyst or automated processor.

BRYAN SMITH,CAISR JOURNAL

SOURCE: GUNMERGLASS.

Micro-60s: Optical MEMS and Micro-Optics
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Pointing vs. Scanning Micromirrors

Pointing Micromirrors
> Point-to-point addressing >
>

>

> Switching time defined by
0 Resonance frequency
0 Damping (settling time)
> Applications

\4

a Vector displays
a Optical X-connects

H

Optical
Fibers

Microlens @ > | DDA D™D
Array

Pointing
Micromirror |

€.
IMTEK®

MOEMS III - Devices: Micromirrors

Scanning Micromirrors

Continuous (raster) scanning
Sinusoidal position and speed
Scan properties defined by

0 Resonance frequency (speed)

0 Damping (amplitude)
Applications

O Projection displays

O Spectrometers

Scanning
Micromirror

Micro-605: Optical MEMS and Micro-Optics

EPFL

Mirror Quality: Surface Roughness

* A measure of surface texture
* Represented in terms of RMS
+ Can rise from:
— Poly-crystalline membrane material

Fabrication residues
— Deposition process variation (local)

Mirror Roughness Characterized by AFM

Roughness Analysis

N
i

¥ Bttt
@ 3125
20483

pr— 26,309

Z.F. Wang et al. / Sensors and Actuators A 114 (2004) 80-87

>
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Irregular Surface Variations on a Small-scale

Effect of Roughness on PSF

\/

Polished Si mirror

-

FWHM ~ 0.3 mm

FWHM ~ 2 mm

Su et al., Phot. Tech. Let. 13 (6) 2001

EPFL
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Mirror Quality: Static Deformation

* Flatness of the mirror surface is crucial for quality of the optical beam

+ Static Warp

— Due to stress effects
— Match CTEs for bimorphs
* Dynamic Deformation

— Due to inertial forces .
Mirror Warp measured by Interferometry

— Reinforce mirror plate

1

X profile

1.00-

PSF with flat mirror PSF with warped mirror

0 020 040 060 080 100 120 140,

IR AL S Y profile

4
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Dynamic Mirror Deformation
Characterized by Stroboscopic Dynamic deformation can be analyzed
Interferometry analytically
= D

il , ‘ t ta

3 ' Rotation axis

g fvv v !

S T T Fra

Reinforcement for reduction of
dynamic deformation

S(u)=5__ (" =10t +20u* —11u)/1.83

215
5, =0217 22 o
Er

m

u: Normalized position

ll'll'llmn_

.
?‘I MOEMS 111 - Devices: Micromirrors 25 Micro-60s: Optical MEMS and Micro-Optics 1= [P 1= e
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Dynamic Mirror Deformation: Example

» Measurement conditions
> 17.3° mechanical rotation
> 38.1 KHz oscillation frequency
> 162 nm peak-to-valley deformation
> Simulated PSF degradation
> 20% reduction in maximum intensity

> Side-lobe intensity up to 12.5%.

Mirror surface at full angle

E
£ 50
c
o
g ol
§ -50
-100. 0
05
025 o~ 05
0 o -
Y [mm] -0.25 025 y(mm -50

-05 -05

.
ad .
w \MrEke MOEMS 11l - DevicesMlicromirrors

Flat mirror PSF

1

0.5

1

o [mRad]

Deformed mirror PSF

1

0.5

Example: Electrostatic 2D Micromirror Array

Developed by SAMLAB

High-power beam shaping applications
2D pointing mirror matrix

— DC operation

— 4° rotation around any arbitrary axis
Optimized for high thermal loads

High linearity

. . Post Flexures :
* Electrodes buried in substrate E Mirror
*  Multi-wafer stacking
— Through-silicon-vias (TSVs) 0L U 19 0
— Eutectic bonding C)
\%
Pillars
= |=
samlab
Static Ataman et. al , Proc. IEEE MEMS 2011, pp.684,687

>
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2D MMA with Vertical Electrostatic Actuators

.‘.Lm/ | ®l®

1 mm

Back View

o) e

AccV  Spot n  Det WD.F;:;\ —— 100zm
)
)

Ataman et. al , Proc. TEEE MEMS 2011, pp.684,687 Zamlab

*
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. . .
2D MMA with Vertical Electrostatic Actuators
V-0 behavior with single electrode V-0 behavior with two-electrode actuation
actuation
70f —— . &
Simulation (Uncoupled) °
L[ Simulation (Multifield) i —
60 e \ ° > 2.5
T 50 -
5] %e’ B
E dor 1 3
=
s T 15
= 30F 1 it
< -]
2 g
o 20F B g‘) i
=)
=
10+ P 1 0.5
L]
o 2 I
0 20 40 60 80 100 120 140 160 180 20 40 60 30
Voltage (V) Voltage on 1 electrode [V ]

Complete coverage of the 0, , space

>
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Example: Comb- Actuated Microscanners

» Compact and integrated design
* Very low-power operation
» Integrated position detection

— Piezoresistors on flexures

— External quad-detector
* Bi-resonant in default form

— Offset combs for DC operation
* Applications

— Laser cameras

— 3D cameras / robotic vision

— 3D scanning

— Projection displays

— Spectrometers

*>
&MTEKQ MOEMS III - DevicesMicromirrors

fixed frame electrode

mirror plate (M)

deflectable trench

frame (MF)

Source: http://www.ipms.fraunhofer.de/en/products/MSD/msm-e.pdf

Micro-605: Optical MEMS and Micro-Optics E PFL

Example: A 2D Electromagnetic Micromirror

* Pointing mirror (DC Operation)
* Designed for high thermal loads
* Bulk mirror
— Very flat
— Optimized coatings
*  MEMS Base
— High thermal heat conductance
— Very flexible
— Radial array of flexible beams
— Very reliable
* Magnetic Actuator
— High force
« stiffer springs
« fast mirror

— Very linear, no snap-in

>
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Compliant
Membrane

Ataman et al., J. Micromech. Microeng. 23 (2013) 025002

samlab

Micro-605: Optical MEMS and Micro-Optics E PFL




Example: A 2D Electromagnetic Micromirror

* Moving Magnet Actuation

— Current lines create uniform magnetic
field in the lateral plane

— Magnet rotates to align its magnetization
vector with the field

— Pillar translates the motion to the mirror
* Rotation axis lies in the flexure plane

* Small parasitic displacement of the
mirror

lop# 0

ot

" TR

+ Performance
— 11° DC mechanical rotation
— 76nm peal-to-valley static warp
— <0.02° open-loop position stability over

SRR B!

_IOIIIIIIIIIIIIIIII

0

400

7h
— <0.1° open-loop repeatability over 5000
CYCleS -200 0 200
Electrical Currentin Coil #1 1, [ma]  JQMIQ®
4
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Example: Scanning Piezoelectric Micromirrors

Piezo A To Mirror

To Substrate

PZT Actuator for H-Scan a7 ~

Sk *18 Zmrm BBEE Z

M. Tani et al., Optical MEMS 2006

>
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TUNABLE DIFFRACTION GRATINGS

*
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o

Diffraction Gratings

> Optical component with a periodic structure
O Period in the order of the wavelength
0 Transmission amplitude/phase gratings
0 Reflection binary/blazed gratings
Splits light into multiple diffraction orders
Orders separated by the diffraction angle
0 Defined by the period and the wavelength
> 2" most common MOEMS component

ds

I A -2" order
sin@=mA/A I I A ]
I ; -1 order
Polychromatic plane wave | 9
- > @ o order
I []
1 1t order
I v
I A 2" order
v

*
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TUNABLE-DEPTH GRATINGS

*
od . )
6 IMTEKS MOEMS III - DevicesDiffraction Gratings E PFL

Diffraction Gratings

+ A periodic structure, which splits and diffracts light into several beams
» | Refer to the Micro-Optics part of this course for grating theory !

d«i A -2n order

sinf=mA/A i I A v
I : -1*t order

Polychromatic plane wave || ./ 0
| @® o order
| ' 1*t order

1 A

| ' 2" order

*  MOEMS Tunable Diffraction gratings
— Grating depth: Modulate the light intensity at different diffraction orders
— Grating Period: Modulates the diffraction angle
— Grating Angle: Rotating the entire diffraction profile

-
?‘IM‘I’EKO MOEMS III - Devices: Diffraction Gratings 263 Micro-605: Optical MEMS and Micro-Optics I:PFL




Tunable-Depth Gratings: Concept

2nd order
dpa=A1 4 :
I 1%t order
Monochromatic plane wave || 9
—_— ® o order
1 .
| -1t order
sinB=mA/A |
I -2nd order

* By changing the depth of the diffraction grating
— Intensity of diffraction orders is modified
— Diffraction angle is intact

+ Digital or analog modulation of light intensity
* Works for binary and blazed gratings
*  Most common MEMS tunable grating variety

.
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Tunable-Depth Gratings: Principle

+ Narrower diffraction orders with increasing Diffraction Profile vs. Grating Depth
N 1.2
—_ —d=0
i i H H 3 ——d=8
* Asinusoidal function of grating depth = s

« Ot order contrast is low due to stray light
*  Most modulators work in the 15t order

— High contrast

— Low efficiency (solution: blazed gratings) 01 005 0 005 01

. . . . . di, raction angle [rad]
For a binary grating, the diffraction profile is:

- 51 . 5 F) 21 ] 0t & 1% Order Intensity vs. Grating Depth
sin® |5 | sin N? 6=7dsm9 12
I=5, — - == —_ 0" Order
m gz_zé E‘l —fi\ Order
2| S |2 N = Number of z08
illuminated periods ~ £0s
g0
2md 41, 2md o
Iy = I;;, cos? | —— I, = —= sin? | — N
0 i ( A ) £ m? A % 05 1 15 2

grating depth [waveength]

>
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Tunable-Depth Gratings: Implementation

* Surface micromachining for ribbons

— Small displacements are enough E

*  Bulk micromachining for some variants =

j_[;!
(!

