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The Invention of Transistor (1947)
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The Invention of the Integrated Circuits (1958)
(Jack Kilby & Robert Noyce)

The First Integrated Circuits
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The Discovery of Piezoresistive Effect (1954)

A\

Discovered by C.S. Smith

The piezoresistive effect of semiconductor can be several
magnitudes larger than that in metals.

» Many MEMS devices such as strain gauges, pressure sensors, and
accelerometers utilize the piezoresistive effect in silicon.

A\

An Example of a Piezoresistive Pressure
Sensor
[MTTC Pressure Sensor]

Sandia National Laboratory



Chemical Vapor Depositions

for MEMS

Nang Tran (Univ. of Minnesota, USA)

« Part 1. What is MEMS technology?

« Part 2: Chemical vapor deposition
techniques (CVD) for MEMS



CVD Plays a Pivotal Role both In
VLSI and MEMS

VLSI MEMS

Focus on electrons . Focus on mass
No moving part . Various moving parts: micro gears,

valves, pumps
Three dimensional structures

Electric, mechanical, chemical,
used biological systems

IC isolated from Si, oxides, polymers, plastics used
surroundings . Interaction with environment

Two dimensional
Electrical systems
Si, Ge, dielectrics




First wave: Only a couple of companies can
afford the next technology evolutions

THE SECOND WAVE: RE-USE OF SEMICONDUCTOR
PROCESS TO MAKE NON IC DEVICES IS CREATING
TOTALLY NEW OPPORTUNITIES.




What is MEMS Technology?

1. Introduction to MEMS




Feynman’s Dream



1959: Richard Feynman dreamed big

Richard Feyman offered a prize to challenge those who could
build a motor of only 1/64 inch cube (1959).

Bill McLellan successfully built a 2000 rpom motor, 250 ng, 13
parts by hands with tweezers and a microscope (1960).

“There is plenty of room at the bottom”

Why can’t we write the entire 24 volumes of
Encyclopedia Brittanica on the head of a pi




Polysilicon as a Mechanical Material

(The first rotary drive motors, 1988)

> Invented by Dr. Muller and Dr. Howe of UC Berkeley

» Established sacrificial etching process using : (i) polysilicon as a
mechanical structure material and (ii) oxide as a sacrificial material.

First Rotary Electrostatic Side Drive Motor
[Richard Muller, UC Berkeley]

Stator |



The Dream Has Become a Reality



MICrosSensors: pressure, position,
speed, acceleration, temperature,
flow and various optical, chemical,

environmental, and biological

variables.

Microstructures: microscopic lenses,
mirrors, nozzles, gears and beams.

Components of MEMS

MicroSensors

MicroElectronics

Y.C. Chen (TFIT)

Microactuators:
valves, switches,

pumps, rotational and
linear motors.




MEMS Market Can Reach $22B

in 2020 (FromYole Development)

Micro displays
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Pressure sensors
Microphones
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Digital Micro-mirror Device (Larry Horbeck, T1,1994)

Mirror —-10 deg

* Array of up to 1.3 million mirTors Mirror +10 deg

¢ Each mirror is 16 pum on a side with a pitch of 17 jun

¢ Resolutions : 800x600 pixels and 1.280x 1.024 pixels

e Niror is moved by 24V applied

¢ Projection system consists of DMD, electronic light source
and projection optics

e 16 ns switching time.

Landing Tip Substrate

DMD Pixel (transparent mirror, rotated)
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Fram "An Infrocdlietion o Microgleciromechanical Systems Enginearing” by Madim Malf
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— all process steps at T <400°C







What is MEMS Technology?

1. Introduction to MEMS
2. Common materials in MEMS




Silicon is the most widely used substrate for MEMS

Electrical resistvity
» Single crystal silicon — SCS Metal b (10+ Qxem) Applications
— Anisotropic crystal Ag 1.58 Electrochemistry
— Semiconductor, great heat conductor Al 57 Elect interconnects
» Polycrystalline silicon — polysilicon Optical reflection
— Maostly isotropic material Au 24 High T elect interconnect
— Semiconductor egmpﬁac};erﬂiﬁw
» Silicon dioxide - SiO, cr, Ti, TIW 12.9, 42, 75-200 Intermediate adhesion layer
— Excellent thermal and electrical insulator cu 17 Elect interconnects
- Masll( .in. etching of silicon substrates ITO 300-3000 Transparent interconnects
— Sacrificial layer Ir, Pt 51,1086 Electrochemistry
» Silicon nitride — Si;N, Bio-potential sensors
— Excellent electrical insulator W 5.5 High T elect interconnects
— lon-implantation masks and barrier to diffusion.
» Aluminum = Al
— Metal — excellent thermal and electrical conductor
Thermal conductivity Thermal Expansion
Material At 300K (Wim K) Material At 300K (10%/°C)
Si (SCS) 2.616
8i (BCS) 156 SLN Y
Si N, 1.9 34 )
W 178 W 4.5
Al 236 Al 25
Au 300 )
Yael Hanein



Why Silicon?

