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Introduction to MEMS Technologies
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http://upload.wikimedia.org/wikipedia/commons/8/81/Feynman_and_Oppenheimer_at_Los_Alamos.jpg
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Micro-Electro-Mechanical System (MEMS)
Micromachines

Micro-Systems Technology (MST)
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Diameter of the tip
1/10 000 mm
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Height: 300 um
Switch. fime: < 1 ms
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any lateral shape

high aspect ratio

O | imeme

o~

’ Bar structure 400 pm high,
ith parallel sidewalls.

Microturbine (& = 2.5 nnm)
for cardiac catheters,
power: 40 W

Separation nozzle as an example
of arbitrary lateral shaping.

ST

Hickel structure of an electrostatic
linear actuator after electroforming
and dissolution of the remaining
resist parts. The structure height is
80 pm.

Detail of a 100 pm high PMMA structure
of an electrostatic linear actuator. The
smallest lateral PMMA structure is
1 pm and forms the gap between the
conical capacitor plates.

selffocussing
reflection grating
(d=0,3um, g=2,4um)

input
A=A,
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Source: http://www.fzk.de/imt/eimt

Micro-optical bypass switch
with electrostatic actuator for
moving a mirror.

Micromembrane pump from the

small series manufactured at the

Research Center, as compared
ito the =ize of an ant.
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Clean room
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_®Clean room (1) — Background -

e Artificial environment with low particle counts

e Started in medical application for post-surgery infection prevention

e Particles kills yield

e IC and MEMS fabrication must in a clean room
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*Clean room (2) — Background

e First used for surgery room to avoid bacteria contamination

e Adopted in semiconductor industry in 1950

e Smaller device needs higher grade clean room

® L ess particle, more expensive to build




o Clean room (3) — Clean Room Class Sy

P

e® Class 10 is defined as less than 10 particles with diameter larger than
° 0.5 pm per cubic foot.

e Class 1 is defined as less than 1 such particles per cubic foot.
e (.18 um device require higher than Class 1 grade clean room.
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eClean room (4) — Definition of Airborne Particulate

Cleanliness Class
©
0. o Particles/ft?
Class
0.1 pm 0.2 nm 0.3 um 0.5 um 5 um
M-1 9.8 2.12 0.865 0.28
1 35 1.5 3 |
10 350 75 30 10
100 750 300 100
©
1000 1000 7 O
D
10000 | 10000 PoA Ll M W5
Z— i e e
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®Glean room (5) — Effect of Particles on Masks -
1 Particles

- on Mask

Stump Hole on
n r n PR PR
Film Film i
i L
Substrate Substrate s
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®@lean room (6) — Effect of Particle Contamination
: . Ion Beam

Dopant in PR ﬂ ﬂ [L
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Photoresist immi

Particle

Screen Oxide

Partially Implanted Junctions
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;—)-) »
@ = % (Clean room or FAB) 2z #
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Clean room (8) — Cleanroom Structure

Makeup Air Makeup Air
. Fans . .
= v { v =
Equipment Area HEPA Filter Equipment Area
Class 1000 Class 1000
Process 16 Class 1 | Process
Tool Tool
Process Area

«~——Return Air

Raised Floor
with Grid Panels

Pump. RF o
and etc.
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_*Clean room (9) — Mini-environment

® Class 1000 cleanroom, lower cost

e Boardroom arrangement, no walls between process and equipment

e Better than class 1 environment around wafers and the process tools

\>4

e Automatic wafer transfer between process tools

%@L
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/oélean room (10) — Mini-Environment Cleanroom

© Makeup Air Makeup Air
[ . . Fans . .
) [\
A |
HEPA Filter —_— HEPA Filter
§
\;:a—-::: @ C—
YT <Class1]  T—, "7
Class 1000
Process > Process
Tool |©] | Class 1000 | o)
®
. Y
T Return Air Raised Floor Pump. RE | ®
with Grid Panels and etc. 74
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_~ollicon Wafers (1) — Why Silicon?

o Abundant, inexpensive

e Thermal stability

e Silicon dioxide is a strong dielectric and relatively easy to form

e Silicon dioxide can be used as diffusion doping and etch mask




Sidicon Wafers (2) — Unit Cell of Single Crystal Silicon-




Crystal Orientations: <100>

, 2 |
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<100> plane

X

Crystal Orientations: <111>

<111> plane
<100> plane — P
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Crystal Orientations: <110>

i

<110> plane
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<100> Orientation Plane

<100> Wafer Etch Pits




<111> Orientation Plane <111> Wafer Etch Pits

Basic lattice cell Silicon atom
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S/i;licon Wafers (3) — CZ (Czochralski) method .