— Ideal for Fourier transform spectrometers

» Electrostatic Actuation
— Full modulation at A/4 displacement

— Very fast modulation

Cross-section of GLV fabrication and actuation

Reflective
Structural  Layer Electrode
Layer

Unactuated State Actuated State

Grating Light Valve™ array structure

C. Ataman et al., J. Micromech. Microeng. 16 (2006) 2517-2523 (Silicon Light Machines)

.
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Tunable-Depth Gratings: Examples
*  Large effects with miniscule displacements W
* M4 displacement for full contrast /// ; <5
* Electrostatic actuation % s 4‘
* Applications £ ////

— Projection Displays g
— Wavelength selective switches ,‘& ~ 559 ///

=
http://www.micralyne.com/spatial-light-valve/

— Spectroscopy
— Maskless Lithography
*  Major Developers/Suppliers
— Silicon Light Machines — Grating Light Valve
— Micralyne
— Fraunhofer IPMS

— Boston Micromachines

Silicon Light Machines

.
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Tunable-Depth Gratings for Sensing

2nd
Iy = I;, cos? <T>

1.2

4ly ., (2nd
I = oz Sint|——

0.4

relative intensity [a.u.]
o
(o]

0.2}

" Order

0
0 0.5

1 1.5 2

grating depth [waveength]

*>
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Tunable-Depth Gratings for Sensing

Diffraction gratings can also be
used for precision displacement
sensing of MEMS
Advantages

— Integrated sensor

— Extremely sensitive

— No electrical connection
Grating sensors are used for...
— Atomic force microscopy

— Bio-sensors

— Process monitoring

— Microphones

— Pressure sensors

— Strain sensors

>
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Probe tip Micromachined
membrane
Electrostatic
. = o o c actuation input
ranspare
substrate Diffraction
gratmg (bottom
electrode)
Incident laser
order beam
Reflected
A= +1 diffraction
order order orders

order
dlsplacement
Photodetector signal

Onaran et al. Rev. Sci. Instrum. 77, 023501 2006
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TUNABLE-PITCH GRATINGS

.
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Tunable-Pitch Gratings: Concept and Operation

1 2" order
sin 0(t) = m A / A(t) I
| 1t order
Ay 1 '
—_ I ® othorder
Monochromatic 1 ~
plane wave 1 -1 order
1
| -2" order
26
¢ By chlanglr?g the pIch of t.h.e diffraction grating LA‘ .
— Diffraction angle is modified "a"a"a"a"a" = ;E—_
— Diffraction intensities remain relatively intact 9 ED 2
+ Digital or analog operation I ‘gﬁ B
* Works for binary and blazed gratings ‘“7\-‘“--“--' a8~
2
cPFL
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Tunable-Pitch Gratings - Applications

Wavelength selective switching Spectrometer/Monochromator
* Telecommunication networks * Chemical analysis
* Operates in the 15 order * Operates in the 1% or higher orders
* Precision control of grating period * Pinhole selects a single
s wavelength
).; ,Lz‘ + Time resolved spectrum
* Examples in Lecture 13
Output
Fibers [ | Detector
— Pinhole
/ﬂ
o
Al) "a™ e == A) "m™m™-™
ll
1 Input Input
ﬁz I Fiber Ao A 2 T Fiber
3
A
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Tunable-Pitch Gratings: Examples

Sub-wavelength Grating Blazed Grating 4-Level Grating

Grating
lines

Actuator
arrays

Tormen etal., Proc. of SPIE Vol. 6114 61140C-1

v -
X. M. Zhang et al., Transducers o7 Y. Wong et al., J. Micromech. Microeng. 19 (2009) 025019

>
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ROTATING GRATINGS

.
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Rotating Gratings: Concept and Operation

A -2 order

sinB(t) =0,(t) + mA / A v
: -1*t order

A 0

_ I @ o order

Polychromatic A
1t order

plane wave v
: 27 order

> By rotating the diffraction grating

a Entire diffraction profile is displaced

0 Diffraction intensities remain relatively intact
> Mostly analog variants
> Works for binary and blazed gratings

.
i : . cpr-
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Rotating Gratings: Spectroscopy

> Applications
Q Spectrometers / Monochromators
Q External cavity lasers focusing mirror
a Tunable filters collimating mirror

0 Wavelength selective switches

> Limitations
O Free spectral range
0O Resolution
> Examples in Lecture 13

entrance slit ' e— b exit slit

light source detector

*
&M’!EKO MOEMS II - DevicesDiffraction Gratings 276 E P F L

Rotating Gratings: Tunable Laser

v

External cavity laser with a grating mirror
Only selected wavelengths are coupled back into the fiber

vV VvV

Blazed grating in Littrow configuration
0 Incidence and reflection angles are the same

> Compact tuning

Blazed grating

Rotary
“comb drive

Rotation 7

’
Y,\\
’
’
W

Pivot

= X
Liu, Zhang, J. Micromech. Microeng. 17 (2007) Ri-Ri3

.
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TUNABLE LENSES

.
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What is a Microlens?

+  Lenses with diameters from ~5 pm to 1 mm
- Refractive or diffractive
- Easy to pack in large arrays ( a la compound eye)
- Single lenses or microlens arrays
«  Wide range of fabrication methods
- Large scale/wafer level fabrication
. Commercially used in
- Digital photography and IR imaging
- Retinal scanning displays
- 3D and light-field cameras

- Source-to-fiber light coupling

.
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Active Microlenses

* Microlenses with tunable...

— Lateral position for rotating of optical axis | —

— Vertical position for defocusing |
— Radius of curvature for focal length tuning

* New materials are commonly used for adaptive lenses
— Optical fluidics
— Wide variety of polymers

E
» Applications -
— Laser-to-fiber coupling
— Confocal microscopy
— Autofocus an zoom objectives I
— Optical image stabilization |

>
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f

deformiert

relaxiert
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Microlenses on MEMS Platforms

* Polymer/glass microlenses on MEMS platforms
+ Refractive and diffractive lenses
+ Compact solutions for complex imaging
¢ In-line steering of light (unlike mirrors)
* Limited freedom in lens design
* Fabrication Methods

— Reflow on MEMS Reflowed gl micrlens

Lateral comb-drive resonator

onsilicon 1

— Molding/Hot embossing tomme tmatipoor IF

the microlens

— Electrostatic shaping + UV curing

— Micro-assembly

» Applications
— Beam steering (in-plane translation)
— Focusing and zooming (piston)

*
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T substrate

Glass

Steered beam

Yo et al., J. Micromech. Microeng. 23 (2013) 065012
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Laterally Translating A Lens

zA—y Ay ' ‘\
o f \‘ |
J L —
_—— )9
° Tg“,
f 1

» Lens translation leads to beam rotation
» Beam rotation increases with
0 Lens focal length
O Translation stroke
> Large displacements for notable steering angles

*
c}o , . ) -
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Refractive beam scanning

‘ T vy

Triple MLA Scanning Elimination of spurious
Collimating Focusing light by the field lens
Lens Lens

laser .~

Discrete Addressability

)

Mdcos(@ |

Ma N
t(x)= [exp(— i2myx/ ﬂf)- rect(x / a)]* [(1 / d)comb(x / d)rect(x / Nd )]
1(0) = (Nad ) [sinc[(a/ A )sin @ - ry / f)]# [comb(d sin &/ 2 ) sinc(Ndsin /2 )]’

*
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Refractive beam scanning

Iy Imaging

FP DMLA lens

. SL 'MLA H
PSL MMLA n-fys

i r Phase Condition
0, =— +
fPSL fMLA n =(0T—l’ll/d)fPSL
OPD, =—d 25 rd- r2=(0T+rl/fPSL) MLA
Sest S

A. Akatay, C. Ataman, H.Urey" Optics Letters, vol.31, no. 19, pp. 2861-2863,
2006.
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MLA Scanner: Proof of Principle

(a) (b) (©)
(a) All lenses on-axis, (b) Only the MMLA is moved (c) Both the PSL and the
MMLA is moved to meet the phase condition

()

(b)

(@) The MMLA motion only produces discrete addressing (b) The PSL
and the MMLA move synchronously

A. Akatay, C. Ataman, H.Urey" Optics Letters, vol.31, no. 19, pp. 2861-2863,
2006.
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Microlenses on MEMS Platforms: Examples

Kwon et al. Optics Letters 24 (7), 2004, 706-708

PDMS lens

V-shaped
spring
=
\
Magn

\
f—t=—=-1 600 m
A8 Chip with Lens

4 SAMLAB, EPFL

Gimbaled —/

electrode
Siu et al., IEEE MEMS 2009

.
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Lenses with Adaptive Radius of Curvature

* Focal length can be tuned by
— Electro-optic effect — Changing lens refractive index

>
>>|

* Fast yet limited in tuning range

* Large tuning range, yet relatively small

f

deformiert

— Physical deformation — Changing the radius of curvature |

f

relaxiert

* Main challenges
— Tuning range and speed

— Maintaining good optical quality
— Mechanical reliability

» Applications
— Autofocus and optical zoom systems

— Confocal microscopy I
— Machine vision |

N

Ni

.
&MEK’ MOEMS III - Devices: Microlenses 8 Micro-605: Optical MEMS and Micro-Optics ~ g=




Electrowetting Based Tunable Microlenses

50V
[
]

ELECTROSTATIC
PRESSURE

ELECTROSTATIC
PRESSURE

| | [ |
METAL— | | L——METAL METAL— | | L ——METAL
INSULATION INSULATION
> Liquid-liquid interface © Varioptic

> Different refractive index
> Density matching for eliminating gravitational effects

*
od
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Corning® Varioptic® Tunable Lenses

> Electrowetting based liquid lens Autofocus mode
> Water-oil interface for refractive ind
> Density matching! — { = = ] — 3 } ey
> Applications X ‘ j —tn= =M=
Q Autofocus and zoom optics ﬂk F ’—J\ x".
0 Optical image stabilization |_|[ o T L|| -

Optical image stabilization mode

D V=60V I_| V=45V Arﬁ V=30V
- -H- -H-
—_— \ g e ‘ —_— e ! T

B! [ [

L]l V=30V Ll V=45V I—ll V=60V

http://www.varioptic.com/

C
g  Microlense "PFL
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Liquid Tunable Microlenses

* Microlens with flexible membrane capping Aliquid tunable lens
. with external pump
* Large tuning rage

+ Positive and negative curvature

+ External pumps or integrated actuators Fluid port —)hvd

+ Optical fluid + flexible membranes

Lens membrane

* Prone to aberrations

— V

Lower (ITQ) electrode Glass wafer

M&@@ —-—

inmal state  -------- Defo rmed state

w/o applied voltage w/ applied voltage | A liquid tunable lens with integrated actuator

Zeng et al. ). Phys. D: Appl. Phys. 46 323001

.
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Commercial Liquid Tunable Lenses

Polight (Norway) TLens Optotune (Switzerland)
» Deformable membrane lens * Deformable membrane lens
* Piezo actuation * Electroactive polymer actuation
* Specifications + Optical liquid with polymer
— >95% transmittance membrane

— Dimensions: 3.2x3.2x 0.4 mm  + Spun off the NextLens AG!
— Response time : <1 ms

Power Consumption: 1 mw

http://www.optotune.com

0
g

http://www.polight.no/

it polight “(;\ptotune

>
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TUNABLE RESONATORS

>
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What is an Optical Resonator?