» Well understood and controllable electrical properties
» Availability of

’ to produce single crystal substrates

» Desirable mechanical Properties:

High melting point. (1400 °C)

Small thermal expansion coefficient, 10 times smaller than Al

High Young's modulus (same as steel ~ 2 x 105MPa)

Light as aluminum (density ~ 2.3 g/cm3)

No mechanical hysteresis(Good candidate for sensors and actuators)

» Crystalline orientation is important in MEMS fabrication processes

= on same substrate



Multi-User MEMS Process (MUMPS)

«  Standardized building blocks for MEMS processing and MEMS components.

« MUMPs is a well-established, commercial program that provides customers with cost-effective access to MEMS
prototyping and a smooth transition into volume manufacturing.

< MUMPs is part of MEMSCAP’s complete manufacturing offer, ranging from prototyping to mass production.
< MUMPs was first offered by MCNC in 1992. Cronos was spun —off from MCNC in 1999 to provide MUMPs

HE B O @ O & =

Nimide Polyd 1stOxide Polyi Ind Oxide Poly2 Metal

PolyMUMPs Process <8081~ 20KV %23 1mp w032 [ parr <t 8 it
MUMPs (1993, MCNC) A gear frain on a moving platform.
Features: Microelectronics Center of North Carelina
_________________________________________________________________________________________________________ SUMMIT IV (1998)

= Structural material: Polysilicon

= Sacrificial layer: Deposited oxide (P53G)
= Electrical isolation: sdicon nitride

= 3 polysdicon layers

Sandia National Laboratory)

http:/www.memscap.com/memsius/crmumps.htinl



PolyMUMPs Process Flow

= M+ doping
» Silicon nitride (Mitride)
deposition (S00nm)

« 500 nm petysilicen (Poly 0)
ition

» Photolithography using
first kvl mask
{POLYD)

= RIE Pyl
» Photoresist stripping (in a
solvent)

+ 20 pm LPCAVD PS5 deposition
(the first sacrificial layer)

= Second mask [DIMPLE) patterned

= The dimples, 750 nm deep, are
eiched (RIE) into the first oxide
[ayer.

= Thind mask (AMCHOR1)
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H.Xie & http://www.memscap.com/memsrus/svesrules.html

« A blanket 2.0 pm layer of ur-

doped polysilicon i deposhed
by LPCWD foilovesd by the
deposition of 200 nm PSE and
a 1050" CH hour anneal. The
anneal sarves tn bath dope the
polyslicon and recucs Rs
regiguai stress.

= The fourth mask (POLY 1) I8

ithegraphically el The
Po Is st efched to credie 3
hard mask and then Poty 1 1
chad by RIE.

= Afiar e eich ks compisied, the

photoresist and PSE hand mask
are removed

= The Second Cnace layer, 0.75
| of P3G, ks deposhad on the
wartzr. TRiS |ayer |5 pattemed
‘baice o aliow contact o both
Poly 1 and substrate layers.

« The fiith mask
{POLY1_POLYZ_VIA) |5
lithographicaily pattemed.

« The unwarted Sacond Omige Is

RIE eiched, stopping on Paly 1,
and the photoresist Is sripped.

~ Thee sixth mask [ANCHORZ) ks

thograprically patiemed

» Second and Firs Owidss ae RIE

efohed, stooping on efther Niride or
Paiy 0, and photoresis? ks stripped

* The ANCHORZ level provides

apenings for Poly 2 10 contact wih
MITIE O Poiy O



PolyMUMPs Process

FIow (cont'd)
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= The structures are released by immersing the chips in a 48%
HF solution.

=The Poly 1 “rotor” can be seen arcund the fived Poly 2 hub.

= The stacks of Poly 1, Paoly 2 and Metal on the sides represent
the stators used to drive the motor electrostatically.
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What is MEMS Technology?

1. Introduction to MEMS

3. Etching




General Procedure for Photolithography

masking film
(S04, SizNy)

(i) coating
with

Si-substrate photoresist
= T .

(i1} sofhake

stripping
-—

mask

Si0,

Uy
mask l l l l l l mask glass
photoresist ™ /

mask

ali Nt

ilignmen |
(i) exposure
{i1) postbake
(i) development

elching !

radiation

(UV, e, X-ray, ions)

~— VI

——Si-substrate

(b) By positive resists

/

I

Positive Resist

Develop

Eiching
&
Stripping

_ y

(a) By negative resists

HieEarNeIResist Andrew Barron (Rice University)




Orientation of Silicon Wafer
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Ideal Etching Process Wet Etching Problems

Before etch Before Etch
substrate
substrate
isotropic oor
Blocking undercut adﬁesion
After etch T

substrate

After Isotropic Etch

Directionality of Etching

x|l
—

v Degree of Anisotropy

A= (z-x)lz
substrate

Anisotropic Etch (x<z) 0<A=<1

Iz {
substrate substrate

Isotropic Etch (x=z) A=0 Vertical Etch (x=0) A=1
(Perfectly anisotropic)

isotropic undercut




Isotropic Wet Etching

- Etch & Buffered-Oxide-Etch
(1) Poly-etch HNA: HF/HNO3HC2ZH302

HINO3 (aq) + Si(s) + 6HF (aq) -= H251F6 (aq) + HNO2 (aq) + H2O (1) + H2 (g)

» Etch rate: 4-20 um/min
» Etch masks: Si;N, and SiO,

» SiO, fairly attacked (30- 70 nm/sec) First step, nitric acid oxidizes the silicon

The etching process actually occurs in several steps.

