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O
utline

�
m

otivation

�
devices

�
system

s
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M
otivation

T
he ultim

ate goal of M
O

M
S is to integrate

coordinated m
otions of basic m

icroactuators,
passive/active optical com

ponents, m
icrosensors, and

m
icroelectronics in order to realize a com

plete pre-
assem

bled optical system
 that can be m

ass produced
w

ith low
 unit cost.
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M
O

M
S w

ill allow
 the developm

ent of new
 fam

ilies
of m

icrofabricated opto-m
echanical system

s w
hich:

�
do not need com

ponent alignm
ent;

�
can be m

ass produced (i.e., are on the order of
dollars per unit device);

�
have high packing density;

�
can be directly integrated w

ith electronics; and

�
are low

-pow
er, sm

all, and light w
eight.
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W
e are at the device stage

�
m

icroscanners

�
tunable laser diodes

�
optical w

aveguides

�
m

icrorelays
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W
here are are going?

�
integrated system

s especially for the
telecom

m
unications industry
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Put individual devices into m
icro-

optical-m
echanical system

s

�
m

icroscanners →
 optical sw

itches,

scanners, beam
 steering

�
tunable laser diodes →

  com
m

unications

system
s

�
m

icrorelays →
  instrum

entation
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Integrate individual devices to create
m

icro-optical-m
echanical system

s

�
optical w

aveguides are an enabling
technology

�
optical duplexer for subscriber loop services
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M
O

M
S critical to practical im

plem
entation of large num

bers of fiber optic
subscriber loops

�
optical m

icrobenches that perm
it low

-cost m
anufacture of pre-aligned,

hybrid fiber optic system
s (e.g., transm

itters and receivers)

R
eliance E

lectric C
om

m
-T

ech has identified such an optical assem
bly

m
icrobench as one of the industry�s m

ost pressing short-term
 needs

�
optical sw

itches w
hich perm

it in-situ testing of optical fibers

�
low

-cost, m
ass-produced frequency stabilized laser diode sources for

W
D

M
 and other applications
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Set of basic M
O

M
 com

ponents

LE
G

E
N

D

S
iN

O
x

reflective m
etal

polysilicon
light

(ii) graded index lenses
(i) optical w

aveguides
(iii) cantilever scanner

(viii)
 w

aveguide on a 
deform

able bridge

(iv) beam
 splitter

(v) polygon scanner
(vi) reflector m

ounted on a 
linear m

icroactuator

m
otion

m
icrom

otor

polygon 
reflector

(vii)
 graded index lens on a
linear m

icroactuator

m
otion

focusing

(x)
 m

oveable  diffraction 
grating

(xi) active diffraction grating
(ix) stationary diffraction 

grating

q=
+

1
q=

0

q=
-1

qλ/Λ
qλ/Λ

θ
i Incident B

eam

Z

Incident B
eam

D
iffracted B

eam

rotation

S
canned arc

(a) beam
s dow

n

incident/reflected light

(b) beam
s up

G
lass substrate

A
nchor

C
antilever beam

S
tator electrode S

topper

M
irror surface

S
tator electrode

S
topper

(xii) rotary reflector

(xiii)
 optical etalon

m
otion

(xix)
 vee-grooves
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D
iffraction grating

incom
ing light

zero diffraction order

first diffraction order
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Schem
atic diagram

 of a rotating
diffraction grating scanner.

N
ote that the incident beam

 reflects from
 the entire rotor surface.

scanned line

incom
ing laser beam

rotation
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Schem
atic illustration of an optical

m
icrobench based on a silicon chip.

m
icrolens

silicon substrate

(a) top view

(b) side view

sem
iconductor 

laser source

optical fiber
m

icrolens

silicon substrate

m
icrom

achined 
v-groove

m
icrom

achined 
recess

optical axis optical fiber
sem

iconductor 
laser source
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C
onceptual external cavity frequency

stabilized laser diode using a lateral
resonant m

irror translator

output to optical fiber

sem
iconductor 

laser source
F

abry-perot 
etalon

photodiode

m
ovable reflector using 

laterally resonant 
m

icroactuator

feedback controller electronics

m
icrolens

* on a silicon substrate

beam
splitter
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A
 m

icrofabricated 3D
 scanner for

m
iniature projection displays

m
icrolens

cantilever beam
vertical scanner

m
icrom

otor 
rotating
horizontal 
scanner

sem
iconductor 

laser or LE
D

M
icrom

echanical 
com

ponents w
hich are 

part of proposed 
research

projected scan 
pattern

V

H

linear 
translatable 
lens for 
dynam

ic 
focusing 
and/or 3D

 
scanning

T
he m

icrom
otor scanner w

ill also be
used for optical sw

itches.
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O
ur industrial partner, R

eliance E
lectric

�
R

eliance E
lectric is genuinely interested in the technology being

proposed and  helped us in defining specific needs and applications. O
ur

on-site interactions w
ill result in a natural technology transfer path. In

fact, their technical contacts w
ill co-supervise  the graduate students

carrying out their research and w
ill be directly involved as the program

proceeds.

