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MEMS vs. IC process flow
free-form geometries coupled electrical, mechanical,
3D solid modelers fluidic, kinematic ... analysis
P 4 P
NEW DEVIC| o DESIGN, uﬂ.ll.?nET?on - %mu S OR
SPECIFICATION OF AND LAYOUT OF DIRECT-WRITE
E PATTERNS
thicker films * + ‘ removal of underlying
deeper etches materials to release
fewer steps MULTIPLE PROCESSING CYCLES mechanical parts
—
PROBE INDIVIDUAL ASSEMBLY PACKAGE FINAL
TESTING SECTIONING DIE INTO PACKAGE SEAL TEST
special probing, sectioning and handling seal some parts of device test more than
procedures to protect released parts but expose others electrical function
(Kaigham Gaberiel, CMU)
100F 6514 ! ‘“JH”;
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Lithography process

PROCESS STEP

1. Surface Preparation

2. Photoresist apply

3. Softbake

4. Alignment
and
Exposure

5. Development

6. Hard bake

7. Develop inspect

8. Ech

9. Photoresist
removal (strip)

10. Final inspection

PURPOSE

Clean and dry
wafer surface

Spin coat a thin
layer of photoresist

on surface

Partial evaporation of
photoresist solvents
by heating

Precise alignment of
mask/reticle to wafer

and exposure of photoresist.
Negative resist is polymerized.

Removal of unpolymerized
resist.

Additional evaporation
of solvents

Inspect surface for
alignment and defects

‘Top layer of wafer
is removed through
opening in resist layer.

Remove photoresist
layer from wafer.

Surface inspection for
etch irregularities and
other problems

100F 6+ [ 14} !
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30 cm

@)
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Mask Aligner

OAIl SERIES 500
MASK ALIGNER SYSTEM

1004 67 [14f1

Mask aligner
Operating panel

:Mask holder
H : Display

Wafer loading slide
Alignment stage with ; TSA microscope
gMonilor with
‘alignment marks

micromanipulator ;

Mask holder
station

1005 6£[14 11
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NTU50235100

Stepper

MIRROR

Hp ARC LAMP

@4_ FILTER
; CONDENSER LENS

SYSTEM
: MASK

f L REDUCTION LENS
SYSTEM
WAFER

il
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Double-side alignment

Infrared illumination Bottom side alignment

Wll;r Mask
i
i
vy O ampb |
I:_:. % Jé
r
Bshplﬁﬂd Focusing and storage of
W ﬁ““m“ =
_.Immmt
Principle of TSA splitfield microscope aliﬂnmﬂ @
mmmlwnﬂ:
Alignment
10048 6714} 1 e
NTU50235100

Surface Micromachining

i (Howe and Muller,
(] si 1982)
E Phosphaosilicate glass

Polysilicon

100 6/]14] ! il
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Fabrication steps

« Pattern transfer to SiO, buffer/isolation layer

(- A blanket n* diffusion layer defining ground plane)
- Buffer/isolation passivation layer: thermal oxide; LPCVD nitride etc.

- Wet pattern transfer to SiO, film O s
* buffered HF (e.g., NH,F:HF=5:1) isotropic etch ll siz
(unbuffered HF attacks the photoresist)
* monitoring the color change or observing the
hydrophobic/hydrophilic behavior
* strip resist in a piranha etch bath
* BHF dip

A Lm
Resist

- Pattern transfer to nitride/oxide film

* dry etch (e.g., SFg plasma)

Resist
followed by a 5:1 BHF etch
S bmt 280
100+ 6%[14}! i
NTU50235100
« Base (spacer, sacrificial) layer deposition and etching

- LPCVD phosphosilicate glass (PSG) layer A PSG Reflow
* high etch rate in HF
* diffusion dopant source
* help to control window taper

- Densify PSG at 950 °C for 30 minto 1 hrina | : :
wet oxygen ambient to obtain a uniform etch rate 0O s

- Windows in the base layer are used to make B Phosphosilicate glass
anchors onto to the buffer/isolation layer