» Agitation speeds up process
o . HNO3 (aq) + H2O (1) + 51 (s5) -= S102 (5) + HNO2 (aq)+ H2 (g)
» Slows down in light doping (107 cm n/p)

In the second step, the newly formed silicon dioxide is etched by the hydrofluoric acid.

ISOTROFIC WET ETCHING: AGITATION $i02 (s) + 6HF (aq) - H2<iF6 (aq) + T H20 (1)

Sl Wik

_ L
*’f: \ L

(2) BOE (Buffered Oxide Etch): HF/NH4F/H2O

ISOTROPIC WET ETCHING: NOAGITATION Used in isotropic etching of silicon dioxide and glass

| Jack W Judy, “Microelectromechanicalsystem (MEMS): fabrication,
design and application,” Smart Materials And Structures, IEEE Review
Paper.November 2001.

(&)




Selectivity and Undercutting

Selectivity

++Etch rate of one material compared to

another.
«+Etch rate of one direction compared to
another.
S10,
Undercutting
e (100) Si
2528
}_ I‘l . o
:‘? 2 I 4 CAPE T .:'l.';_f"_ : o
- d—
SEM image of a 5102 cantilever formed by undercutting
(5. Mohana Sundaram and A. Ghosh,)
D) Estimate of etch depth

undercutting depth ~ (D-d)z

Resulting undercutting can be used to create suspended sauctures!



The Lower Reaction Rate For The (111) Planes

2 dangling bonds

1 dangling hond %{100} plane
- Y

- -
{111} plane

(100)

v w

L -
silicon atom

Silicon lattice

— -

The lower reaction rate for the (111) planes is caused by the larger
activation energy required to break bonds behind the etch plane. This is
due to the larger bond density of silicon atoms behind the (111) plane.

(S1edel ef al.)



Anisotropic Wet Etching

Etchant Temperature(“C) Etch rate( pym/hr)
Si (100) Si(110) Si(111)
(100) Silicon Wafer KOH 25-42 39-66 0.5
e — P+ Silicon EDP 51 57 1.25
SilicciNilride Film —~ NH,CH 24 8 1

{111 Planes}

Through Membrane V-Groove
NS
» DMasks :

«««««««

SigN, : Excellent
Heavily doped P* silicon : etch stop

«««««« A e i

Van Zeghbroek : « Principles of Semiconductor Devices », 2005

WS ISENT RO W OIS | 1 s REACE

iE et e gan

e t‘k"'; =
:I *a luamm

RSNSOI WET ICTOMINGG: 0 50 BEACE
B Sl ey U 2d ar

:(100) 0.5-1.5 pm/min
than EDP and NH40OH

T. A. Kovacs, Nadiml. Maluf, Gregory And Kurt E. Petersen, “Bulk
Micromachining of Silicon,”|EEEReview Paper, August 1998,




Anisotropic Etching

» The etch proceeds in the <100> direction, which is the vertical
direction in (100) oriented substrate.

» The V-shaped trench is a result of the self-limits on four equivalent
but intersecting {111} planes.

Wet etch Plasma (dry) etch Zilicon Subsirate
g iy a) i
] _,f-"'::?'--hq"'“--u_
3 E i T T
5 = == :
stopping
Si (100) wafer " p Silayer
=]
.E (111) planes
2 (1) b) g
2 7 Y% 54,74°
— g, E— —+ %
<) V groove through hole membrane

l * l

BT



Lift-off Technique in Microfabrication

To pattern metals such as platinum on a substrate for use in certain chemical
sensors

Process: (1) resist is applied to substrate and structured by lithography, (2)

platinum is deposited, (3) resist is removed, lifting Pt but leaving desired Pt
microstructure

f Resist

(1) (2)

(3)

MLP. Groove : Fundamentals of Modemn Manufactunng, 4th Edition, John Wiley &
Sons, Inc. 2010,

Subtractive Process Additive Process

Photohthograply

/\

Etch Deposit

N/

Strip Resist

Pattern transter Pattern transfer
by etching by Lift off



Good vertical resist profile

PR K

PR

Substrate

Film Covers All PR edges (No where for solvent to remove PR)

/\

PR

Subsfrate

PR :>

PR

Substrate

BRNNERN

Lift-off Techniques

Exposure

PR

Substrate

ﬂ Develop

Exposure

T

PR / \ PR

Substrate

Film

/| \

PR ——

Subsirate

L Y

Substrate




Lift-off Techniques. Single Layer Resist & Substrate Etch (Lynn Fuller)

Startmg glﬂSS Wafer 500um th]:k “

BOE etch to create undercut

OIR-620-10 Positive Photoresist

Deposit Crand Au

After Expose and develop Lift-Off in Acetone and ultrasonic




Dry Etching

Advantages

« Eliminates handling of dangerous
acids and solvents

e Use small amount of chemicals

« Directional etching, less dependent on
the crystal orientation of Si

« Good transfer of patterns

Disadvantages

« Some gases are toxic
and corrosive

 Re-deposition of

_ _ _ non-volatile
« High resolution and cleaniness compounds
» Less undercutting + Needs for specialized
« No unintentional prolongation of equipment
etching

« Better process control
« Ease of automation



Anisotropic etching

Sputter etching: belongs to plasma
etching category. Similar principle
to sputtering but the substrate is
now subjected to ion
bombardment.