An optical arrangement that allows a beam to circulate in a closed path.
Discrete resonant frequencies (longitudinal modes)

vV V V

Major component for
a Virtually all types of laser
Q Filters and frequency selective components

> Can be linear or ring type

Fabry-Perot “ Whispering Gallery (Ring)
< > jj ﬁ Bowtie \
f Folding-mirror

.
od . -
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Longitudinal Resonator Modes

> Self-consistent field distributions self-reproducing in each round trip.

> Constructive self-interference after one round trip

> Free Spectral Range (FSR): distance between two resonator modes

2nl
m1 T Refractiveindex  po @ Resonance: L=2nl=m-A= 1, = Y
® > 2
v o= —
Resonator Modes ™ 2nl
@ m=3 m=+4 m =5
©,
Frequency [Hz]
® _—
- ] Wavelength
QTWEK‘ MOEMS Il - Devices: o4 =PrFL
Free Spectral Range (FSR)
Frequency Domain
m=1 m=2 m=3 m=4 m=5
Av c
Av = —
ﬁ ﬂ ﬁ 2nl
|
Frequency [Hz]
Wavelength Domain
m=5 m=4 m=2 m=1
A, ~ —=
™ 2nl
|
Wavelength [nm]
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Example: Nd:YAG Solid-State Laser

Highly Partially
reflective reflective
mirror Flashlamp (pump source) mirror

-

ND:WAG crystal (laser medium)

\— Optical resonator 4

Gain spectrum
K p

c/2l
Cavity modes with oscillation potential

*>
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Example: Ring Resonator Notch Filter

Cavity length equals to the resonator circumference [
Near-field in and out coupling via waveguides
Very high quality factor

Key components in photonic transceiver ICs
MOEMS for PICs is an emerging topic!

vV V V V V

Drop-port

FwHM  Thru-port
(AN

Thru-port Transmission

input-port Thru-port

.
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TUNABLE FABRY-PEROT RESONATORS

>
. . o -
€. oo “PFL

YV V V V V

&0

Fabry-Perot Resonator (FPI) Basics

Also called FP interferometer or etalon Basic Fabry—Perot interferometer

Linear resonator with two mirrors E M B

Mirrors are partially reflective iy

Mirror separation of / ~——

At the resonant wavelengths, [~
a Transmitted beams interfere constructively \Ei E,
0 All the incident energy is transmitted. \E3

Control and measurement of spectra R 7177UR
a Optical filters

Tunable lasers Ap = 4_7Tn 1 cosa
Spectrometers

Dichroic mirrors

[ A I )

...and many more

*
) |
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FPI Transmission Spectrum

> Total E-field after the FPI: Basic Fabry—Perot interferometer
E, B ]
- - i : a.m
E, = Z E,=TE, ZR"e”"M’ = %
n=0 n=0 —Re \E
\Eo
> Transmitted intensity: \.EI E,
2
(1 R)Z l \E3
IT = Le ) ) R— —R
(1 -=R)? +4Rsin"(Ag/2)
> Define Finesse #
1 R
Iy = — with ¥z = ﬁi,
1+ (2/m)*F 3 sin*(A¢/2) 1-R
€. pr
\Mreke MOEMS 11 - Devices: 300 l:P._L

Free Spectral Range vs. Finesse

I
)}
—T

N
~
:

transmission

I
¥}

e
=
:

C
c}o ) =y -
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MEMS Tunable FP Resonators

> Tuning of the cavity length
> Mostly electrostatic actuation
> Applications

Q Tunable filters
Tunable lasers
Tunable amplifiers
Add/drop multiplexers
Spectrometers

O 000 GOo

Flat panel displays

y

VTT

p——)

M

*
ad y ices:
& |MTEK® MOEMS III - Devices:

Spacer Layer

ul

Bulk micromachined MEMS-FPR

Movable Carrier (Mesa)
/
Reflector coating / Flexible Suspension

\\ A\ / Structure
\
\ i \

Control Electrodes \E\ Fixed Carrier

Anti Reflection Coating

Surface micromachined MEMS-FPR

Spacer Layer

Sacrificial Layer, g
¢ \ yen / Control

\ { / Electrodes

Y /

(Membrane) Reflectors

L

i
I —

/ Silicon Substrat
Anti Reflection Coating PliconSUbsiae
(optionally removed)

=PrL

MEMS FPR Operation Principle

Cavity length tuned by changing the cavity length

FSR

>
> Entire spectrum contracts (or expands)
> Shifting of the transmission peak
> Tuning range limited by FSR
> Resolution limited by spectral width
Reflectors
\
I
| h

>/
M\

NNy

PN

1

g
o

el%

*
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MEMS FPR: Advantages and Requirements

> Advantages
Q Exceptional mirror quality
Q Exceptional parallelism
a Short cavity length — Large FSR
Q Tuning precision and speed
a Batch fabrication

> Requirements

o Good control over cavity gap
Mirror quality
Large aperture size
Bow-free mirror displacement
Pull-in control

[ A |

Extra filters for order selection

.
&Mm(o MOEMS III - Devices: 304

InfraTec — MEMS FPR Technology

L e
[ G Tde | deo
sio, WAl ARC

Reflector

Second order First order

>
o [] [sv] V] ] [ov]

Transmittance in %
193 2 =
(=1 W (=]
L

[
W
L

0 u T T ¥ T T u ™
3 4 5 6 7 8 9 10 11 12

* Wavelength in pm
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Thorlabs MEMS Tunable VCSEL

Static Tuning of MEMS-Tuning VCSEL

MEMS Actuator 110nm
Top Contact
-60
Deflecting 70
Membrane A __ Antieflection
Coating @
= -80
ekt z
v Regir MES Actuator § 0 I
P E w e
.‘l'
-110
-120
—/ 1220 1240 1260 1280 1300 1320 1340 1360 1380
Substrate

Wavelength (nm)

Center wavelength: 1300 nm (low scattering in tissue)
Developed for OCT

>100 nm tuning with 400 KHz scan rate

>50 mm coherence length

1.06 pm counterpart under development

YV V V V V

g‘m:m(o MOEMS III - Devices: 306 E PFL

MEMS FPR FOR SENSING
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MEMS FP Resonator for Sensing

> Cavity with one
deformable/movable membrane — ®  snsewasenan ian
> Mass/Pressure/Stress induced e G
displacement leads to a shifted
transmission spectrum
0 Intensity based detection

Adsorbed Molecules

a Spectrograph based detection
> MEMS Fabry-Perot Cavities for

Bio-sensing ! sy Defloction

Fabry-Perot interferometer

Wavelength of light source

Process monitoring
Microphones ®
Pressure sensors

Transmittance change

Transmittance

Strain sensors

O 0000 ODOo

Microbolometers S/
Wavelength

K. Takahashi et al., Sensors and Actuators B /88 (2013) 393— 399
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MOEMS APPLICATIONS

*
od
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MOEMS Applications: Overview

+ Display Systems
— Scanning Displays
— Projection Displays

* Imaging Systems
— Laser Scanned Imaging
— Endomicroscopy
— Mobile Photography
— Infrared Imaging

+ Telecommunication Network Components
— Tunable Laser Sources
— Optical Cross-Connects
— Wavelength Selective Switches
— Variable Optical Attenuators

+ Advanced Instrumentation
— Spectroscopy
— Adaptive Optics
— Maskless Lithography

Microvision

N,

’///uU/lu/mwmANMHHIMMUlm I\
¥

*
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Display Systems

* Scanning Displays
— Uses scanning micromirrors
— Pocket Projectors, HUDs, HMDs
— Microvision, Lemoptix, ST
* Projection Displays
— Imaging of a MOEMS array on a screen
— Projectors, Pocket Projectors, Lithography
— TI DLP, SLM GLV, Sony GxL
+ Backlit Displays
— LCD/OLED Alternatives
— Mobile devices
— Qualcomm Pixtronics, Unipixel
* Reflective Displays
— E-Ink Alternatives
— Mobile devices, e-readers
— Qualcomm IMOD

*
&MTEKO Part IV- Systems:  Display Systems 31

Image courtesy of Microvision, inc.