Single Crystal Silicon Seed
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Photograph courtesy of Kayex Corp.. 300 mm Si ervstal puller
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CZ Crystal Pulling

Automatic Diameter Control
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300-mm (12 m.) and 400 mm (16 1n.) Czochralski-
grown silicon ingots. (Photo courtesy of Sin-Etsu
Handotal Co., Tokyo.)




Ingot Polishing, Flat, or Notch

o ey

Flat, 150 mm and smaller Notch, 200 mm and lalge1 e




Wafer Sawing

Orientation Coolant

Notch

Crystal Ingot

Saw Blade Ingot

Movement

Diamond Coating




Wafer Edge Rounding -

Wafer movement
Wafer i _ ek
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Wafter Before Edge Rounding
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Mo Wafer Lapping .
L Rough polished

To remove majority of surface damage

®
e e conventional, abrasive, slurry-lapping
®
e To create a flat surface

Wet Etch

e Remove defects from wafer surface

® 4:1:3 mixture of HNO, (79 wt% in H,0),

e HF (49 wt% in H,0), and pure CH,;COOH. o
® Chemical reaction: o

P D

3S1+4HNO;+ 6 HF — 3 H,SiF; + 4 NO + 8 H,0

® ®
3 ®
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®
. Chemical Mechanical Polishing
®
®» Pressure
l Slurry
Water Holder ‘

Polishing Pad
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°Q06 mm Wafer Thickness and Surface Roughness Changes-

® _ S # 76 wm
° After Wafer Sawing
2 | 914 um
S # 76 um
After Edge Rounding 014 um
+ 125 um
After Lapping T 314 pum
h - <2.5 um
After Etch | 750 um ©
[
I - Virtually Defect Free D
After CMP | 725 um y
- ® ‘ ® ¢

- o
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200-mm (8 in.) and 400-mm (16 in.) polished silicon wafers in_msseftes, © e
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2 Basic Process Steps for Wafer Preparation

©
'
®
Crystal Growth
Shaping

o

Wafer Slicing

.

Wafer Lapping
and Edge Grind

o

Etching

o

Polishing

N

Cleaning

o

Inspection

o

Packaging
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*Silicon Wafers (4) — S10, on Silicon Wafer .

Silicon dioxide (S10,)

Silicon wafer P

Ei




'°/98”|/Iicon Wafers (5) — N-type Doped Silicon .
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® «Silicon Wafers (6) — P-type Doped Silicon o

Conducting band,
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'>8”|/Iicon Wafers (7) — Doping of Silicon

o4 Deposition Step

wafer substrate

diffusion of dopant
atoms through silicon

Drive-in & Diffusion Step

dopant dispenser
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Activation
Step

dopant layer
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N- and P- Doped

’ bt g gl SR |
° * Increase the conductivity of the
i semiconductor with impurity conpucTioN
® « N-(As,P): donate electrons
- As*,P*

— Majority carrier : electron

— Minority carrier : hole
BB rhI A FH 5 %)
« P-(B)

_ B

— Majority carrier : hole

— Minority carrier : electron
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Secondary @ i
flat may be = Ll
here (180°) -
Secondary **
flat
1'\."\: .4;;-

Illustration of coded "flats" as typically used-on 4-in. waﬁer.f’o hedps*
Identify them (SEMI standard).

flat

flat

‘;SECondary

flat

1/ ™

Secondary
flat

pType(l)

flat
(110)
plane

Primary
flat
(110)
plane
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° SI licon Wafers (8) — # 4 ElT AT B

% an H A%

4” Silicon Wafer 4" Si wafer

o
® Type/Dopant: P/Boron P type. ## 7 Type/Dopant.P/Boron
Orientation: (100) .

Diameter: 100+/-0.5 mm mmm(l 10)

Growth Method: CZ Cz& 2 %% Resistivity:1-10ohm-c
Thickness: 525+/-25 um Thickness: $00-550um
Resistivity: 20-50 ohm-cm Surface: Polished/Etched
Particle: <=30 @ 0.3 um Srade:Pri 2 B] A Prime 2 4

Front/Back surface: polished/etched )
TTV: <=10um S & A& & 98 & 2 2 Semi-Std Flats on the (111) Plane

Bow/Warp: <=50 um % & #8d 5 ®
Grade: TEST & [ & Test % & ®

i HmELCRANEHERERE




Photolithography
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/ . #¥D.JI. water 5' A RGMERTAMER
" Sk #d 2 HySO.H,0,=3:1 £10~20' (75°C~85C)
® 3. DI water 5' -
r EBALB 4. HFH,0=1:100 10"~30" (Fi6K) Si0, &35k
5. #D.I water 5' SIFR 7K

L ppin T ik My 6. NH,OHH,0,H,0=0.25:1:5 #:10'~20'(75°C~857C)