Chemical (vapor phase etching):
the material is dissolved at the
surface in a chemical reaction with
the gas molecules.

RIE:under RF, the gas molecules
break into ions; and the ions
accelerate and react the the
surface of the material to be etched

DRIE: the balance of chemical and
physical etching to give vertical
shapes.

Sputtering
Meutral
Chemical
Neutral lon Volatile Product
R el
lan-Enhanced
Energetic

MNeutral lon

AN

Volatile Product

lon-Enhanced
Inhibitor

\ Inhibitor



Types of Dry Etching

v Non-plasma based: spontaneous reaction of appropriate reactive gas mixture.
(i) Typically fluorine-containing gases, such as xeron difluoride XeF, and interhalogen BrF, and CIF,; (ii)
High selectivity to masking layers; (iii) no plasma processing equipment is required; (iv) controlled by
temperatures and pressure of reactants.

v' Plasma based: RF power to drive chemical reaction.

Xenon Difluoride (XeF,)
Etching

@ [sotropic etching of Si

e High selectivity for AL SiO,. Si;NJJPR. N
PSG \

e 2XeF, + Si = 2Xe + SiF, *

e Typical etch rates of 1 to 3 pm/min )

e Heat 1s generated during exothermic /

reaction

e XeF, reacts with water (or vapor) to form
HF

* 1S FEB 82
Interhalogen (BrF; & CIF;) 2001
Etching. XeF; etching (stiction free release)

® Nearly isotropic profile i
® Gases react with Si to form SiF, Alex M
® Surface roughness: ~40 to 150 nm

® Masks: S10,, Si;N,, PR, AL, Cu, Au, and N1

(From Tianghong Cui)



Deep reactive ion etching (DRIE, Bosch, 1994)

. Etch depths of hundreds of microns. Etching with SF4 (5-15s) and depositing with C4F8 (5-15s)

. Two different gas compositions are alternated in the reactor.

. The first gas creates a polymer on the surface of the substrate; and the second gas etches the substrate.
. The polymer is immediately sputtered away, but only on the horizontal surfaces, not the sidewalls.

. The polymer dissolves slowly in the chemical part of the etching and is built up on the sidewalls.

—1 ——
Silicon a
Etch
b
Polymer(néFz) q
Deposit Polymer
c
gorX —
tokU 1,068 18vm WD3S
Etch I—
Profile of a DRIE trench using Trenches etched with DRIE
the Bosch process. [SEM images courtesy of Khalil Najafi,
Eiching aspect ratio (ratio of e University of Michigan]]

height to width) of 50 fo 1 can
be achieved.




Bosch process: sidewall
roughness

fif

Sidewall roughness at the top of a deep amsofropic etching of S1 (Bosch
process on A601E) as a function of pulse duration:
(a) SF6/CAF8 = 7s/2s (b) SF6/CAF8 = 3s/1s.

C. Hibert, EPFL-CMI CMI-Comlab revue, june 4th, 2002







What is MEMS Technology?

1. Introduction to MEMS

4. Surface micromachining




Surface Micromachining

Some Jenga pieces are removed. The

The Siwafer foiictiois ke the ones that remain form the MEMS —\

big green flat plate. \ structure.

= Surface micromachining

Deposit poly-Si (structural layer—
the Jenga pieces that remain)

Deposit SiO, (sacrificial layer—the
Jenga pieces that are removed)

: —— ( Remove sacrificial
Etch part of — layer (release)
the layer.

Often the most critical

Silicon wafer (Green
Lego® plate)

N. Maluf.



Polysilicon and Oxide for MEMS

(A combination of sacrificial and structural layers)

Micromachining

’. Anchor Sacrificial Layer p 4
{2 O —

| 4 | Silicon wafer
» \ - Substrate
! ; Structural Layer
N, M
. R Release Etch thhoglaphy

- _'/

Etch the substrate

Isotropic Etching
Etch cavity bound by the crystal planes

Robert W. Johnstone, SFIE 2002




Surface Micromachining

Femove Croide Laryer
Iritial 313 ubstr ate

Deposit Polysilicon Pattern
Deposit Silicon Hitfide Layer

LR s e e Sll”;tﬂ IErmHEHIHEH

Micromotor?

