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Optical MEMS

¢ Electromagnetic Spectrum
» Energy of a quantum of electromagnetic radiation:
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Overview

e Mirrors & Mirror Arrays

« Beam Steering
« Simple Reflection
« Corner Cube Reflector
« Grating
+ Blazed Grating
« Phased Array

* Lenses
» Refractive
« Diffractive
* Systems
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Mirrors

« Different materials reflect different wavelengths with varying efficiency -- almost
anything can be a form of mirror.

« Reflectivity: the percentage light reflected from a surface at a given wavelength
+ ex. elemental comparison at 1 pm wavelength

1
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Mirrors: Reflectance
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Mirrors: UV Reflectance
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Mirrors: IR Reflectance Si

Frequency,cm™

Mirrors: Distortion

« Most mirrors are fabricated from surface micromachining
» Some drawbacks causing distortion in reflected image include:

» Deposited layers conform to the topology of lower layers, therefore,
embossing the mirror surface.

* Residual stress in deposited layers or combinations of layers can
deform the mirror surface

» Solutions include:
* Thinner reflective coatings
« Stiffer mirror structures
 Avoid topology under mirror by design
» Use backsides of layers through assembly
» Use fabrication processes with planarized layers
» More appropriate combinations of multi-layer materials
« Different fabrication processing conditions
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Mirrors: Fabrication
+ CRONOS -- The Multi-User MEMS ] Metal (gold)
Processes, or MUMPs®, 1992, i . i
WWW.Memsrus.com |:| Polycrystalline Silicon (doped with P)
+ 15copiesofalcm x 1 cm die, Oxide (PSG: Si0, doped with P
$3,200.00 [] ( 2 40P )
] Nitride (SigN,)
D Crystalline Silicon
s me 05pm
0.75 pm ¢ [oxide2 ol
mel polyl
2pm || oxidel R °>2!
I achore | PNOsphosilicate Glass \ A T
0.5 pm ¢ [PoIy0 anchor2 5
0.6 um ¢ | &
highly doped with P region
(100) silicon wafer, n-type (P), 1-2 ohm-cm resistivity
100 mm diameter, 500 - 550 um thickness
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Mirrors: Fabrication

Available CAD Layers
¢ SUMMIT IV &V, Sandia mmsl';”a‘"c':"[‘“'“ W'd‘“l‘“'“’:
National Laboratory [] polycrystatine Siticon ;:c'"o’ig‘ycsm ;
+ 100 copies of a 6.34 mm x Oxide (Si0, deposited from dimple3_cut 15
. -ethyl-ortho-s
2.82 mm die, $10,000 TEOS tetra-ethyl-ortho-silicate) Global oxide 2 mmpoly2_cut 1
X X D Nitride (Si;N,) correction for mmpoly2 1
« V provides a 5th planarized MUMPs-like layout z:zgg,cm f
layer of poly [ crsttine sitcon mmpolyl_cut 1
Max etch hole spacing 38 um mmpolyl 1
Max dimple spacing 75 um pin_joint_cut 3
sacox1_cut 2
V dimplel_cut 1
225um ([ mmpoly3 mmpoly0 1
o = = nitride_cut 1, max 4
56 um 2 3 S
CMP to E @ @
152 | | sacoxs s 8 8
um $0.5 g 8
I
roumlf | MPV2 | | 05 umef oo ]
1pum ] |mmpolyl
Il \ /
2pum sacox1
03umd sacox1 cut ——
0.8 um{{_silicon nitride | [
0.63 um|_silicon dioxide [
<100> silicon wafer, n-type, 2 - 20 ohm-cm resistivity,
6" diameter, 675 um thickness
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Mirrors: Residual Stress Mirrors: Beam Steering

150 nm thick gold . .
+ MUMPs examples: \ﬁ » Simple Reflection
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D. Burns, Microelectromechanical Optical Beam Steering Systems, AFIT Dissertation, 1998.
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Mirrors: Beam Steering Mirrors: Beam Steering
« Corner Cube Reflector - Diffraction Gratings
« Modulation device -- signal always returns to source if mirrors are e Scatter reflected in discrete directions:
orthogonal to each other. . . nA
sin(@,) =—
» where n is the discrete order, g, is the order direction, 4 is the wave
length, and a is the period of the grating elements.
Incident Light
w Grating interference orders
result when light, reflected off
o of grating_ elements, compines
constructively in the far field.
Reflected Light 18t
O \ /. nth order
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Mirrors: Beam Steering

e Grating Light Valve (GLV) by Silicon Light Machines
» Destructive interference attenuates 0" order.