MICROMIRROR-BASED DISPLAYS

*
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Scanning Display Operation

Laser Diodes +
Optics
Maradin 2D MEMS
Scanner Mirror

SO
Maracin |

Laser Driver Maradin Laser Maradin MEMS
Timing Algorithm  Drive & Control

.
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Scanning Display: Practical Concerns

E DISPLAY AREA E A
E Over scan factors: :
E Knos eh?nhech Koos = % E

40,

40, mech

.
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*

Scanning Display Resolution

407" Kyos DpKsp

KA

: Horizontal resolution

: Maximum horizontal scan angle
: Horizontal overscan factor

: Mirror size along horizontal axis
: Spot-size/pixel size ratio

: Beam-clipping factor

Part IV- Systems: Display Systems 315

mech
40" Kyos Dy K
p =
KA

N, : Vertical resolution
O, nech : Maximum vertical scan angle
K, : Vertical overscan factor
D, : Mirror size along vertical axis
K,, : Spot-size/pixel size ratio
K, : Beam-clipping factor

Micro-6os: Optical MEMS and Micro-Optics =PrFL

&

.0

IMTEK®

Scanned Display: Refresh Rate and Standards

: Horizontal scanner frequency

fs = ﬂ F, : Refresh rate
KupKyos K, : uni/bi-directional scanning
Display Format N, Ny,  Omecn(deg-mm)  fs(Hz)
QVGA 320 240 3.9 8000
VGA 640 480 7.8 16000
SVGA 800 600 9.7 20000
XGA 1024 768 12.4 25600
SXGA 1280 1024 15.6 34133
UXGA 1600 1200 19.4 40000
HDTV 1920 1080 23.3 36000
Part IV- Systems: Display Systems 316 Micro-605: Optical MEMS and Micro-Optics EPFL




Colour and Grayscale Encoding

Black Pixel Time Max. Brightness

0% : 25% : 50% : 75% : 100%
Duty Cycle : DutyCycle : DutyCycle : DutyCycle : DutyCycle

=5 ; —
% o g_e_é Average Voltage
T Averagt Voltage 5
k. :
(=] H
> | Avproge voltage | |
0 Average Voltage | H )
0 ] 6 8
Time (ms)
* Red, green and blue (RGB) sources for full colour display
* Modulation of the light source for pixel formation
* Intensity encoding:
— Pulse Width Modulation (PWM)
g’MEK‘ Part IV- Systems:  Display Systems 317 Micro-605: Optical MEMS and Micro-Optics EPFL

EXAMPLE: MICROVISION PICOP
TECHNOLOGY

*
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Microvision - PicoP

Modulated RGB lasers
MEMS 2D microscanner
Moving-coil actuation
Integrated in
— Pocket projectors and smart phones
— Head mounted displays (HMDs)
— Automobile Head-up Displays (HUDs)
* Specifications
— 1920x710 (claimed!)
— 32 lumens
— Full colour
— >80.000 contrast ratio
— 42.1° field of view
N
v

MicroVision

*
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MVIS Projector Module

Celluon PiroPro

SONY MP-CL1A

Micro-605: Optical MEMS and Micro-Optics E PFL

Microvision MEMS Scanner Technology

@ Patterned trace
.~ ... electromagnet 7

N\ 7
Torsion flexure / /

= > Strain/gauge
@

Single-coil for 2D actuation

External magnetic field via permanent magnets

Piezoresistive position sensors

Mirror reinforcement for dynamic deformation minimization

W,

MicroVision

WWW.microvision.com

*
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Microvision MEMS Scanner Technology

o Vertical Scan Amplitude Vertical Scan Amplitude

B,,, field
Slow scan flexures 3l Y

sy = u e
e CEo) 45"1

4 J :
< x -1% 10 1 2
g Time [ms] Time [ms]
e 16 Drive Signal 100 Drive Signal
.
\I T H X

s Fast scan flexures

Optical Scan Angle [deg]
o
n
o
Optical Scan Angle [deg]
o o

R o
® o

Drive Current [mA]
(=}

Drive Current [mA]
(=}

— o
ool b® I
 Multi turn 10
spiral coil Time; [ms]

1 2
Time [ms]

MicroVision

Yalcinkaya et al. IMEMS 25 (4) 2006.

.
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Other MEMS Scanning Display Systems

Head-Up Displays (HUDs) Retinal Scanning Displays (RSDs)
> Automotive Industry > Projection of the image directly on the
> See-through retina

Y

> Significant safety advantage Augmented reality

AN

Other major players in the pico-projector game

> INTEL (through acquisition of Lemoptix)

> ST Microelectronics (through acquisition of bTendo)
> Maradin, Israel

> Opus Microsystems, Taiwan

> BOSCH Sensortec

*
. . ) ) -rpr
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GRATING LIGHT VALVE

.
&Mﬁl« Part IV- Systems: - Display Systems 323 Micro-605: Optical MEMS and Micro-Optics =EPrFL

SLM - Grating Light Valve

iy, Scannin;
> 1D digitally-tunable grating array b )
Scanning mirror ' N
» Combined with a 1D Scanner Vi, 5!;&,;
> Diffracting grating o T
0 Color dependent beam deflection \ P color combining
k {/ & /ayvounerm:;r:g -
0 Modulat te: > 200 kH > iffracted g
. 0 u'a ron rate z Projectionlens/\ 7/\; /
> Grating/ribbon data ' /Enng
Q Array: 1 x 8092 pixels = - ‘+ Vates
a Pixel: 3 active + 3 in-active stripes  pegiaser & /
o Width:  1-10pm . ’ .
Q Length: 100 - 1000 pm s / —
0 Resonance frequency > 10MHz wovine ’“’"“"*>\\
0 Displacement: /4 = 100 - 200 nm "m" P g
S ) Light Valve
ILICO Air gap

Common electrode

.\ siticon
T LIGHT
/" MACHINES
Image source: IEEE Spectrum

*>
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GLV operartion principle

Most of the beam is reflected

Diffraction from parasitic grating
o 4
I |
High diffraction angles, symmetric reconstruction 5
i

+1 Parasitic

v

.
L
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GLV Imaging Optics — Fourier Plane Filtering

Incident light
Laser light Front view

—_— Diffracted light I Diffracted light
oo |2 e uu:>

Stop
Reflected
light

> | Diffracted light I Diffracted light
- (+1 order) (+1 order)

Lens
Grating light valve Grating light valve image

The pattern is determined by
whether or not the pixel diffracts.

*
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SLM - Grating Light Valve

Large 1D array of ribbons
6 ribbons per pixel
Electrostatic actuation
Digital or analog operation

YV V V V V

Other applications
0 Dynamic gain equalization
0 Head-up displays
0 Optical maskless lithography

Dark State Bright State

Incident light Reflected light Diffracted light  Incident light  Diffracted light

(=1 order) (+1 order)
N N . .- -_— -— — = — -
|magc‘ hitp://www.siliconlight.com

.
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DIGITAL MICROMIRROR DEVICE
(DMD)

A4
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Tl — Digital Micromirror Device

Dr. Larry Hornbeck and Dr. William E. Nelson of Tl in 1987.
Mirror tilts £10° or £17° — ON / OFF
BPWM for grayscale (16 bits)
Up to 2560 x 1600 resolution
Down to 5.4 pm mirror size
Applications

0 Televisions and HDTVs
Holographic Versatile Discs

YV V V V V VYV

Head-mounted displays
Digital cinema
DLP projector

0O 000 o

Optical metrology

*
>ood N .
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Tl - Digital Micromirror Device

g DLP Board

S Processor
w

n

/ Memory

/ Projection Lens
DMD “ - e . i

Shaping Lens

Color Filter

Condensing Lens

(DLP

TEXAS INSTRUMENTS

*
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Tl — Digital Micromirror Device

(DLP

Media source: Pr r arry (TI): “DLP - How It Works” (2007) TEXAS INSTRUMENTS

*
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Tl - Digital Micromirror Device

(DLP

Media source: Presentation from Larry Hornbeck (TI): “DLP - How It Works” (2007) TEXAS INSTRUMENTS

C
6o
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Tl — Digital Micromirror Device

Media source: Presentation from Larry Hornbeck (TI): “DLP - How It Works™ (2007)

Part IV- Systems:  Display Systems 333
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TEXAS INSTRUMENTS
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Micro-605: Optical MEMS and Micro-Optics

TI DMD - Pixel Structure

DMD Micromirrors
 Tilting +10°/+17°
* Pixel size down to 5.4 ym
* Under each mirror:

— Diriving electronics

— Memory electronics

Mirror =10 deg

Mirror +10 deg

CMos
Substrate

Spring Tip

*
od
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(Layers)

Mirror
Spring Tip

Mirror
Address

Electrode Yoke

and Hinge

Yoke
Address
Electrode

EPFL
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DMD Fabrication Process

Spacervial
= s - Spaceri
O, et
o Mirror Oxide
S~ .
~ Subst th (i,h:l:zo;'dteSh Mirror  support Post  Mirror Mask
CMOS Address Circuitry ( ot Shown) /___, Mirror Metal

After Spacer1 Patterning |, Spacer2

- i
Oxide Hinge Oxide Yoke Yoke (Beam) R B i

Mask Mask Metal Substrate W
s —X Hinge Metal After Mi P i
= R = TS er Mirror Patterning

Substrate

Mirror Mirror Support Post

After Yoke Oxide Patterning

Hinge
Support Post  Yoke Hinge

Metal 3
CMP Oxide
(VIA 2 Not Shown)

| I it
T 777//‘/_11/_//—‘//4"//7/121%\
‘ Completed Device

‘ Substrate
After Yoke/Hinge Etch and Oxide Strip

Al mirror ---- CMOS compatible process
Photoresist sacrificial layer --- removed by plasma etching
DMD on CMOS SRAM by 6 mask process

*
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DMD - Operation Principle

Update SRAM cell. « The bias system

2. Remove bias — Reduces the operation voltage
— The mirror moves into new position. — Synchronized mirror position

3. Restore bias update.
— The mirror is held in position * Grayscale Rendering

4. Update SRAM cell again. — Pulse Width Modulation (PWM)

Optical Bitstream

Projection
Lens

Video Frame 1, 2

Visual Perception of
Color Grayscale

*>
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ENDOMICROSCOPY

*>
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IMTEK®

Conventional vs. Optical Biopsy

+ Biopsy is the gold standard for tissue analysis

+ High-resolution Biopsy forceps
colonoscope

+ High-specificity and selectivity
- Needs incision

- Slow and costly

- Only vertical sectioning

- Only visual information
criticalcaredvm.com

+ Optical biopsy is a promising alternative
— Non-invasive
— In-vivo, in-situ, real-time
— Vertical and horizontal sectioning
Spectroscopic information