Typical Surface
Micromachining Process
(Cantilever)

Hilieoey

Dreposit Oxide Layer Patterm COxide | Silicce Oxide
Fhot ce ot

Ziliere Mitride
Floysilicon

Y.C. Chen (TFIT)



Fabrication of a Hinge

1. A 2 pm layer of phosphorsilicate glass PSG spacer is deposited onto the substrate.

2. A2 um layer of polysilicon (poly 1 in stepl) is deposited on PSG, patterned and dry etched to form the desired
strcuture, including the hinge pins.

3. Asecond layer of sacrificial/space PSG (0.5 pm) is deposited (step 2)

4. The connection locations are selectively etched through both PSG layers (step 3).

5. A seond polysilicon (poly 2 in step 4) is deposited, patterned, and etched to form a staple for the hinge.
6. The sacrificial layers of PSG are then removed by wet etching. And the hinge can rotate

Spacer layer 1 Poly1 Spacer layer 2
| )
ez /g /
Silicon
1. 2. 3.
Poly2

& &

Fabrication of Microelecttomechanical Devices and Systems by Kalpakjian

Detail of the micromirror unge

(Sandia National Lahoratories)




SCREAM

YV V V

SCREAM: Single-Crystal silicon Reactive Etching And Metallization).
Producing 10-50 pm deep, which is protected by a a layer of silicon oxide.
An anisotropic etching removes the oxide only at the bottom of the trench, and the trench is extended through dry

etching.

An isotropic etching step (using sulfur hexafluoride) laterally etches the exposed sidewalls at the bottom of the
trench. The undercut is used to release the structures.

Photoresist

Oxide

!

Silicon

1. Deposit oxide and

photoresist

4. Coat sidewalls with

PECVD oxide

= H =

2. Lithography and 3. Silicon etching

oxide etching

Suspended Sharp
beam tip

5. Remove oxide at bottom 6. Plasma etching in SFg
and etch silicon to release structures

N. Maluf.




SIMPLE

SIMPLE: Sllicon Micromaching by single step PLasma Etching).
One plasma-etching device.

Chlorine gas-based plasma etching is used to etch p-doped or lightly doped silicon
anisotropically, but heavily n-doped silicon isotropically.

» Thick oxide mask is required since chlorine —based plasma attacks the mask slowly.
» Theisotropic etch rate is low, 50 nm/min.

V V VYV

Photoresist ~ Oxide Suspended feature

|

: N
N J

[ . -

= D n+
p- Silicon | . |P~
1. Deposit oxide and 2. Lithography and 3. Plasma etching of 4. Isotropic etching of
photoresist on oxide etching p~ doped silicon n™ doped silicon

layered substrate

N. Maluf.
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PMOS Fabrication Process (ucg)

Fre-diffusion clean
Fad cxidation

ﬁJ.I.UJ.LU.

M-type Siwafer <100=

S0,

Wzalk 1

ey

SiH.Cl,
NH,

Spin photoresist

Deposit LFCVYD nitride

SigN,

Wilealk 3

a,

Expose PR with
active area mask
and develop

‘l‘

Feactive ion etch
nitride layer
Strip PR

Weel 2

Pre-diffusion clean
Field oxidation

Sy

a,
H:0

Strip nitride and pad oxide
Sacnficial oxidation

Ry

-

iz

w



PMOS Fabrication Process (cont’d)

Strip sac ox

Weel 3

Gate oxidation

Deposit LPCVD polysilicon

Fo

Iy

PR/etch gate mask
Strip PR

Week 4

SFs
0

2

PR/etch metal mask

Strip PR
Anneal

Source

Week 6 .

Week 5

Week 6

O,
H

lon implant BF,* F aupen dieds

PP

Pre-diffusion clean
Drive-infoxidation

LU

PRJstch contact mask
Strip PR

O

Clean
Sputter deposit AlM1%S0

Ar ]
! AlfS

Gate (contact not shown)

Drain




What is MEMS Technology?

1. Introduction to MEMS

5. Bulk micromachining




Bulk Micromachining vs Surface

Micromachining

Bulk micro-machining

I —

/ | | \ 4/ o

Surface micro-machining

Deposit & pattern oxide Deposit & pattern poly Sacrificial etch 3

Oxide Paoly-Si Anchor  Cantibever

10 pm

Si substrate Si substrate Si substrate
=




Bulk Micromachining

Selectively remove significant
amount of silicon from wafer

Oxidation of silicon

Products physically removed
from substrate

Isotropic and anisotropic

Large structures can be
fabricated

3D (V-grooves, channels,
pits...)

Compatible with CMOS
technology

Deposit & pattern oxide Deposit & pattern poly Sacrificial etch

Oide Poly-Si Anchor  Cantikever

== AP e

Sandia National Laboratory

(100) Silicon Waler

Silicon Nitride Film
— i, S—

[ s—

== {111 Planes}

/X

/

Through KMembrane V-Groove

|_\\ Hole y ff_\\ f.r‘f—\w:’;_

N L —

Bulk micro-machining

bonding

Surface micro-machining




Bulk Micromachining

Certain etching solutions, such as potassium hydroxide (KOH), have a very low
etching rate in the direction of the (111) crystal face. This permits formation of
distinct geometric structures with sharp edges in single-crystal Si.