Dark State Bright State

Incident light reflected Tnctdent ight (N=1) ,%/

Diffracted Diffracted
d=A/4
! J

a
T------ - = = A piel
] ) ni
B Aluminum S00A £ Air 13004 [ Oxide SO00A Sm(en) = ?

I Nigide 10004 DI Tungsten 10005 TN Silicon
The maximum diffracted intensity of the first order is when d = /4.

For same 0, but different colors, choose a different a such that A/a is same.

-or-
Build one pixel for “red” and deflect the same pixel less for green and blue.

Mirrors: Beam Steering
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¢ Grating Light Valve (GLV) by Silicon Light Machines

Rows and columns driven
from alternate sides of armay

i
moving ribbons

Digital
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Module Substrate

Clear Glass Lid
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Mirrors: Beam Steering

* Blazed Grating
« Gratings can be angled to direct the Ot order intensity into the direction
of a higher order, therefore, enhancing the higher order direction.

sin(d,) =—

ni
Incident Light a

w Y, =0,/2

nth order
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* Blazed Grating " II________._-——
Gold  POLY-1  Seppon post (POLY-1)  Sikicon nitrde ///
Tespped anide | I poLy.2 \
\ I Flexyre (POLY-1)
| r‘ /
D. Burns, Microelectromechanical Optical Beam Steering Systems,
AFIT Dissertation, 1998.
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Mirrors: Beam Steering

» Blazed Grating

Diffraction order | Blaze angle | Steering angle | Drive voltage
4 0° 0 0
1 023° 045° 134
2 046° 091° 29
3 0.68° 136° 266
4 091° 1.81° 294

D. Burns, Microelectromechanical Optical Beam Steering
Systems, AFIT Dissertation, 1998.
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Mirrors: Beam Steering

¢ Phased Array
« A digital approximation
of beam steering with a
single tilted mirror.

(@) Macromirr 3 (b) Phased array (c) Phased array after phase unwrapping
i 4* Generation | 5" Generation
T — e
Number of Elements 128 10
Vertical Range of Motion* (jum) 2.0 20
Aray Period (um) 300 300
Linear Fill Factor (%) 63.33 9333
Number of Flexures 4 4
Flexure Length (um) 85.0%% 2430
Flexure Width (um) 175 20
Surface Area Above Bottom Electrode (jum®) 3,294.0 29120
‘Width of Elements Gold Layer (um) 19.0 280
Curvature Across Width (peak (o valley) (nm) 99 137
Curvature Across Length (peak to valley) (nm) 65.5 104.4
Bottom Electrode Construction Substrate Substrate
23.1 6.3
24.5 55

li} !nl .",

D. Burns, Microelectromechanical Optical Beam Steering Systems, AFIT Dissertation, 1998.

- Calculated Pull Down Voltage (V)
| Measured Pull Down Voltage (V)
J *Vertical range of motion has not been corrected for curvature.
i e i 3 3 **Equivalent flexure after accounting for the yoke
bl ELG LG g e forthe v

flexure design.