Transient tissue information

*>
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Optical Biopsy: Enormous Health Benefits

* Imaging-based diagnosis
— In-vivo, in-situ, real-time diagnosis
— No incision, no pathology

— Pre-malignant tissue identification

* Aided surgical procedures
— Tumor margin identification

— Guiding of surgical tools

* Guided conventional biopsy
— Reduced number of incisions
— Improved targeting
— Single endoscope insertion

PAM

*
od
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A Big Family of Imaging Methods

Wide-field or | 2D/3D | Structural or
Scanning molecular
2D

Endomicroscopy/Narrow-band Imaging wide-field Structural
(Auto)Fluorescence Microscopy both 2/3D Molecular
Confocal Laser Endomicroscopy scanning 3D Structural
Optical Coherence Tomography scanning 3D Structural
Optical Coherence Microscopy scanning 2D Structural
Multiphoton Microscopy both 2/3D Molecular
Raman/CAR Spectroscopy both 2D Molecular
Second Harmonic Generation Micr. both 2/3D Molecular
Photoacoustic Microscopy scanning 3D Structural
Elastic Scattering Spectroscopy scanning 2/3D Structural

*
od , I ) ) . ) |
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Micro-Optics & Optical MEMS in Endomicroscopy

Challenges

Resolution vs. FoV vs. size

Optical quality

Packaging and reliability

Medical requirements

What does Optical MEMS offer? "=

High quality micro-optics

Compact laser scanners

Adaptive imaging schemes

Assembly techniques
Beam scanning methods:
— Micromirrors

— Fiber scanners

— Lens Scanners

> o .
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mounting head

il

stiffness modulation

additional mass
——
\ r—
fiber (L =20 mm)

Hwang et al. Micro and Nano Syst Lett (2017) 5:1

cPrL

Point-Scanned Imaging

Light delivery through optical fibers
Viewing direction
— Circumferential (1)
— Side-looking (2)
— Forward-looking (3)
Resolution vs. field-of-view
— Large NA for confocal techniques
— Low-NA for large imaging depths
— Remember Gaussian optics!
Light collection
— Through the illumination path
— With extra fibers
Endoscope type
— Rigid
— Flexible

A4
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(2 Fiber GRIN MEMS  stainless

U Florida

\ / electrical connections
piezo tube

IMTEK
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Scanning Schemes

Spiral Scan Raster Scan Lissajous Scan

RETSTST

(a)

*
2 7 Q. .
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IMAGING WITH SCANNING FIBERS
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Tubular Piezoelectric Actuators

z

> Piezoelectric Effect 2V2ds, [2 dyyl

AL =V X

Ax =V,

nDh h

Q Electric Field — Deformation
a Depends on crystal orientation
Q Limited by maximum E-field

» Tubular Piezo Actuation
0 Fixed-free cantilever

Q 1 inner, 4 outer electrodes
0 Developed for AFM
0 Adapted for endoscopy by E. Seibel et al. hitp/waw, piezodive.com
a Thinnest available scanning technique
A4
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E-OCT Probe with Fourier Plane Scanning
> Features .
) ) ) Fourier plane
a Piezoelectric actuation I
O Fiber-GRIN cantilever ; . tlf
0 Telecentric scanning L at n e
0 Low-distortion imaging
a Uniform PSF over FoV virtual radiant source 5
a Ideal for multi-modal imaging f f

> Specifications
a FOV: 2 mm (telecentric)

3 mm
Working distance: 4.8 mm
Lateral resolution = 29 um
Numerical aperture = 0.032
Depth of field = 1.65 mm

a
a
a
a

Vilches et al 2017 J. Micromech. Microeng. 27 105015
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E-OCT Probe: Scanning Principle

SiN(21Tfpogt)SIN (2T el) I @

SiN(2MTfrot)COS(2TTyet)

Lowest sampling—= = =~ =
B T TR T oo density .
: 9 E b
gos| 32000 - £ 5
2 | 3 8
§06 L 41500 §
3 or E| g i
202] - - 500 5 Highest samling
E E| density
0.0 = PO T S B IR [ i T, |1
730 740 750 760 770 780 790 800
Frequency [Hz] . ‘
- - < ( = - . .
=~ 2D scan pattern at the working point
750 Hz 760 Hz 765 Hz 768 Hz 770Hz 780 Hz
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Image Acquisition and Distortion Correction

a) Raw data b) LUT c) LUT + 2D interpolation

Iin)

Ty I
Iz |3

P
i
=X
: Py
—
B
g i 5
Y 2]
4

&=

£ t
v = “ Lk
o - -
i . -
wo 114 - 111 =%
ene - R d - L
e -l'x LR
= - I .
= =
= TR = p—
= wE B oms
3 ¥ =

Vilches et al 2017 J. Micromech. Microeng. 27 105015
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OC I Ima in ReSUItS UIEIIVIE%QNS%SIAIE
g g
WIEN

> SS-OCT parameters
0 Insight Photonics akinetic source
O 142 KHz A-scan rate
0 4 volumes/second
a 32 nm bandwidth @ 1.34 pm
e 25.4 ym axial resolution in air
a 3.3 mW optical power
a 82 dBSnR

> Sample: Human fingertip

hair shaft sweat duct 204 Cross-section view
stratum disjunctum

Skin surface

1

——

E < 08
[ S
stratum corneum jepldermls -é $1.2 epidermis.I
> -
stratum lucidum P A 216 dermis
o
@2, subcutaneous X
——F~ (7| subcutaneous 0 fissue
_| ftissue 2.4 M

0 0.25 0.5 0.75 1.25
Lateral position [mm]
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MOEMS FOR CAMERA MODULES
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MOEMS in Digital Cameras

> Zoom and autofocus systems
Q Translating lenses
Q Tunable-focus lenses

> Optical Image Stabilization Oscillators
RF filters and switches
BAW filters

0 Tunable lenses Micromirrors

> Aperture adjustment Gyroscopes

0 Microfluidic solutions Accelerometers
. Pressure Sensors
0 Mechanical shutters

Autofocus
systems

OIS systems
Aperture control
Microdisplays

Microphones Proximity sensors

MEMS and MOEMS in modern smartphones

*
od
€ s g sems cP=L

invensas — mems | cam module

* Integrated MEMS autofocus camera
* Vertical comb actuates polymer lens
» Camera specs:

— Resolution 8MP

— Pixel Size 1.4 pm x 1.4 pm

— Relative Aperture (f#) /2.4

— Focusing Range 10 cm to o«

— Module Height 5.35 mm (COB)
» Autofocus specs:

— Operating Voltage: 2.8 - 4.5 V

— Power Consumption: 0.2 mW /0.45 mW

— Current: 80 pA

— Settling Time: <10 ms (typical)

— Travel: 100 pm (min)

— Repeatability: +/- 1 pm (nom)

.
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Nextlens/Optotune Tunable Lenses

* First commercial smartphone
camera with a liquid-tunable lens

*  Optotune technolgoy

* Magnetic actuation

* <5 ms response time

*  Wafer-level lens manufacturing

Camera module of
Xiaomi MI Mix Fold

*
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Optical Image Stabilization (OIS)

* Reduction of image blurring due to “shaking hands”
* Miniaturize systems for smartphones

— Voice-coil actuators
. . Magnets & yoke
* New generation MOEMS alternatives “
\
Stee| balls

Driving coil & 1\
Position detection

— MEMS platform based systems  semor |

— Tunable lens based systems

+ Order of magnitude power savings
* Enhanced speed
* Enhanced precision

\
\

\
VC micro computer

VC lens

VC Actuator

*
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Varioptic OIS - Shaking the Lens

+ Varioptic is a developer of electrowetting based tunable lenses
* Quad-electrode lens for two-axis image stabilization
* Achieves auto-focus AND optical image stabilization
» Applications
— mobile photography in medium light (indoors, at dusk...)
— mobile video

— mobile data capture

L] L]
varioptic
F'I_\ V=60V r| V=45V F'I_\ V=30V
i8]
2 | /] L .
o 3 ~—g > } — S
s .
] e —_— >
—~7
= N — | — - -
- i m
V=30V V=45V V=60V
0.0
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MEMSDrive OIS - Shaking the Sensor

> Upto 5 axes moving the image sensor _
. . )

> MEMS platform with comb actuators Q2

> Features: MEMSDrive

O 3 Axis stabilization: pitch, yaw and roll

O Built-in 2 Axis accelerometer
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MOEMS FOR TELECOM

Micro-605: Optical MEMS and Micro-Optics
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MOEMS in a Telecom Network

.. WDM
equalizing channels
users and
m networks
collimator input 0XC EDFA
VOA's
WDM gam
channels
users and ]
networks
WDM tunable filter
.0
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Thorlabs MEMS Tunable VCSEL

MEMS
x / Sectic Mirer Static Tuning of MEMS-Tuning VCSEL
-50
110 nm
-60
Deflecting -70
Wembrans — " i _ Antireflection
Coating 8 80
it [ £ «
Active Region MEMS Actuator S = i
Sotom Contact £ ,’€
Fully Oxidized, e
Dielectic Mirror 0 T
-120
1220 1240 1260 1280 1300 1320 1340 1360 1380

Substrate _

Wavelength (nm)

*  MIT spin-off technology

* Developed for OCT @ 1300/1040 nm
* >100 nm tuning with 400 KHz

* ~25 mW output power

* > 1 m coherence length

.
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Axsun Tunable Laser System

*  MEMS Tunable Fabry-Perot Filter with an SLED
* Up to 1T00KHz sweep rate with >100 tuning at 1.06 pm
» Micro-Optical toolbox and automated assembly
» Applications
— Telecommunication
— Optical Coherence Tomography