Bulk micromachining: relatively deep wet etching process on single-crystal
silicon substrate

Surface micromachining: planar structuring of the substrate surface, using
much more shallow etching.

Several structures that can be formed in single-crystal silicon substrate by: (a)
(110) silicon and (b) (100) silicon (See Fig. below).

QV (111 Crystal face)
|

3B =

(111 Crystal face)

Substrate

{a) {b)

MLP. Groove : Fundamentals of Modemn Manufactuning, 4th Edition, John Wiley &

Sons, Inc. 2010.




Bulk Micromachining

Etch using a mask

h Etch a cavity in a wafer

Bond another wafer

Boron doping using a mask

Flip and bond to a glass

P Thin down / polish and etch

Glass
Dissolve undoEed silicon in EDP n
MIT’s water bonding process

Boron doped
dissolved wafer
process
(Michigan)




Bulk Micromachining to Form Thin Membrane

(1) Si substrate is doped with boron, (2) a thick layer of Si is applied on doped layer by
epitaxial deposition, (3) both sides are thermally oxidized to form a SiO, resist on the
surfaces, (4) resist is patterned by lithography, and (5) anisotropic etching removes the Si
except in the boron doped layer

/ Si0,

1
Boron-doped ﬁ’r
/_ layer | 1
[
Si *
L L
\\— S0,
(1) (2) (3)
— Membrans
r1 E] II".
Ii '
i
|
| R | I |

(4) (5)

MLFP. Groove : Fundamentals of Modern Manufactmiing, 4th Edition, John Wiley &
Sons, Inc. 2010,







What is MEMS Technology?

1. Introduction to MEMS

6. Molding




LIGA Process

structure.

> A combined processes of X-ray lithography, electrodeposition, and molding. Developed in the early 1990’s.

> LIGA consists of the following steps: (i) a thick PMMA (polymethyl methacrylate) of hundreds micrometers is deposited on a
preimary substrate; (ii) The PMMA is exposed to X-rays and developed; (iii) Metal is electrodeposited onto the primary
substrate; (iv) PMMA Is removed, resulting in a freestanding metal structure and (v) plastic is injection molded into the metal

ISynchrolron radiation

Mask membrane |&=*—— Mold cavity
Absorber structure
PMMA resist

Substrate

Plastic

Electrically
conductive

PMMA structure

Plastic structure
as mold or final
product

Metal frcm
electroforming or
ceramic from slip

casting
4. Second electreforming

Metal or ceramic
structure

5. Final product
Molkd inserl (©)

Fina! product
4. Resist removal
(a)

(translated electrodeposition or electroforming) . Abformtechnik (plastic molding)
INMIVI Imstitut fur Mikvotechnilk, Mamz, Germany

LIGA stands for the German words : Lithodaraphie (in particular X-ray lithography), Galvanoformunga

Lithography

—
—

mm!

Electroplating

—

Molding

L

E—
ool

Deposit a
metallic laver

Cast a thick resist
layer (PMMA)

Pattern vesist
laver by X-rav

Electroplating the
mold insert

Mold insert

Use the mold insert to
form multiple plating
base by injection molding

Remove the mold insert

Figure source: J. Bryvzek, K. Petersen,
and W. McCulley IEEE Spectrum, 1994



LIGA Process

VY x-ray radiation

&=

Separate metal
from PMMA

Electroplate™., 4 —| H |_| r
through ’;MMA . Develop PMMA
/ [

I— Subsirate (conductive) —

(1 (2

Figure source: J. Brvzek, K. Petersen,
and W. McCulley IEEE Spectrum, 1994

LLE. Groove : Fundamentals of hModern Manufacturing, 4th E dition, John Wilev &
Sons, Inc. 2010,

(a)

[0 [0

(3}




SLIGA

SLIGA - combining the LIGA process with sacrificial layer technique,
therefore movable microstructure is available

l l l l l Pattern Cast a thick

i _,
Deposit a laver by PMMA
metallic light to define

l.aye.l' on the sacrificial
substrate layer
Coat a
sacrificial ;
layer
X-ray

IR

j_;

Remove the PMMA

Pattern the PMMA by X-ray

_L;

Etch the sacrificial layer

M.P. Groove : Fundamentals of Modein Manufacturing, 4th Edition, John Wiley &
Sons, Inc. 2010,

Electroplating



HEXSIL

HEXIL: combines hexagonal honeycomb structures, silicon micromachining, and thin film deposition.
A deep trech is first produced in single-crystal silicon by dry etching, followed by shallow wet etching to make the trench walls smoother.

The depth of the trench is limited to 100 pm. An oxide layer is deposited onto the silicon, followed by an undoped polysilicon for mold filling
and shape definition.

. A doped-silicon layer then follows, providing a resistive portion of the device.
Electroplated or electroless nickel plating is deposited.