�
T

he results of our basic research on enabling technologies, (generic)
device designs, and prototype perform

ance characteristics are not
proprietary. H

ow
ever, in the course of the research, devices and

applications w
ith prom

ising m
arkets w

ill be considered proprietary until
appropriate patent protection is obtained by C

W
R

U
 or R

eliance
E

lectric. T
he results of all portions of the program

 w
ill be m

ade
available to A

R
PA

 for governm
ent use.
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C
ollaboration w

ith R
eliance

the fiber optic coupler
�

a vee-groove m
ultiple optical fiber coupler w

as identified
as the short term

 application of the optical m
icrobench

technology

�
Specifications for a com

m
ercial device w

ere provided by
R

eliance E
lectric after several joint m

eetings

�
a prototype device w

as designed and fabricated at C
W

R
U

�
this device w

as sent to R
eliance telecom

m
unications in

C
hicago for testing

�
device passed A

T
&

T
 coupler specifications
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�
D

r. Jim
 H

arris, Fred D
iscenzo, R

eliance
R

esearch

�
D

r. G
eorge A

b-B
ubu, R

eliance
T

elecom
m

unications

�
Prof. Frank M

erat, Prof. M
ehran

M
ehregany, C

W
R

U

�
Shuvo R

oy, Steve Sm
ith, A

zzam
Y

aseen, C
W

R
U

 Ph.D
. candidates

C
o

n
tin

u
in

g
 C

o
llab

o
ratio

n
 w

ith
 R

elian
ce

th
e p

ro
ject  team
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Polygon M
icroscanner

SE
M

 photo of a rotating polygon optical m
icroscanner m

ade by
electroless-plating of nickel reflecting surfaces on the rotor of a 500
m

icron diam
eter salient-pole m

icrom
otor. T

he thickness (height) of the
nickel is 20 µ

m
; the w

idth of the nickel is 10 µ
m

.  T
he polygon itself is

approxim
ately 175 m

icrons in diam
eter.
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Scanner optical beam

D
igitized video im

age of a 633-nm
 laser beam

 reflecting from
 the

polygon scanner.  T
he im

age w
as recorded approxim

ately 10 inches
from

 the scanner using an ordinary T
V

 cam
era.
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C
ross-sectional schem

atic of a typical
polygon m

icroscanner

T
ypical m

icroscanner after release show
ing illum

ination of the nickel
surface w

ith a laser beam
. N

ote that if the reflector is too far from
 the

rotor rim
 the beam

 w
ill also reflect from

 the rotor surface.

Incident L
ight

P
olysilicon

L
T

O
 

S
ilicon

N
ickel 

S
ubstrate

R
eflected L

ight
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R
eflected signals from

 a spinning rotor
w

ith a constant rotor speed

T
he com

plex shape of the reflection is caused by undesired reflections from
 the rotor.

T
he low

 frequency variation of the reflectivity is hypothesized to be a low
 frequency

w
obble of the rotor about the axis of rotation.
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E
lectrostatic drive lateral
translational reflector.

T
he sidew

all of the surface at the top center of the im
age is nickel plated

and w
ill be used as an optical reflector.
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C
ross-sectional view

 of a rib w
aveguide

in epitaxial silicon

air
n=1

p-S
I

n=3.5

n-S
I substrate

n=3.49-j0.00036

h1
h2

w
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Schem
atic diagram

 of optical
duplexer chip

P
hotodetector to 

m
onitor laser 

diode

H
igh-speed 

P
hotodetector for 

video inform
ation

Laser diode source
O

ptical fiber to 
substation
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Single M
ode Pigtailed 1.3/1.3 D

uplexer
Item

Sym
bol

C
onditions

M
IN

M
A

X
U

nits
O

perating case tem
p

T
c

-40
85

∞
 C

W
avelength

lc
over T

c
1260

1350
nm

O
utput pow

er into
Pout

over T
c

6
(see Pfth)

µW
     single m

ode fiber
T

hreshold pow
er (L

aser diode)
Pfth

over T
c

m
in Pout/30

µW
C

rosstalk (N
ote 1)

C
r

over T
c

-29
dB

T
racking error (N

ote 2)
E

r
over T

c
3, 0.5

dB
R

eceiver responsivity
R

over T
c

0.3
A

/W
R

eceiver polarization
R

p
over T

c
1

dB
    dependence
R

eceiver capacitance
C

d
-5 V

 bias
1

pF
R

eceiver dark current
Id

over T
c, -5 V

10
nA

SC
-PC

 connector loss
IL

over T
c

0.5
dB

C
onnector reflectance

R
c

over T
c

-33
dB

B
ackw

ard reflectance
R

b
over T

c
-20

dB

N
otes:

1. If total tracking error E
r<

0.5 dB
, then

 crosstalk C
r<

-24 dB
2. If total tracking error 0

.5<
E

r<
3.0 dB

, then
 crosstalk C

r<
-29 dB
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O
ptical duplexer using planar

m
icrom

echanical light m
odulator to

replace optical source.