R
Resist

- Tapered window can minimize coverage problems

* plasma etching: introduce etch rate gradient & B

* reflow of the etched spacer

* jon implantation of PSG has created a rapidly
etching, damaged PSG layer

= Damaged PSG layer

A: taper by reflow; B: taper by ion implantation

1005 6414 1 A



« Deposition of structural material

NTU50235100

- CVD provides best coverage over the base window

- LPCVD polysilicon is the most widely used structural material

* structures
. below 575 °C: amorphous

. above 625 °C: columnar structured poly-Si

. heat amorphous or columnar poly-Si :

crystalline grains growth

Deposition Pressure (mTorr)

800 v 7
5
in situ ,.
700 {
600
500
400
s
300f
200550 580 800 620 540
Deposition Temperature (°C)
100F 65 [14} 1

« Selective etching of spacer layer

R, etch rate of microstructurral element
R,: etch rate of spacer layer
R;: etch rate of insulator layer

R, >>R, and R,>>R,

HF:HCI=1:1
Rsio, Rsign,=310
HF:H,0=1:1
RSioz5R5i3N4:91

Rs (um/min)

- The etching reaction shifts from kinetic —_—

controlled to diffusion controlled as

Si

Si0z

Phosphosilicate glass

SizNg

Poly-Si

amorphous Polysilicon
605°C
columnar Polysilicon
630°C

crystalline
grains Polysilicon
700°C
[
NTU50235100

n* Si

Rj (um/min)

Rm (um/min

the etch channel becomes longer

1004 67141
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Silicon Bulk Micromachining

Etching rate normal to [100] direction

NTU50235100

Fig. 1 Silicon test piece before and after etching

Fig. 2 Etching rate contour lines for all directions

Kazuo Satb, Nagoya
Universitv

Anisotropic etching of Si

NTU50235100

Etchant/Diluent/Additives/ Etch Rate (100) Etch Rate Ratio

Temperature Etch Stop (um/min) (100)/(111) Remarks Mask (Etch Rate)

KOH/water, isopropyl B > 10% cm? reduces 14 400 and 600 for IC incompatible, Photoresist (shallow
alcohol additive, 85°C etch rate by 20 (Loy(111) avoid eye contact, etch at room

etches oxide fast, lots temperature); Si,N,
of H, bubbles (not attacked); Si0,
(28 A/min)

Ethylene diamine >5x 10% cm reduces 1.25 35 Toxic, ages fast, O, S$i0, {2-5 A/min);
pyrocatechol (water), the etch rate by 50 must be excluded, Si,N, (1 A/min): Ta,
pyrazine additive, 115°C few H, bubbles, Au, Cr, Ag, Cu

silicates may
precipitate

Tetramethyl ammonium >4 x 10 cm reduces 1 From 12.5 to 50 1C compatible, easy to Si0, etch rate is 4
hydroxide (TMAH) etch rate by 40 handle, smooth orders of magnitude
{water), 90°C surface finish, few lower than (100} Si

studies LPCVD Si)N,

N,H /(water), isopropyl >15 % 10% cme? 3.0 10 Toxic and explosive, $i0, (<2 Afmin) and

alcohol, 115°C

practically stops the
etch

okay at 50% water

most metallic films;
does not attack Al
according to some
authors'™

*  Given the many possible variables, the data in the table are only typical examples.

100F 65/ 14} !

i [k
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« Anisotropic etching of (100) Si

<100 > W, =W, —2z/tan(54.74°)

4%.—'

A
sa.74° /]

z = etch depth

N
~

i

ANISOTROPIC ETCHING OF<100>SILICON

" —
1
~N
7]

40N

Primary flat [110]

1002 6514} 1 il
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S g 2 g 3
= = ® z 2
2 2 o z =
< @ =} ; b
2 e 2 ; =
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2 g j 2 i
p : < & g
I 3 2 o o =
3 @ a2 5 O x
] °, a 3 g
o 5 X z ®
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» H
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®
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NTU50235100
LIGA Fabrication process
metal
resist el. cond. substrate
(1) & 3, 1 42 X008 F uk % (23 Wk 630 5 P A5 — R 3L A7 4 () E % 7 Kb R
metal structure plastic sucture
(Disde B B — 2R H (38t 2 8 4557 1% 2 38 85 A0 5L (6)dn % o W AS 45 4%
1005 641411 i
NTU50235100

Micro Pressure Sensors

SACRIFICIAL LAYER
ETCH-HOLE (10um DIA.) (POLYSILICON)

PIEZORESISTOR

(a)

PIEZORESISTORS
SN ® e

100um ETCH-HOLE

PIEZORESISTOR N

SIN DIAPHRAGM @ |
SiN
(@ 1

SILICON

(S. Sugiyama, K. Shimaoka, and O. Tabata, 1991)

10048 6714} 1 il i
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ALL SENSORS

NTU50235100

1004 6414 !