5

%

5

%

5

%

B3

5

%

1. Etch deep in silicon wafer 6. Deposit electroless nickel

2. Deposit sacrificial oxide 7. Lap and polish to oxide layer

-

3. Deposit undoped poly

8. HF etch release and mold ejection

9. Go to step 2. Repeat mold cycle
I Wafer

[ Sacrificial oxide

[ Undoped poly

[ Doped poly

5. Blanket—etch planar . Fabrication of Microelectromechanical Devices and Systems by Kalpalkjian
surface layer to oxide [_1 Electroless nickel

4. Deposit in situ doped poly




Our MEMS-Related Works



Process of Making CD (Tran et al.)

Label
— Acrylic Photoresist u -
Aluminium ; Resst coatng
Glass
* ¥ T Laser
L LI ¥
[ S R 1.2
1250 | o Lasor recorang

Polycarbonate plastic l from tape

Fl.mm&j Development and
\ metal deposbon

Track

———

Track pitch Moty — Electrolormng

Track l

Motal “Tather ——{ J

» Glass master disc : begins with a glass plate, 240 mm in %l
diameter, 5.9 cm thick. It is washed , lapped and

polished. Photoresist (spinning) is coated following an
adhesive (for example, silane coupling agent) . Dropouts
were tested with laser. The disc is then stored in an oven
for several weeks.

» Photoresist: AZ photoresist iscoated, baked and
developed.




Process of Making CD (cont’d)

Metal “tather - . )]

Electrolormng
Metal “mother {_U'—U'\._I'_‘\J’"\_IJ
Stampe — ?
Polycarbonate —— S— C D
Actual image of lands and pits on CD
(5,000X Magnification) Moiding
¥CD has the following
dimension: size of data track
(track length is about 3.5
miles) : 0.5 ym wide, 1.6 ym Dupicating

center-to-center from one tract [-u_—‘-n—"——u_‘—’]
to the next.

v Elongated bumps are 0.5 ym Refiectve metal

wide, a minimum 0.83 um long

M Motahzaton
and 125 nm high (sgna surtace)

» Injection molding: molten plastic is injected into a mold

- Label
cavity; the disc is ready for replication. Polycarbonate is
used since it has high transparency, dimensional Protecson of
stability, good impact resistance, good processing sgna surtace

characteristics, free of impurities.



Schematic of CD, DVD and Blu-ray

A =780 nm

= 0.1 mirm

1.1 mm

Density oc (NA/A)?

DVD HD DVD Blu-ray

| =400 nm | = 200 nm | = 150 nm
] W= M W= H LW =
1320 nm U200 nm 130 nm
= o I} == - =
]E_q_[:-nm _!4III-nrr‘| ___':'EIEE'FHTI
- @ = - @= - @ =
L1 pm 620 nm =480 nm
A = 650 nm A =405 nm * = 405 nm
| 0.6 mm |06 mm -11rr‘|rr‘|
0.6 mm 0.6 mm '
_— J Al I = 0.1 mm
2% generation 3rd generation
SD Video HD Video
47GB/8.5GB 25 GB /50 GB
1X: 11 Mb/s 1X: 36 Mb/s
4 Gbh/in? 19 Gb/in?
A =650 nm A =405 nm
NA = 0.60 NA =085

0.6 mm substrate 0.1 mm cover

(Google's image)



GO DIRECTLY

Direct X-Rays Digital Radiography

(Where large area electronics, medical physics
and thin film technology cross)



Issues With Analog X-ray Imaging

Cassette and
X-ray film X-ray picture

[ |
X-ray exposure /
X-ray ' ’

h X-ray absorption differences occur in bones or musdes. which cause differences in the
X-rays reaching the film.

& (Incident X Ray beam)d

> Screen

Reflecting layer (25 pm)

Fluorescent layer (100 to 400 nm)

Protective overcoat (20 um) y, ' ~
(Light-sensitive film) ( ' E s

Stand and tabls ars for referenca



The Challenges

 Improved image quality
 Wider dynamic range
 Reduced exam times
 Image manipulation tools
« Removes film variability
 Eliminates processing
 Minimizes retakes



Digital X-rays Radiography

The Evolution of Digital Radiography Detectors

Indirect imaging Direct imaging
puted CCD Detoctor ; Amorphous Selonium
with Scintillator Scroon | > catator (Phosphor of | biractRay* Dotoctor

Xaay eowegy Photodiode rray




Going DIGITAL!




About Our Direct X-rays Detector

Programmable
high-voltage
power supply

Top electrode
+ Nang Tran et al., US patents
5,254,480, 5,235,195, 5,973,311.

18 array of thin film transistor, 14
phosphor 20 read-out circuitry, 63 78 80;
‘gate, drain, source.