— Spectroscopy
AXSUN
LY

http://www.axsun.com

.
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OPTICAL SWITCHING

*
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Optical Cross-Connects

OXC

*
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Optical Switches

Add
Output fibers
c———— Do
Selector
mirrors /£ L —————=0o o
Input Drop k= — = >
———— 0o
U
.. D
o
o - ==
o = =
/
i i)
Router : =
A Input fibers
Output mirrors
(a) (b)

* Faster than conventional optical-electrical-optical switching
* No signal bandwidth limitation
+ Comes in three variants:

— Small lensless switches

— Sharing 7 x Nfiber switches

— Optical cross-connects (Nx N)

.
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Sercalo 2x2 Switch

Magn. ————— 200 m
126x IMT Prof. de Rool] - Filfer Switch

* IMT — University of Neuchatel Spin-Off
+ Single mode fibers with self-alignment grooves

top view

A4
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Sercalo 2x2 Switch

* Broad wavelength range 1.2 — 1.6 um p-mirror:

+ High repeatability < 0.002 dB Silicon
75-100 um high

* Fast response time < 1 ms

* High cycling rate > 500 Hz
* Small insertion loss < 0.9 dB tically flat
* Low Crosstalk < 50 dB ™~

+ PDL<0.1dB

+ Ext. operation at 5V Soowe 35 T SE o1 MR

* 500 T-cycles (-40°C to 85°C)
* 9760h life test (85°C, 80 Hz)
+ Telcordia GR 1221 qualified

<1 pm thick

metal coated

*
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MxN Optical Switch (XConnect) Architectures

2D Planar Add 3D Planar

Selector =
mirrors ,' A
Input Drop e
=]
= S

Output fibers

Router
mirrors
Output
 Based on vertically “flap” mirrors * Based on 2D biaxial mirror arrays
+ Incompatibility with large matrices ~* More suitable to large fiber count

switches
— 512 x 512 demonstrated

— Complicated alignment and
+ Self aligned fibers through v-grooves assembly

+ Sercalo, OMM, etc. + Collimating/focusing optics for fibers
* Lucent, JDSU, Fujitsu, Calient, etc.

— Chip area becomes too large
+ Collimating/focusing optics for fibers

*
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Sercalo 2D MEMS OXC Array

input
fibers

() N\

L = 2

collimators

N .output ﬁbeTs. sercalo
* DRIE silicon bulk micromachining et

»  Mirrors pitch = fiber pitch of fiber ribbons (= 250 pm)

* Novel compact optical collimators (patent pending)

+  Flip mirrors on platforms with torsion hinges

+  Electrostatic actuation with bottom electrodes (separate chip)
+ Chip based on silicon bulk micromachining (DRIE)

.
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Sercalo 2D MEMS OXC Array

input . .
fibers Flip mirror
- o \ \ \ \ Torsion beam
\ Platform / \
\ \ \ Vef‘tical
= =
\ N\
/’ D [ - J
optical
collimators ‘\
output fibers Electrode

+  Pitch of mirrors = pitch of fiber ribbons (250 pm)

+ Novel GRIN lenses for coupling efficiency at small foot print
*  Flip mirrors with torsion hinges and bottom electrodes

*  Mirror chip: silicon bulk micromachining (DRIE)

sercalo

* Electrodes on separate chip micratechnology Itd

*>
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Sercalo OXC Array

Mirror matrix

GRIN lenses

Input SMF ribbon
Output SMF

Mirror chip ribbon
Spacer
Electrodes
Electrode chip
Total chip dimensions:3.5 x 3.5 mm? sercalo
microtechnology Itd

*>
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Sercalo 2D MEMS 8x8 Switch — Array Detail

* Vertical mirrors (100 pm) on platforms
* Torsion hinges < 1 pm
* Perforated platform to reduce weight and drag

mirror array

AccViispotMagn  Bxp. F
10.0KVA 0 4 '

AccY Spot Magn

10.0kV 5.0 350x Wafer 2 after 2um oxyde

sercalo

microtechnology Itd
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3D MxN Optical Xconnect - Concept

CAUENT)
3]

.
L
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Lucent Free-Space OXC |

* Lucent Technologies
— 3D switch
— Large scale switching e%ecxo.‘ \
— Hundreds of channels possible >
— Large device

MEMS 2-axis tilt 4=t
mirrors

*
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Lucent Free-Space OXC Il

* Lucent Technologies
— SOI mirrors
— Reliable single crystal silicon hinges

@
a8 a8 e

Source: Courtesy Lucent Technologies

.
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Calient 3D Optical Switch

512-port
optical

collimator array 512-ch

MEMS mirror array

Toroidal

Cleye,
. LIKHE)
concave ~ g@d.

mirror SIVe ey

128-ch
MEMS mirror array

optical collimator array

® NT'T 512 512 Port 3D MEMS Optical Switch Module with Toroidal Concave Mirror, NTT Technical Review 10 (1) 2012.

.
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Calient/NTT 3D Optical Switch

1
Toroidal
concave
mirror
(inside):

512-port optical
collimator array

4
&MTEKO Part IV- Systems: Telecommunications

et

1div. =0.01°

[]
0.05°
|

SEPY

b, 0.03°
7 N
o

2 o

X

512-port optical
collimator array

Toroidal
concave mirror

512-ch MEMS
mirror array (inside)

High-density
power
supply lines

( CALIEND

cPrL
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Calient/NTT: MEMS Mirror

1 Torsion spring

Mirror
substrate

Tilt mirror

Driving electrode
substrate

Electrode

Base

"High-yield Fabrication Methods for MEMS Tilt Mirror Array for Optical Switches," NTT Technical Review 5(10), 1(2007)

A4
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Wavelength Selective Switches

WDM = Wavelength Divison Multiplexing WDM
tunable filter
channel selection

WDM
WDM tunable filter
0. -
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WSS Implementation

» Applications
— Multiplexers and Demultiplexers
— Add/Drop multiplexers
* General elements of a free space optical WSS
— Fiber array and microlens array (MLA) for input and output;
— beam shaping of collimated light from MLA via anamorphic optics (cylinders or
prisms);
— Birefrigent crystals and waveplates if needed
— adiffraction grating used in reflection or transmission or an AWG

— switching engine

*
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Wavelength Selective Switches

Fiber and MEMS
micro-lens  Condenser micromirror
arrays lens

) Resolution
lens

Diffraction
grating

-z
Position to propagation%/
angle conversion o . . PLI
Spatial dispersion to resolve in = !

* Input: Multiple wavelengths/channels —
* Output: Single wavelength/channel = QD
— Grating splits channels -
F, Fy+F, F,

— MEMS mirror array redistributes channels
Source: Journal of Lightwave Technology, Vol. 23, Issue 4, pp. 1620-

*>
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Lucent Technologies MEMS WSS

*  One-axis tilt

*  Bulk+surface micromachining:
— SOI + poly-Si (10pm) + DRIE
— Poly-Si: in-situ CVD doped

* Vertical / out-of-plane actuator

— ,Fringe-field-actuated*

fringe field

tgap —>| |<~/ I(torsicm _L
\ ( telectrode -
T 4

Larm mll'ro,.

+actuator mirror

Sources: Journal of Lightwave Technology, Vol. 23, Issue 4, pp. 1620, i e.ieee.or jsp?arnumber=12401418&isnumber=27805
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MOEMS SPECTROMETERS

*
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Hamamatsu Compact Spectrometer

* MS Series
* CMOS integrated Si sensor array
* Specifications
— Thumb size: 27.6 x 16.8 x 13 mm
Weight: 9 g
Spectral response range: 640 to 1050 nm

Spectral resolution: 20 nm
+ Target Applications

— Color monitoring for printers Tt Sensar Input

light ~ Through-hole slit
/

— Color control in displays e C[ _Bump electrode

— Component anyalsis | |- Glass wiring board

ya

- “\Lens

/ Diffracted light/ i i
@ HAMAMATSU o A

PHOTON IS5 OUR BUSINESS k\Grating made by nano-imprint
Si-wanre

http://www.hamamatsu.com/resources/pdf/ssd/c10988ma-01_etc_kacc1169¢07.pdf

.
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Fabry-Perot Spectrometer

IR Source Cuvette Tunable Filter IR Detector

T FSR B - 2nd cosd G ._m
i Zentralwellenldnge: Y - ™ ndco®
1 1-R
- s FWHM = ——
— Halbwertsbreite: ond cos8 [n\/}j
; ; 1
Freier Spektralbereich: FSR= Vi cos0

T,

= o Reflektions-Finesse: F, = F'SR - \/E
! 2 <o FWHM 1-R

http://www.infratec.de/en/sensor-division/publications.html

*
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IMTEK®

InfraTec Fabry-Perot Spectrometer

*  For the spectral range of 3-5um J L e Banss e
+ Based on a pyroelectric detector spring suspension
.o reflectors
+ Similar systems by —
ol
— Axsun Systems a | dI. A"AY
control electrodes l SU8-spacer

TARAHa b 20w —

http://www.infratec.de/fileadmin/downloads/pdf/Paper DSS6.pdf

*
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Input Fiber & Ferrule
Photodetector
MEMS

Carrier

Anchor

/
Grating plate / Frame

Torsion spring ‘ Comb
. electrodes
Optics

L

Fraunhofer Grating Spectrometer
Z Fraunhofer

\
7.
W
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Fraunhofer Grating Spectrometer

* Hybrid Integration

»  Optics substrate
— Precision machining of aluminum
— Two tilted mirrors

*  MEMS device
— SOl substrate

— Grating with comb drive and two
optical slits

» System
- 15x10x 14 mm
— 0.95-1.9 pm range

— 9 nm resolution

ZZ Fraunhofer
IPMS

.
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Fourier Transform Spectroscopy
* Throughput Advantage