M
odulation 

m
onitoring 

photodetecto
H

igh-speed 
P

hotodetector for 
video inform

ation

F
abry-P

erot 
variable reflector

O
ptical fiber to 

substation

m
otion
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O
ptical properties of high-aspect-ratio

(111) silicon plates
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Incid
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R
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R
eflectivity as a function of the

light beam
 incident angle

0.00001

0.0001

0.001

0.01

0.1 10.001
0.01

0.1
1

10
100

T
hickness [µm

]

Transmissivity

C
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E
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T
ransm
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O
ptical applications of high-aspect-ratio

(111) silicon plates

λ
1

λ
2

g
2

g
1

M
icro E

talon
O

n C
hip M

ach-Z
ehnd

er Interferom
eter

M
icro B

eam
 Splitter

T
hin Si Plate

(hund
red

s µm
 tall, few

 µm
 w

id
e)
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Schem
atic diagram

 of an integrated
laser diode and m

icrom
irror

G
lass substrate

A
nchor

C
antilever beam

Stator electrod
e

Stopper

L
aser beam

L
aser d

iod
e

M
irror surface

Stator electrod
e
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Fabrication process for the
integrated laser diode/m

icrom
irror

S
i S

h
allo

w
 E

tch
in

g
 b

y R
IE

S
ilico

n
-N

itrid
e D

ep
o

sitio
n

A
n

iso
tro

p
ic D

eep
 E

tch
in

g
 

b
y K

O
H

S
i3N

4

E
lectro

static B
o

n
d

in
g

S
u

b
strate P

o
lish

in
g

 B
ack

(to release the structure)

L
aser D

io
d

e ch
ip

 B
o

n
d

in
g

G
lass S

ubstrate

C
antilever beam

A
nchor

Laser D
iode
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A
n SE

M
 im

age of the integrated
laser diode and m

icrom
irror.
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M
icrom

irror deflection angle as a
function of the applied voltage
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W
avelength variation as a function of the

excitation voltage of the m
irror
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C
ross-sectional view

 of a rib
w

aveguide in epitaxial silicon
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A
nisotropically-etched w

aveguide
end-face

T
he dark layer is the region w

here light is guided and the light layer
is the heavily doped silicon substrate
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E
nd view

 of bulk fabricated U
-grooves

N
ote the rib w

aveguides positioned at the end of the grooves and the corner
com

pensation structures
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D
etail of corner com

pensation structure of fiber
guiding U

-groove on a (110) silicon substrate

.  N
ote the rib w

aveguide at the right end of the U
-groove
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T
hree dim

ensional intensity profile from
 a large-

area, all-silicon w
aveguide w

ith a 10 µm
 w

ide rib

H
orizontal

V
ertical
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E
nd view

 of bulk fabricated U
-grooves using

ultrasonic agitation
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A
nistropically etched rib w

aveguide w
ith

ultrasonic agitation
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U
-groove surface roughness

D
ecktak surface roughness of a

typical U
-groove bottom

. T
he value

of  R
a is 5606Å

.

D
ecktak surface roughness of  a U

-
groove bottom

 produced w
ith

ultrasonic etching. T
he value of R

a is
341Å
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•
Surface m

icrom
achining concept

•
“T

raditional” high-aspect-ratio m
icrostructures

•
N

ew
 Surface M

icrom
achining Process

–
M

old characteristics

–
Structural m

aterial deposition

M
icrorelays:

B
ackground and M

otivation
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Polysilicon Surface–M
icrom

achined R
elay

(G
retillat et. al at M

E
M

S ‘94)

p-type Si substrate

 final doped polysilicon

alum
inum

silicon nitride

oxide and silicon nitride

 initial doped polysilicon

p-type region

n-type region

•
L

ow
 current load ≈ 1 m

A

•
H

igh contact resistance ≈ 10 kΩC
ase W
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N
ickel M

icrorelays

*
M

etallic contacts
•

electrostatic actuation

•
rubbing action

•
stiff suspension
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•
A

ctuation voltages
≈ 200 V

olts

•
R

esonant frequencies
 

5–20 kH
z

•
C

urrent load
≈ 250 m

A

•
C

ontact resistance

<
 20 Ω

M
icrorelay C

haracterization
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M
icrorelay Sw

itching O
peration

•
frequency ≈ 1 kH

z

•
sw

itched signal ≈ 5 V
olts

•
contact travel ≈ 2 µm

•
contact force ≈ 20 µN