Overview

e Mirrors & Mirror Arrays

* Beam Steering

Simple Reflection
Corner Cube Reflector
Diffractive Gratings

* Blazed Grating

¢ Phased Array

¢ Lenses
« Refractive
« Diffractive
e Systems
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Lenses: Refractive
Material Refractive Index (n = c/v)
CONVEX  CONCAVE A O,  sin) 10002926
Liquid Nitrogen 121
lee 131
R,>0 R, <0 Methanol 1.326
R,<0 R,>0 ‘Water (20°C) 1333
Acetone 1357
Bi-Convex Bi-Concave I3 Ethanel_ 139
-— Fused Silica (SI0;) T438
Hoya QZ Quartz Glass 146
Rizw Rozw “Thermal Silicon Dioxide (TF) 146
R;<0 Ry>0 "PECVD Siicon Diovide (TF) T147 (may vary)
‘Coming 7740 Pyrex™ Glass 1473
Planar Convex Planar Concave Benzene 1458
Plexiglass™ (PMMA) 15014
1517
R>0 R, >0 Phosphate melf Glass 1518
#30 m>0 R e s
Sodium Chloride 153
Meniscus Convex | Meniscus Concave Hoya LE (Aluminosilicate) 5
Tight Flnt Glass 1581
Flint Glass 1620
PECVD Silicon Nitride (TF) 181025
LPCVD Silicon Nitride (TF) 201
Where‘ Gallium Nitride (ordinary-ray) 235
n, = refractive index of the lens material Diamond 238
refractive index of the medium (for air, n, = 1) Gallium Arsenide 33
entrance radius of lens Silicon 3415
R, = exit radius of lens Germanium 2000
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Lenses: Refractive

» Reflowed BCB lens for VCSEL de-centered lens beam steering
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A. Tuantranont et al., "MEMS-Controllable Microlens Array for Beam Steering
and Precision Alig in Optical System," Pr ings of the
2000 Solid-State Sensor and Actuator Workshop, pp. 101-104, June 4-8, 2000.
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Lenses: Refractive

« UV curable polymer lenses for 2-D scanning

e DA & Semsing ¢
reflected or
mce light from

Muore
sanmple th

heeam splitter ©
metal coated nitride

membrane

Nemicrolens scanner ©

lateral comb resonator

Surface tension
induced polymer lens

Yemicrolens scanner

F-microlens scanner:

out-of-plane vertical

comb actuator

= Microfluidic
channel: sample o _
S. Kwon et al., “Stacked Two Dimensional Micro-Lens Scanner for

Micro Confocal Imaging Array,” 2002.
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Lenses: Refractive

* Lenslet arrays with piston micromirrors for aberration correction using phase alteration.

540 um Thick
Glass Spacer Y A 21 Aberrated

_"‘4_'_ Wave Out
UV curable epoxy

Lenslet Array,Nippon
Sheet Glass Company,
250 pm diameter.

Micromirrors |\‘ N _.-"‘\ .“ f'\.\ .f'\ f|

A. Tuantranont et al., "Packaging
of Lenslet Array on Micromirrors,”
Proceedings of the SPIE "99, vol.
3631, pp. 156-164, 1999.
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Lenses: Diffractive

¢ Fresnel Lens

« Diffraction and constructive interference shape the near-
field light beam exiting the lens. ‘ R2
—_m
mA

» where fis the focal length, R, is the radius of the outer zone, m is

the largest integer number of zones in the lens, and 4 is the
wavelength of the source. ' 4

J. Bouchard, MS Thesis, 1T, 1997
m=1 { A
4 #
m=2 /
m=3
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Overview

e Mirrors & Mirror Arrays

* Beam Steering
Simple Reflection
Corner Cube Reflector
* Grating
* Blazed Grating rectus medialis
» Phased Array
¢ Lenses cillary hody,

posterior chambar.
enterior chambar,

« Refractive

« Diffractive ol point—___

. Systems enterior pole

visual akis

cormear”
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Optical Systems

« Surface micromachined VCSEL scanning system

J. Bouchard, MS Thesis, AFIT, 1997

Optical Systems

¢ Texas Instruments Digital Micromirror Device™
16 pm

_~ DLP Board

W Processor

- Projection Lens

DMD ~ —

;

Shaping Lens 4 9‘

Color Filter

V4
Condensing Lens
" Light Source
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¢ 3-Chip, Texas Instruments Digital Micromirror Device™
Color Filtering Prism
~
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