1005 6£[14 11

PX40

NTU50235100

Miniature Voltage Output Pressure Sensors,
Fully Temperature Compensated

$60.00

Operating Temp.: -45 to 125°C

(-49 to 257°F)

Compensated Temp.:0to 70°C

(32 to 158°F); (0 to 50°C for mmHg)
Overpressure:

50 mmHg 170 mmHg

0-15 45 psi

0-100 200 psi

0-150 300 psi

0-250 500 psi

Response Time: 1 ms

Gage Type: Silicon

Media Compatibility: Limited to those
media which will not attack invar,
copper, silicon, stainless steel, glass
and solder: i.e. air, water, refrigerants,
engine fuel

Weight: 59 (.18 0z)

il

15 %

2011/6/14
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PX305
General Purpose Current Output Pressure Transmitter,
Available in Gage, Absolute and Vacuum Ranges

$260.00

1004 67 [14f1

2011/6/14

NTU50235100

Accuracy: 0.25% FS (linearity,
hysteresis, repeatability)

Long Term Stability: 10.5% FS
Operating Temperature:

0to 160°F (-18 to 71°C)

Compensated Temperature:

30to0 160°F (-1 to 71°C)

Total Thermal Effects: 1% FS max
over compensated range

Proof Pressure: 200% or 13000 psi
max, whichever is less

Gage Type: Stainless steel diaphragm,
silicone oil filled semiconductor sensor
Shock: 50 g @ 11mS

Vibration: 15 g, 10-2000 Hz

Wetted Parts: 17-4 PH and 300 Series
Stainless Steel

Weight: 9.4 0z max (266 grams)

17 [

NTU50235100

High Temperature Pressure Transducers
PX1004 $ 1,850.00
PX1009 $2,500.00

1005 6£[14 11

Sensing Element:

4 active-arm bridge using sputter deposited
thin film elements.

Accuracy: Combined Linearity,
Hysteresis and Repeatability: +0.25%
Operating Temp Range:

PX1004: -54 to 232°C (-65 to 450°F)
PX1009: -54 to 343°C (-65 to 650°F)
Compensated Temp Range:
PX1004: +24 to 204°C (+75 to 400°F)
PX1009: +24 to 316°C (+75 to 600°F)
Thermal Effects:

Span: £0.01% FSO/'F

Zero: 10.01% FSO/'F

Natural Frequency:

50 kHz at 5000 psi decreasing
logarithmically 5 kHz at 15 psi
Shock: 100g, 11 msec half sine wave
without calibration shift or damage

5
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Hitachi Naka Electronics

Differential transmitter

Commu-
nications

ignai
I - Output l,"qn. '.
Microprocessor ci it 4_20

mA

Semiconductor

Center diaphragm sensor

High-pressure Low-pressure
side side

Seal diaphragm

Seal diaphragm

Filled liquid

AJD switching: Analog and digital
ROM: Read Oniy Memory

2011/6/14

NTU50235100

Pressure transmitter

Atmaospheric
pressure sige

Commu-
nications

Microprocessor

Tutbut signai
cirguit i: -20

mA

Semiconductor
sensor

Process pressure
side

Seal diaphragm

Filled liquid

Seal diaphragm

0061 -
Micro Accelerometers
[Tk
[V
N\ 7o
"%\/ N
006 -

13
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Silicon piezoresistive accelerometers
(Roylance, 1979)

Piezoresistors

Outline of Cavity
Air Gap Etched in Glass Cover

St % T20pm
| / Glass

T
Silicon Beam Proof Mass

o 2 F ] e 3mm »
Fig. 2. SEM of backside of the accelerometer with a silicon mass after
KOH etch.

Support Rim

7 E 4 KOHEth

PR Beam Si Mass Air Gap .
1004 6414 ! o e

NTU50235100

Top View Wafer-to-Wafer
/ Bond Region

e [T 1T 10|

e
Py Channels

Sensiny P I
Microbeams s Proof Mass: H
s e e Oimpi

Y.