* Multiplexing Advantage
+ Single Detector Measurement

Amplitude/Wavefront

splitter Interference Spectrum
&0 OO0
Source v Fourier
k ""[92“““ Transform 4 i
FWHM Resolution «~ e =
gzﬂ:oﬂ* Modulator : é
4 OPD o OPD 7 7 Time "
*
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FTS: Interferogram vs. Spectrum
F(p) = f B(o0) cos(2map)da (W) B(o) = f F(p) cos(2mop)dp (W/cm‘l)
—00 —00
B(o) F(p)

Monochromatic Source

T ——
M ==

Interferogram
B(a) 4 Fip)

Spectrum

Broadband Source

n {\ﬂ ﬂ Na Fourier
v U U Jv o Transform /\/\

Wiener-Khinchin theorem:
The autocorrelation function of a wide-sense-stationary random process has a
spectral decomposition given by the power spectrum of that process

p

*
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FTS with Amplitude Splitting

Michelson Interferometer

D
fixed mirror -
— B, €
D:
—_— ac_|
|
source / H
— ~
. .
beamsplitter 1/2
movable
r ; 1
mirror

sensor

<—'§:—>

Scanning configuration Stationary configuration
* FTS with Michelson Interferometer
— Moving mirror and a single detector
— Static but tilted mirror and a line detector
» Former for IR, latter for visible applications due to detector costs

A4
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Si-Ware NeoSpectra FTIR Technology

Moving Mirror

Light Source Motor

Fixed Mirror

MEMS
Actuator
Conventional Michelson
interferometer with Moving
discrete components Mirror

Beamsplitter

Fixed Mirror

—_ .
‘\__‘ S I—Wa re Monolithic Michelson interferometer chip
k enable by SIMOST

.
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FTS: Lamellar Grating Interferometry

Grating Side View 00

(B 0.6

H S 0.4

{é---l E k 50.2
1 T e 1 s =

£ Detector s .
I Grating Depth (d/2)
I S I,.=1+ cos[“?lJ
I Converging monochromatic Light Fourier
l incident on the grating Transform
: g s
e 2 I | DC
d=N-— ) Spectrum
4 Spectral Resolution ,ﬂh
1 1 0 2/1
Al = o
QPD  2d
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IMT —Lamellar Grating Interferometer

+ Optics: Lamellar Grating

* MEMS: SOI / DRIE comb drives in push-pull configuration

*  Maximum optical path difference (OPD) = 226 pm

*  Wavelength accuracy: 0.5 nm

» Optical resolution (measured):
- 1.2nm @ A= 436nm
— 13 nm @ A=1544 nm

/

output \

input

.
L
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ARCoptix — MEMS FTS

* IMT Spin-off
» Fourier-Transform based (FTS) ARCptix

Switzerland

* Grating height/ Grating period: 75 pm /90 pm
+ Chip dimensions:
- 7x8mm
*  Maximum OPD: 226 pm
* Illuminated periods: 32
* Long wavelength range:
- 0.5-2.6 ym
* Resolution:
— 0.7 (VIS) to 27 nm (NIR)
* Fast, modular, small
+ Optical fiber input

.
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ARCoptix — MEMS FTS

Optical resolution (measured): Measurement speed:
*05mm @ A= 436nm e 2 ms
* 5nm @ A=1544nm
1 T
0.9 F  Xenon X'enon LD
08 | withFTS with Monocr. with FTS |
. (cut-off @ 1050nm)
— 0.7 ¢ _
=
s 0.6 ¢ _
2 no cut-off
= 05} .
=
«“é 0.4
= cptix
0.3 LRee
0.2
0.1 InGaAs detector:
' 380 nm — 1700 nm
0

Au coating on grating

400 600 800 1000 1200 1400 1600
Wavelength [nm]
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ADAPTIVE OPTICS

Part IV- Systems: Advanced Instrumentation 395
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Adaptive Optics — Basics

* Image correction
— Astronomy

Laser communication
— Ophthalmoscopy

*  Wavefront deformed

— e.g. by air turbulences

*  Wavefront correction

* Deformable MEMS mirrors

+ Lick Observatory uses MEMS
Actuat Mirror
i::yor E‘?:él:rcgg; Facesheet

4
V.

=

Continuous mirror
(smooth phase control)

*
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Segmented mirror
(uncoupled control)

Credit: Boston Micromachines Corp.
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Adaptive Optics — Turbulence Monitoring

http://www.laserfocusworld.com
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Adaptive Optics — Concept

* Active control

«  Wavefront sensor Shack Hartmann Sensor

— Controls mirror

— >10Hz to 100’s Hz Detector

array
Beam
splitter

Microlens
array

* Closed loop
Deformable Feedback
mirror loop

| | | | | \ Mirror control

.
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MEMS Adaptive Optics Mirrors

* Boston Micromachining
— Surface micromachining
— Thin membrane on posts
— [lectrostatic actuation
— Voltage > 200 V
— Up to 1000 actuators
— Stroke: <3.5 pm

— Complex electronics

Post .
attachment Electrostatic
actuator
E BOSTON
MICROMACHINES
Substrate b
67,“75,(. Part IV- Systems:  Advanced Instrumentation 399 Micro-605: Optical MEMS and Micro-Optics EPFL
MEMS Adaptive Optics Mirrors
e Iris AO

— Actuators: Surface micromachined
— Miirrors: Bulk micromachined
— Wafer level bonding process
— Segmented mirrors
— Electrostatic actuation
— Stroke: 7.6 pm
* PTT489 Deformable Mirror™
— 489 actuator, 163 segments
— Stroke: 5 or 8 um
— Tilt Angle: +4 or +6.4 mrad
— Surface Flatness: < 20 nm rms
— Inscribed Aperture: 7.7 mm
— Mechanical Response: < 200 ps

A4
od
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Rigid i ! ~_
High-Quality -
Mirror —|
Segment

Bondsites

Actuator
Platform

Electrodes

Temperature
Insensitive
Bimorph
Flexure
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Phaseform Deformable Phase Plate

F—
/A
€.

2
D(x, Y) = Td(x' Y) (nliquid - nair)
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* Performance figures

»  Applications

€.
IMTEK®

Phaseform Deformable Phase Plate

Clear aperture: 10 mm

Thickness: 0.85 mm

Actuator count: 63

Stroke: + 4 pm OPD (defocus)
Initial flatness: <0.25 pm RMS

Best flat: <20 nm RMS

Max Zernike mode: 7™ radial order (~})
Transmission eff.:  >85% (0.35-1.2pm)
Switching speed: <100 ms

Damage threshold: >5 W (collimated)

Microscopy
Ophthalmology a/—/ o
Laser machining /A
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MASKLESS LITHOGRAPHY

*
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Optical Maskless Lithography

° PrOgrammab|e //maSk” Deflecting mirrors Non-deflected mirrors
— Vs. permanent photomask SLM

No cost for prototype masks
— Vs. $ millions per set

Fourier lens

* Instant mask production

Light source

— Vs. weeks to months per set

* Requirements:
— High resolution

Beam splitter

— Fast addressing Fourier planc of spatial filer
High reliability

High reflectivity in deep ultraviolet
(DUV), e.g. A = 257nm

Stroke typ. A /2, ~130 nm

Projection system

Image plane ————
Bright Dark
spot spot

Belokopytov and Ryzhkova, Russian Microelectronics vol. 40 no. 6 2011

.
L
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Micronic OML System

+ Partially coherent diffractive imaging w RASTERZER
* Pulsed excimer laser coincides with ﬁ%ﬁiﬂ’ w

a fully loaded new pattern on the '

oM . el B
* A stepper with a programmable =

reflective mask and 200X reduction { > S €D =
* Quick and cost effective production puuse0cuner

APERTURE

of 65 nm and 45 nm node reticles

INTER-
@;EROMETER

* Interconnect layers

o

BEAM-
a \1 SPLITTER

Sandstrom, et al. Micronic Laser Systems. “Pattern Generation with
SLM Imaging”. Proceedings of SPIE Vol. 4562 (2002) HeNe-LASER

.
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INTER-
FEROMETER

“J MICRONIC MYDATA
[N

Micronic OML System

+ 1D Tilting mirror array
 Fabricated by Fraunhofer IPMS
+ Surface micromachined
»  CMOS Backplane
* SLM Specifications
— Matrix size: 2048 x 512 mirrors
— Pixel size: 16 x 16 pm
— Frame rate: 2 kHz
— Mirror edge deflection: 0 - 180 nm
— Wavelength 248 nm
— Average beam power: 40 mW

— Data voltage: 0 - 25.5 V analogue

“J MICRONIC MYDATA
[N

Z Fraunhofer

IPMS

.
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www.ipms. fraunhofer.de/content/dam/ipms/common/products/SLM/cbm-e.pdf




DLP Based OML Systems

+ Applications
— UV-Setters for printing
— PCB manufacturing
— UV sensitive polymer patterning
— Biopatterning
*  Companies

BasysPrint

Dai Nippon Printing
Hitachi Via Mechanics
FujiFilm

bajy_f Print  ®Hitachi via Mechanics, Ltd.
DNP FUJFILM

Dai Nippon Printing Co. Ltd.

*
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PART V
EMERGING TOPICS
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Current Trends in MOEMS

* Today MOEMS is an established technology:
— Well-understood fundamentals
— Countless commercial applications
— Standard foundry processes

* To where is the field heading?
— New manufacturing platforms
* Rapid prototyping
* Photonic integrated circuits
— New applications
* LIDAR and remote sensing
* Endomicroscopy
+ Adaptive optics
* Mobile Imaging (zoom optics)

© LioniX International
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Part V- Emerging Topics

RAPID PROTOTYPING OF MOEMS

EPFL

Rapid Prototyping of Micro-optics and MOEMS

*  Motivation

— How can we cut down design cycle time?
— How to realize low-volume, high-complexity devices?
— Can we manufacture optical surfaces and actuators monolithically?