7. #D.I water 5'
k48 8. HCEH,0,H,0=1:1:6 #10~20' (75°C~85°C)
9. #¥D.I1 water 5'
£B8 e 10, HF:H,0=1:100 10"~30" (Fik#&)

11. #D.I. water 5' °

12. FAN, dry ° &% #3(s
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Q Crming
o :>
D Dehydration Bake
10-15min @ 250°C r
Spin Coating
e
]
Development -
ey <= —

Post Exposure Bake

ﬂ (Rinse) (optional)
7
=
Vacuum Hard Bake
? min @ ?°C

Spin Drying

:
L] "4 A\~ 4
~

;O

Soft Bake
?2min @ ? C

4
nm

Exposure
? dosage/?thickness

ke s B (Resin)
-~ R e Sentsitizgl) <

% #(Solvent)
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7 v 2 2 W2 L 3 3 !
» %k (exposure)£ &k ¥ #E (mask align) -
<
®
= L) Usually 4X or 3X
1:1 Exposure Systems Reduction
Light
Source
Optical
System -~ — - -
M-i:l. ]'i. - | — s —
Phulur::.ai::-'l: o ————_——C——— Gap - ' - = ®
51 Waler . -
Contact Printing Proximity Printing Projection Printing ® -
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Water
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Patterned Wafer
Mask 2

Mask 3




Film Vapor Deposition




e BTENHE N A8

. o 1t f. 48 Lk 7% (Chemical Vapor Deposition)
#CVD (Thermal CVD): LPCVD, APCVD |
% & # 8 CVD (Plasma-enhanced CVD)
% #42 8 CVD (Metal organic CVD)

o ¥ f, 48 yL# & (Physical Vapor Deposition)
#%. 4% (Sputtering)
#4% (Evaporation)
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® ' Eﬁnﬁu % Polysilicon (~ 2 pum) x
D ‘ Si02 (~ 2 um)
Chemical Vapor Deposition (CVD) PSG (~4pm)
[ SixNy (~ 0.3 um)
e (] [ Mainly Si related materials
p SiH, aaq 600~800 C
—_— i = + stress controllable
02 0.1 ~1 Torr + high density
L — ———— L - high temperature
P
PECVD gE
LpcvD §T B
P »
APcvD QEI B 8
MOCVD % M&s
OrEwErm W 2s <&
| "2
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Sputtering

Ar~10 mTorr

/Ar’ /;__\“\
\\\ iy 5»“75

IR

é 13.56 MHz

Wafer

Physical Vapor Deposition (PVD) "

Metal (Cr, Au, Ni, Fe, Ti, Cu, Pt, ...)
Alloy (FeNi, TiNi, ...)
Oxide (SiO2, Al1203, . .,)I_

IN

Nitride (AIN, SiN, ..
Allin 0.1 ~ Spm rangeTIW

+ various materials other than
oxide or nitride ®
- residual stress o
- less density




° Wocess _—

/

p
® [| DC or AC power U
e Chamber
L
Target(cathode)
Intake
X
\%@W Qoo
Ar* Art
A
Films o909 0000000 oooooooo Q0000 b d
Substrate (anode) ‘ ® -

{ ®
o \Q\ ® ¢ >

Jf Schematlc dlagram of the sputter b
h | VaLuum System =\ 7/




Vacuum

~ Evaporation (PVD)

(Joule heat or Electron beam) e,

Metal (Cr, Au, Ni, Fe, Ti, Cu, Pt, ...)

Alloy (FeNi, TiNi, SiW, ...) %ﬁi“f g ﬁ 2 {

Oxide (MgO, ...

Nitride((::n, Si:~l, ..) v e E","V’“ﬁ =
All in 0.1 ~ 5um range "7\;}3:#'] 'riz?;_

+ high melting temp. materials

+ density higher than sputtering (EB)

- poor adhesion (JH)

evapo rato I

®_

Dual E-gun ©

o, X
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Silicon Etching Technique




Substrate

isotropic

Substrate

anisotropic

Substrate
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Silicon Wet Etching Technique
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Wet Etch (1) — Isotropic Etching of Silicon

@
L
e Etchant:
Si“;ﬁ SN, HNA (HF, HNO3, CH3COOH)
0. o e Room temperature (<50C)
E e Diffusion control
e High etching rate (50pm/min)
Agitation e Undercut mask
Si0, % Si,N, ® Mask:
' AU/Cr or Si3N4 is good
S102 is simple
e Undercuti= "
No Agitation e Dimensionz & k¥ 4 & d
Effects of mask geometry and
agitation for isotropic wet etching




 Wet Etch (2) — Anisotropic Etching of Silicon

54.75°

(a) <100=hY & 5
—A(kbhy (111) (100)
Ergal (ot

\L

(b) <110>FY & H
e Etchant:
KOH, TMAH, EDP, H2N4
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Wet Etch (3) — & 2|2 e B2 &% 1L