=
-

ERCRE )

* e s e o=

a1

g
2
CRAY

(b)

Biplane

Bottom Stop  Flex
Dimplés and Damping | ©*"*®

(©) Plate

1005 6£[14] | (Burns, Horning, Herb, Zook, and Guckel, 1996) 15
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=
Potentiostat E
=
L V-0CpP 5
=
@
2 DC g
E 14 Power -
2 Supply o=
+ o=
-
EDP -
5]
-]
: :
o
@ o
< <
8 S
£ 4
p
N J

100 6] 14] | I
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Piezoelectric accelerometers

Source Drain

Substrate Output

Piezoelectric thin film capacitors:
1 - Strained capacitor on beam
2 - Unstrained compensation capacitor

Polysilicon Upper

Drain Sputtered SiO:
Contact P 2
Lower

le«——Sputtered SiOy
Thermal SiOy

p+ Well
Aluminum
Support

1004 67141 7~ 1

2011/6/14
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Capacitive accelerometers

LIGA process

Acceleration sensor

o Support block
Seismic mass and o

central electrode Leaf spring

Counter electrodes

Contact pads —4 |

Silicon wafer with integrated 3

electronic circuit

(IMM, Germany)

1004 6414 !

NTU50235100

Analog Devices a: SENSOR LOAD
i RESISTOR
ADXL50 2
SENSOR
CARRIER', |
: Gk_ENERHDi?J
Analog Devices’ ADXL-50, the industry’s first surface micromachined
accelerometer, includes signal conditioning on chip.
1005 6£[14] ! 7 B

2011/6/14
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Fixed Polysilicon

Tether Capacitor Plates Anchor
Sorp R

Polysilicon j—

Proof Mass 1 180° Out —

and Moving : of Phase

Capacitor H I
Plate C1 —:ﬂ:Hq:F—‘- If Moving Plate Is
Acceleration-Sensitive Axis Centered, Voliage = 0
=2 Buffer
+ D o Preamp
3 - and Low-Pass ’
M — Fileer
. R Output
' <— Feedback 1o - Voliage
: Polysilicon Moving Plate
: Anchor —_— ] TwoPhase ¢
: : Square Wave
i Dielectric Air Gap Oscillator
! n+ Diffusion : —_Hﬂ:r—
! : Output Buffer Amplifier and Off-Chip Components Not Shown.
1002 6514} 1 il
NTU50235100

ADXL150

NTU50235100

ADXL250}

ADXL1SD WITH ADDITIONAL GAIN AY = Ry/R
Re

v,
OFFSET ADJUSTMENT RANGE OF t—:' =

AND ADDITIONAL SNGLE POLE LPF,-3dB=_—— .
R

Model Status

ADXL250AQC PRODUCTION

ADXL250EB PRODUCTION

ADXL250JQC PRODUCTION
1004 6414 !

STO—T
o] o
O X ZERO-g ADIUST
vo
Vouty
]
-{ So—| |:| O Y ZERD-g ADJUST
Package Pin Temperature Price*
Description Count Range (100-499)

CERPAK(HERM CER SURF MOUNT) 14

COMMERCIAL $24.94
COMMERCIAL $29.95
COMMERCIAL $19.95

CERPAK(HERM CER SURF MOUNT) 14
CERPAK(HERM CER SURF MOUNT) 14
‘ ﬂ T [M;

2011/6/14
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Micro Gyroscope

Tops Gyroscopes

gz

/ku

1004 6414 ! {7

NTU50235100

Resonator Gyroscopes

y-axis

Coriolis force ‘
Coriolis Acceleration

FC = —2m0) X Vr I_./U'UU\_ _/m\_l X-axis
First Normal/ j
Mode ‘ Input Rotation

1004 6414 ! {7
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( Putty and Najafi, 1994)

NTU50235100

% (b) :

) O A ©
1 A
1=l
f

(' Soderkvist and Jan, 1994)

100+ 6%]14
NTU50235100
Rate detection electrode
) (Lead) Fixed End of
Piezo actuator vibration beam
Vibration beam
Glass hase
Reference
detection electrodes Free End of
z vibration beam Mass
y (Cantilever
16mm(beam begm)
X Length) 320um(tune
-
i
Drive Rate
detection
electrode
Reference
detection \ Rate
electrodes detection
electrode
(Maenaka, Fujita, Konishi, and Maeda, 1996)
100 6%]14] 1
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Ring gyro

Electroplating

X Template
© Aluminum 3
it R

Anchor
} s Photoresist

Conductive e
Sacrificial —#
Spacer Layer

Prefabricated
CMOS

Circuitry

Silicon

Substrate il

1. Electroplating template definition by UV exposure.

Electroplated
Metal —§
T e I e | wiad

B« R T D i

2. Electroplating of sensor element.

~ ] \ef‘ﬁmﬁ Free-Standing Sensor Element
(Cross Section)
L e
1'5? il
( Putty and Najafi, 1994)
1002 6514} 1 il
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Silicon Sensing Systems Japan, Ltd.