*  Most promising methods are

— Two-photon polymerization

— Selective laser etching

€.
IMTEK®
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3D Printing by 2PP

Based on 3D scanning of a focal spot

Overlapping of neighbouring voxels can lead to < 10 nm surface

roughness
Limited in maximum sample dimensions

ﬁ i | ' I fs-laser in near infrared (NIR)

LI/

L
S

*
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excited
state

2hy

i

) 4l
AV_

polymerization

absorption

o«
optical intensity”

© Simon Thiele, ITO Stuttgart.

cPrL

3D Printing by 2PP

Voxel size depends on NA —
— 63X objective: 0.2 x 0.2 x 0.7 pm
— 20X objective: 0.6 x 0.6 x 5 pm

Optical quality surfaces possible by

process optimization
— Free-form optics
— Complex optical surfaces

Emerging actuator concepts 170, Stutgan

— EM actuation via magnetic liquids
— Electrostatic actuators

micrslightso

o O BRI

A4
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© Vanguard Photonics
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3D printed magnetic lens witch

Force

Unstable

Bl stale

1¥! stable state

Displacen{ent F,

Energy

27 stable state

1*'stable |

state .
Displacement

.
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3D printed magnetic lens switch

UV+ Heat
_—
Postcuring
Tapered tip fiber
Polymer
composite
—
Released device Magnetization Polymerfilling/curing

*
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3D printed magnetic lens switch

15t stable state 2nd stable state

od
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3D printed magnetic lens switch

3 % Measurement
£ — Fitted Gaussian
0

©  Measurement
—— Fitted Gaussian

y (um)
¥ (um)

DoF =93.98 ym

y (um)
y (um)

DoF = 418.17 pm

® Measuromen 0 25
—— Fitted Gaussian y (um)
0
~750 -500 -250 0 250 500 750
z (pm)

.
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PHOTONIC INTEGRATED CIRCUITS

[ 33— =PEL

From Discrete Components to Chip-Scale Optics

n
A4
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PICs: Enhanced Functionality

Implantable nanophotonic probe based on an optical switch array for optogenetic
neural stimulation. (Credit: Aseema Mohanty/Columbia Engineering)

*
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Building Blocks of PIC Platforms

*+ Passive devices
— Waveguides/couplers
— Optical switches and interconnects
— Filters, multiplexers & demultiplexers
— Dispersion compensators
— Variable optical attenuators
— lIsolators and circulators

— Delay lines
+ Active devices
— Modulators
— Amplifiers 53
— Lasers and LEDs % &
— Detectors i
— Wavelength and mode converters é
2

*
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Sample Foundry Process B

—
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Different PIC Platforms

Platform Wavelength Light Source | Detection Modulation Modulation | propagation | Applications
range (nm) Method Speed /MHZ | loss (dB/cm)

SizN,© 400-4000 External External Thermal / ~0.001/1 ~0.1-10 Telecom, LIDAR,
Piezoresistive OocCT

SiliconP 1100-9900 External Integrated Plasma ~10000 ~0.5-2 Telecom, LIDAR,
dispersion Spectroscopy

Inp2 1300-1600 Integrated Integrated Electro- ~10000 ~2 Telecom, LIDAR
absorption

LiNbO,¢ 400-5000 External External Electro-optic ~ ~100000 ~0.1 Telecom

IEEE BiICMOS and Compound Semiconductor Integrated Circuits and
Technology Symposium (BCICTS), 2018, pp. 8-13,
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Optical MEMS for PICs: Couplers

a) Opt. Express, vol. 21, no. 19, pp. 22034-22042, 2013.
b) IEEE JSTQE, vol. 13, no. 2, pp. 202-208, Mar./Apr. 2007.
c) Opt. Lett., vol. 35, no. 15, pp. 2517-2519, Aug. 2010.
d) Optica, vol. 6, no. 4, pp. 524-530, Apr. 2019.
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IEEE JSTQE, vol. 26, no. 2, :
2020 (
(

Optical MEMS for PICs: Switches

Electrostatic comb actuator

Supporting, Spring

beam }
N

Oul
waveguide \ waveguide

7 \
Input 3

Movable elliptical Sum
waveguide

Anchor

T Waveguide

PC Slider 10 zm

2006, IEEE Anchor

IEEE JSTQE, vol. 26, no. 2, (a) Optica, vol. 6, no. 4, pp. 490-494, Apr. 2019..
2020 (b) Appl. Phys. Lett., vol. 92, no. 10, Mar. 2008, Art. no. 101110.
(c) IEEE Photon. Technol. Lett., vol. 25, no. 7, pp. 675-677, Apr.

. 2013.
&wa« Part V- Emerging Topics (d) JSTQE vol. 18, no. 2, pp. 358-360, Jan. 2006.. E P F L




Optical MEMS for PICs: Phase Shifters

g Thermo-optic

E- Optomechanic

Z

H Plasma

S & 5 g

5 _b'%\“v S dispersion

z S
&/

2 A .
& MEMs A

‘(Pockels/Kerr)

Optical loss-Footprint

IEEE JSTQE, vol. 26, no. 2,
2020

b) Proc. Eur. Conf. Integr. Opt., Gent, Belgium, 2019, p. F.A2.4.
c) Opt. Lett., vol. 40, no. 15, pp. 3556-3559, 2015.
d) IEEE Photon. Technol. Lett., vol. 18, no. 2, pp. 358-360, Jan. 2006.
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MEMS LIGHT DETECTION AND RANGING
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Light Detection and Ranging

+ Active sensors for 3D environmental mapping

* First uses in atmospheric research and geo surveys
* Huge boost due to autonomous driving

* Automotive LIDARs typically

Use NIR/SWIR light (0.8-1.55 pm wavelength),

Feature laser illumination,

— Limited by eye-safety concerns, O
— Use some type of avalanche photo-diode,
* Literally count photons. O
* Compared to RADAR, LIDAR has
— Has higher spatial resolution, .

— Lower range due to atmospheric effects such as
* Absorption,
* Scattering.

tE b e rsesaaes

Source: Wikipedia
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The Contemporary LIDAR Landscape

| AUTOMOTIVE LIDAR

SYSTEMS
|
© Qmatgs‘
SCANNING NON SCANNING
| |
With With
moving parts no moving part
.- ‘ Optical Phase »
[ Spinning LIDAR ] [ Array LIDAR ] Flash LIDAR
| Mirrors and MEMS Liquid erystal ?nd
- 4 electro-optic
LIDAR
modulator

*
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The Contemporary LIDAR Landscape

SOURCE

NIR SWIR

Laser diode
(InP)

Laser diode
(GaAs)

FMCW laser
VCSEL

Fiber Lasers (Nd) Fiber Lasers (Er)

\\ Emerging / in development technology

Part V- Emerging Topics
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BEAM DELIVERY

Scanning Flash
Spinning Nanosecond
pulse laser
Mirrors and MEMS

Optical Phased
array

Liquid crystal

and electro-optic
modulator

430

PIN Photodiode

DETECTOR
NIR SWIR
SiPM/MPPC SiPM/MPPC
SPAD SPAD
APD APD

PIN Photodiode

Silicon InGaAs

Colloidal Quantum Dots

© Qmatgs“

EPFL

Time-of-Flight (ToF) LIDAR

* Dominates current automotive LIDAR market due
to simple structure and signal processing methods

» Uses pulsed laser sources

 Laser power is limited by eye-safety
» Can be effected by sunlight and other LIDARs
+ Can be scanning or non-scanning (FLASH)

Light source
(laser)

Photosensor
(MPPC, APD, PIN photodiode)

Timer dircuit
Time measurement circuit

Object

*
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Distance measurement

— RN
- e

’k.a-

i .

il x ’
& []
3
© SICK AG

;.“v ..:

© Velodyne Lidar
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Time-of-Flight Flash LIDAR

Flood illumination + detector array

— Avoids moving parts (truly so/id-state)
— Avoids motion artifacts

SPAD or APD arrays

— Each pixel measures a ToF @ntinental 5
* Limited in range (typically <100 m) and FoV

* Potentially very low-cost

128 x 32 Geiger-mode Avalanche
Photodiode

b Array er Rece_iver
Zde(ecw optics

Laser
Transmitter

Optical diffuser AaRGO

>
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MEMS LIDAR

* High speed scanning at a lower cost w.r.t. spinning LIDARs
+ Cost-effective due to batch manufacturing
+ Spatial resolution limited due to mirror sizes
* Approaches to 3D imaging
— Single laser + 2D scanning
— Multiple lasers + 1D scanning

@‘ (intel REALSENSE

=<0

© Intel

dlic«feld

© Blickfeld
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LIDAR with Optical Phased Arrays

* Scanning with no moving parts
— Robust and low-cost
* Based on PIC technology
— Every emitter is phase controlled
* 1D & 2D scanning variants
+ Limited in spatial resolution

* Recently commercialized

QUANERGY OPA
Solid-state LIDAR

Phase Shifters.

Credit: Steven Miller, Columbia Engineering.
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FMCW (Coherent) LIDAR

» Frequency Modulated Continuous Wave

* Light source is not pulsed

+ Coherent detection: Return signal is interfered with the local oscillator
» Can measure distance & velocity

* Virtually immune to ambient light

+ Complex hardware and software

Short Delay

low
freq

L Y 5
time

freq

Long Delay

freq

high
freq

time

time

Launch Frequency- Mix Reflected Signal Detect Frequency Compute
Modulated Light # with Local Oscillator # Difference # Distance

Source: Lumentum White Paper
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FMCW (Coherent) LIDAR: Distance & Velocity

Triangular modulation of the
laser frequency

Full-sweep at every
measurement location

Distance of the object

— 3y —

Static target

Frequency

Transmitted
signal

Received
signal

Time
d= C(Afup + Afdown)g T
4 T Moving target
A Doppler shift
Velocity of the object
% Transmitted
AMAfup — Afaown) Z signal \ N
v —————= £ A Received Adoun
4 v cone |
\></ signal \)
Time
» AY Piggot, arXiv:2011.05313v1, 2020
o : .
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