,//

b

KOH
(water)
KOH
(isopropyl)

ethylenediamine
pyrocatechol
(water)
ethylenediamine
pyrocatechol
(water)

TMAH
(water)

H,N,
(water, isopropyl)

NaOH
(water)

8%,

44g
100 ml

S0g
100 ml

750 ml
120¢g
100 ml
750 ml
120 g
240 ml

25 %
100 ml
100 ml

10¢g
100 ml

Y, 4
(*C)

80

100

65

5] %

(pm/min)

14

1.0

0.4

0.25-1.0

(100)/(111)
8 b

400:1

400:1

# 2 miks £
L 0YE

210%° ¢m3

B 452048

>7x10Y ¢cm??

R 485043

>2.5x10% ¢m?

M 184043

48 W %

>3x10% ¢cm??

R 451048

R R ER
4% | # (nm/min)

= itm(14)
R

—§.165(0.2)
fibw . &85,
48,49 42

—fiew

— 1w 48

=—f16#(0.7)
K12

|
\




water out
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} water —
| wafer —f-
etchant 1.} o
@
temperature ®
hot plate —

contraller
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Pure TMAH =
a

‘Qx

) .
. o Q:
BR-Added
(i *e )

Mesa microstructures etched in TMAH-BR solution and | pure
solution without using the corner compensation tech'hlque LA
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Wet Etch (6) — Etching stop technology

thin film

/

thin film

e

Silicon etching
—_—
] /-
D Si0, sio,
SRR G sk i P
E
& A % ¥ gk
X/Jﬁﬂ%$ f %! p* Rk M
Silicon etching
—
= " —— S =
: = PN
PR ER R ’ AR

A% 5 BB RP RO s 2

BrkRT M
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(2) LPCVDift # Si,N,

I_DR
S|3N4
Si

(b) #c®: 2 * RIE4 % Si N

WD21 .4mm" 10 0kV: 1500  120um
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Si0, % Si,N,

A

Agitation

Si0, & Si,N,

No Agitation

(a) <100=hY f /5
:%jl:ﬁ;f (111) (100)

54.75°




® Wet Etch (8) — 4% %) (&3 s & 14

" \—W T
J Silicon Silicon
a etching
:< ):

EX P XN SREY TR e
y

/
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Silicon
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Silicon Dry Etching Technique




° Dry Etch (1)

@
L
o ® FLABHIILTF iRk
o RAAIBR A
P RALPERE
B

NS
100 nmullitorr

100 millitorr
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< Process gases — =

~ ]

Process E
chamber

Water

By-products to — H
the pump -

Backside |

cooling helium

s
Chuck

RE power

I

Magnet coils




Dry Etch (4) — = i 42
J

Plasma

ARRERURRNIRINRY

s i

——
| Substrate B Mask
PR, metal, Si,N,, SiO,, Si, Polysilicon......

Mask31#L:EE e R B @ B 3L éé"]me)i 5—

Etch stop




®  DiyEtch(5) —#ilR®
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®» CF,
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Dry Etch (6) — ICP-RIE SEM ]
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LIGA,UV-LIGA,SIGA
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e o Realization of arbitrary shape

® .+ o Extreme structure height (>mm)

e Extreme aspect ratio (>100)

e Minimum lateral dimensions 0.5£0.1um
e Surface roughness 0.03-0.05 pm
e \ertical & smooth sidewalls

e \Wide variety of materials

e Successful in mass fabrication
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© Synchrotron Radiation Research Center (for LIGA process)
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Part ID

DATA
Ra 3.972%7um

TIR 28.8775um

Height 5225 A
Hidth 161.3 um

[ Cursors |
Lt
Ht  -925
Pos 39.8 201.2
Lev 235.8 252.9

[ Recipe |
ASS

Length 1888um
Speed 188 /=
Direction -2
Repeats 1
%ty Force 18.4wmg
Radius @.Bum
LH Cutoff OFF
%W Cutoff Default
Table X 72008um
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Conclusions

Micro/Nano-Machines
(&ﬁ . "kikai")
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Macro-Opportunifties

(# & © "kikai")

By Dr. Osamu Tabata, Ritsumeikan University

Keep on moving ! o

Bv Dr. Yang, National Taiwan Normal University
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Thank you for your attention!
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Direct piezo-action




o Power Harvesting
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Ti/Pt Thickness: 20/200 nm

. J
Interdigital electrodes

PZT Thickness: 5 um
Si Thickness: 5 um

SiO, Thickness: 1 um
Si Thickness: 500 pum




The finished d33 mode piezoelectric MEMS generator.