Silicon Sensing Systems Japan

Rate Gyroscope CRS03
is an angular velocity sensor.

The CRS03 is known for its good

performance under severe vibration/shock

and temperature change.

This product uses Silicon MEMs technology.

With the supply voltage of 5Vdc, it outputs
analog DC voltage proportional to the angular
velocity, centered at approx. 2.5V dc.

CRS03

Sensors Expo Award Winner

Current Users:

- Automotive Vehicle Stability Control (ESP)

- GPS aided direction controllers

- Antenna Stabilizers (3 mfrs in U.S., 2 mfrs in Japan)

- RC helicopter (major market share as ActiVe Control System)
- Autonomous Guided Vehicles

- Marine auto-pilots

- Inertial (Control) Units

- Bipedal robots

- Telematics

1005 6£[14] ! il
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i
M
o)
c)

o
2
=
(7
(%]
<
(=1
»

100F 65 [14}! il
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(a) Si,N, deposition by LPCVD
. . (e) Poly-Si patterning by RIE
Si-sub
(b) PSG deposition by APCVD L o
- L L -Si-sub
Si-sub - 1 (U] AulC( deposition, patterning and wet etching
(c) Poly-Si deposition by LPCVD
R T e TET e e . R
: : L I
Si-sub \ () Release l Hinge Bending >

’ ) Si-sub ]

(M. Yajima, et. al., “Self-standing Polysilicon-metal Thermopile for Micro Power Generator,” 2002. )

100F 6514 ! Pl

2011/6/14
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n-type poly-Si

n-type poly-Si

(a) Structure

T, T, Ty
“Htype poly-Si |Gt
@ -poly-Si @ @y
(v )
NG,

Ve = @ rpapa oI+ a6 (T T) + @ (T

=(a,a n-poly-8i AT-T)

(b) Equivalent circuit

100 65 [14] ! "
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Micro hot wire

Probe Body

Wire Sensor Electrical Connection

Conventional hot wire

Aluminum Polysilicon
Micro hot wire ) wires Support Shanks

\

Heavily s>
Boron . ~ Polysilicon Wire
. « . . Doped \ 4
(F.Jing et. al., “ A micromachined Layer Si Beam
olysilicon Hot-Wire Anemometer,”
299{‘ ) Thick Silicon handle
Polysilicon Wire
Aluminum Y
Bonding
Pads - o
. T, T
Polysilicon
§i0, Support Shanks
100 6%]14] 1 [V

2011/6/14

22



100:F 6£[14 11

100:F 65[14 11

NTU50235100
SiO}(O.Sum)
Thermal oxidation of silicon substrate at
1100°C which has highly-boron doped
buried etch-stop layer
poly-Sj (0.5pm)
Low-Pressure Chemical Vapor Deposition
(LPCVD) of polysilicon at about 560°C.
{ P ing of polysilicon to form the
resistor (heater & sensor) as well as
interconnection lanes (supports)
boron ions (10'%/cmz)  pholoresist
High-dose boron implantation of
polysilicon for interconnection lanes only.
Photoresist PR mask for resistor part.
boron ions (10"4/cmz)
Low-dose boron implantation of
polysilicon including resistor part
i
NTU50235100

aluminum (1pm)

LTO (3um)

Aluminum metallization to contact
interconnection lanes

LPCVD of low temperature oxide
(LTO) to protect structures on
frontside of the silicon substrate

Patterning of: LTO and thermal oxide
on frontside, polysilicon and thermal
oxide on backside of the wafer

Anisotropic etching of the silicon
substrate releasing the sandwich
polysilicon cantilever

Isotropic etching of silicon to remove
the highly-boron doped etch-stop
layer

2011/6/14
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