Dielectric
layer

X-ray semiconductor
Electron blocking layer

Charge collection
electrode

Charge amplifier

Thin-film transistor

S | storage
itor

ca
Drawing not to scale Glass substrate
r
[l Direct imaging
intillator (Phos; Amorphous Solonium
“c.....:'.oaq‘".'a‘{." DiroctRay* Dotoctor
Csl (TN)| Photodiode Array Yoouy eongy
Light Quanta X sengy
Sortace C
reflockr
Ca(m
Pholodiode
] || Poorogode
» aray win w a-Scon
,D_‘ || asticon Thin-Fien Trangintor (TFT)
Transistor (TFT) s and SHa00 CAORCRK
nd worage

Control Line




CMOS Fabrication Process

P pakairads

|

B obatrang

r____ _] =] Phckireist
. B - 50,
LR b
[ ] =0,
B Sibairang
Jon implantation —
Poly-Si deposition (for gates)
ﬂlﬂﬂyw
T (0 fucdh
7wl
[ RaT e
(Gate pattemning
] i) R
A il

Orxide dEﬁlﬁitIGﬂ as a mask
.l

for ion implantation

]

P nabaiais

i

Pattering of the mask oxide

I I:l | il ] [T
n well
o substrate
lon implantation =
[ I |
n+ n+ n¥
n wel
p substratz
Mask removal
=] =] -

p substrate

n well

=1

Mask patterning / implantation / Mask removal

- |

-

p substrate

n well

-Q-zq

Contact-p_a_d deposition / patterning

p substrate

j. EspEs i
p substrate nes

Metal deposition
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Thick field oxide

Metal
Thick field oxide



High Temperature Polycrystalline Thin Film

Transistor (N. Tran, 1988)
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Modules

Substrate/Motherboard

Our proposed c-Si based tiling approach

Read-out electronics



About Our c-Si Approach

Using a proven silicon technology.

Less development time. Potentially lower cost.

High performance single crystal Si. Structured phosphor.

Smaller tiles mean higher yield

Ease in maintenance: soldering/desoldering

Crowdedness and low FF due to busses and circuitry (wafer thinning).

Combining small Si chips without dead space? How to bring out signals from the
individual tiles? (circuitry is distributed throughout the array- four-side- buttable tile)

YV VV V VYV V VY

Csl (TN)|

Top electrode

Dielectric
layer

X-ray semiconductor
Electron blocking layer
Gharge collection 2
i i N Substrate/Motherboard
Thin-film transistor "

e

Glass substrate

Pb - Separator

Drawing not to scale

A AAA AN A



Our Historic Digital X-rays Detector

Figure 3. Photograph of 256 x 256-Pixel Solid State Radiation
Detector
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@» —— Flex Cable

Pb - Separator

Substrate/Motherboard
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o
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About Our D

» Using bulk micromachining (molding) to make structured phosphor

» Thinning silicon wafer.
» Smaller tiles mean higher yield

» Using silicon technology.




Microreplication/ Microstructures (N.Tran et al.)

Embo;se*ﬁ hov w/o Release | Enflossed Acrulic
geas  15KU8

T —



Different Techniques of Fabricating Structured Phosphors

-

STRUCT. PHOSPHOR 124,95 - [l —!282%4Structured Phosshor |

. P " e—— \ = §
4812~ 15KU . %330 108Fm WD29 9080 15KV, _ X75_tedvn WD39

HEBB  1BMm HD2g

N. Tran et al.



Pixelized Phosphor Fabrication From Mold (N. Tran et al)

Pixelized phosphor fabrication from mold

STRUCT. PHOSPHOR 14795
8813~ 15KU - %338 100rn WD23

H Phosphor

\ ~
Reflective

Layer




DR Process Overview (N. Tran et al.)

Wafer
Fabrication

e _ 8
e —
_—————

Electronics & Packaging Bonding to Common Substrate

Thinning Lamination

t
lllll

Phosphor

Single Crystal Silicon Sensor Array
(624x624 pixels)




Flex Cable

Pb - Separator

Substrate/Motherboard

Front Glass
Phosphor

Single Crystal Silicon Sensor Array
(624x624 pixels)
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X-rays Imaging of Hands

Conventional film-screen technology vs. Direct digital technology




That’s All Folks!




Additional Materials



A micro-diaphragm pressure sensor

Deposit a nitride layer using LPCVD

Etch the nitride layer to leave a square window

Deposit polysilicon using LPCVD

Deposit a thick nitride layer

Deposit polysilicon piezoresistors

Deposit another nitride layer

Etch nitride layers
— g D D —

Etch polysilicon and silicon using KOH
— gl D s

Deposit Al using vacuum evaporation and
pattern

Seal using a nitride layer using plasma CVD

h 4




The Mechanical Face of the Silicon Revolution

& O @

Mechanical 2 :

' First silicon IBM patents #Analog Devices Texas Instruments
pressure silicon micro- commercializes demonstrate Digital
sensor nozzles for MEMS airbag Projection Display
First silicon mkjet accelerometers Using d|gna| mirmrors

Math oscillating pnting
Logic resonators
1940 1950 1960 1970 1980 1990 2000
1.2 million 5 million
First transistors transistor
Integrated Commercial Mcro- on a chip on 3 chip
Bell lab Circuits Integrated processor 50 MHZ 2.5 GHZ
develops the s Circuits invented processors processors
semiconductor technology 64 Bit 64 kbit 4 MB 512 MB
transistor invented DRAM DRAM DRAM DRAM

B S =8 9

~ B\

Mohammad Kilani



