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Moore, 40 years ago (1965).…

Passive integration

Smart system integration
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More Moore: the Brains

Critical dimension

Risk production

Nanoelectronics

Microelectronics
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2005 ITRS Product Technology Trends - 
Half-Pitch, Gate-Length
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DRAM 1/2 Pitch[Sc.C]
MPU M1 1/2 Pitch[Sc.C]
Flash Poly 1/2 Pitch[NEW Sc.C]
Flash Poly 1/2 Pitch[NEW Sc.D]
MPU Gate Length - Printed
MPUGate Length - Physical

Samsung “60nm” 
8Gbit/0.008u2/bit[MLC]; 

Est. 4Gbit 0.016u2/cell[SLC]
Intro/2004; est. Prod/2005-7

2005 ITRS Flash
Proposal:
Scenario C = 
Catch DRAM 
@ 2004/90nm;
then 3-yr cycle

Scenario D = 
Cross-over DRAM
@ 2004/90nm; 
then 2-yr cycle
to 2006/65nm
and 2008/45nm;
then 3-yr cycle

2005-2020 ITRS Range

Past     Future

Scenario D:
2-year Node Cycle:

DRAM from 1998-2004
Flash from 2004-2008

[Proposal]

3-year 
Node Cycle

hp
90

hp65 hp45 hp32 hp22 hp16hp
720

hp
510

hp
360

hp
130

hp
180

hp
255

hp
2040

hp
1440

hp
1020

hp
5760

hp
4080

hp
2880

2-year 
Node Cycle

1-year 
Node Cycle

3-year 
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Scenario D: 3(thru 250nm)-2(thru 45nm)-3
Scenario C: 3(thru 250nm)-2(thru 90nm)-3

hp32 hp22 hp16 hp11

Courtesy Alan Allan, IRC/ITRS

More Moore: the Brains
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Intelligent systems compute & interact …

Interact with user and 
environmentCompute and

store

‘More Moore’ ‘More than Moore’

Digital content
Complex Design (SoC)

Much software

Non-digital content
Hetero Integration (SiP)

Many processes

SoC can be a component of SiP

baseline
CMOS memory RF

HV
Power passives

sensors
actuators

bio,
fluidics
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… resulting in two system realization streams

• ‘More Moore’ → System-on-Chip (SoC) 
→ Lowest cost per single function
→ Integrate all functions on one silicon wafer
→ Packaging is usually a commodity

• ‘More than Moore’ → System-in-Package (SiP)
→ Highest value per total system 
→ Integrate all functions in one module
→ Packaging is a functional element / key

differentiator

• Both are complementing, not competing

• Both will run in parallel for a long time to come
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… resulting in two system realization streams
• ‘More Moore’ → The Brains 
• ‘More than Moore’ → The Arms, Legs, Eyes, Ears, …

RF-ID tag

Wheel speed Phone camera 3D accelerometer

Inkjet head Ultra-filter

RF-MEMS switch

Lab-on-a-Chip Nano-syringe

GSM front-end

fluidics
passives

RF

HV
Power

sensors
actuators
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Definition of microsystems

Transistor
IC

Microelectronics

MEMS

1970 1980 1990 2000 20101960

+ Mechanical domain

MST
+ Chemical domain

)Lab-o+ Biological domain
(µTAS

n-a-chip

SiP

System in Package (SiP):
A consumer-ready solution of a multi-domain node
manufactured by inexpensive mass-volume production techniques
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‘Daily life’: Ambient Intelligence

Intelligence (Cambridge International Dictionary of English):
“The ability to understand and learn and make judgements or 
have opinions that are based on reason“

retrieving signals from
a noisy background

Ability to learn: sensors

signal conditioning and combining 
sensor readings in order process 
and transmit useful information

SiPs, as interfacing nodes are the enablers of Ambient Intelligence 
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Ambient Intelligence penetration in daily life

Autonomous tire pressure monitor (Philips)

Mecca phone (LG)

Autonomous camera pill
(Given Imaging)
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Microcosmos, a Jacques Perrin film (Galatée Films, 1996)

Microcosmos

different proportions
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Scaling
an example

Spring:
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Scaling

Macroscopic

MEMS

Physical phenomenon Scales with size S
Time S0

Van der Waal’s forces S¼

Diffusion S½

Size/velocity S1

Bending stiffness S1

Electrostatic force S1

Surface S2

Thermal loss S2

(Muscle) strength S2

Friction S2

Volume/Mass S3

Inertia S3

Magnetism S3

Fluidics:

Small
Reynolds
Numbers

Large
Reynolds
numbers

Laminar flow
- hydrodynamics mainly 
determined by viscosity and
diffusion
- transport of heat and ions by 
diffusion

Turbulent flow :
- hydrodynamics mainly 
determined by convective and 
inertial forces
-transport of heat and ions by 
convection
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Surface- and bulk-micromachining
Accelerometers

1979: Bulk micromachining
L.M. Roylance, J.B. Angell,
IEEE Trans. Electron Dev., ED-26 (1979) 1911

1982: Surface micromachining
K.E. Petersen, A. Shartel, N.F. Raley,
IEEE Trans. Electron Dev., ED-29 (1982)

CMOS Sacrificial layer
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RF-MEMS
switchable/tuneable capacitors

bottom 
electrode

top 
electrode

Free-hanging metal membrane over air gap

d
d/3

d
d/3

d
d/3

open (1 pF)

closed (20 pF)
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Low-loss MOS integrated capacitors

GSM power amplifiers
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Fluidics: electrowetting

Source: Digital Microfluidics,
Duke University, Durham, NC
http://www.ece.duke.edu/Research/microfluidics/
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Some recent press releases at:

www.research.philips.com
 

Philips Research Press Release

January 26, 2004

Philips steps up rollable-display development 

Philips Research Press Release

February 2, 2004

Philips develops integrated Micro Electro 
Mechanical Systems (MEMS) to enhance mobile 
phone performance

Philips Research Press Release

March 3, 2004

Philips' fluid lenses bring things into focus

Philips Research Press Release

June 24, 2004

Philips curved-Lithylene™ battery technology 
allows greater design freedom of portable 
products

Philips Research Press Release

June 24, 2004

Philips demonstrates BAW filters for System in 
Package modules for wireless applications

Philips Research in the press:

www.research.philips.com

Philips Research Press Release

June 24, 2004

Philips demonstrates magnetic biosensors for 
high-sensitivity molecular diagnostics



25

What’s in common?

• Devices integrated in a system-in-package (SiP)

• Integration across different technology domains 
electronics, mechanics, optics, fluidics, magnetics, chemistry, biology

• Physical building blocks for Ambient Intelligence (‘daily life’)



26

signal 
processing

power

sensor

actuator communication

energy supply

energy storage

“More than Moore”

Physical interface
• interact, communicate
• function integration
• complex packages
• System-in-Package (SiP)

“Moore”

Physical building blocks

Digital core
- compute, store

- scaling, miniaturization
- complex circuits

- System-on-Chip (SoC)
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Research strategy

• develop device concepts across technology domains 
• integrate functions into one technology platform
• (re-)use available technologies 

CMOS, passive integration, substrate transfer, magneto-resistive,..

• optimize for an integrated system solution 
packaging, interface electronics, circuit design, algorithms
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RF passive integrationSensors & actuators

Portable energy &
autonomous devices

Smart LED modules Polymer electronics

Research program
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Electrowetting: fluid focus lens
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V
oil

coating

water

electrode

Homogeneous oil film

VV

Oil pushed aside

Electrowetting display 
Principle
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.] 240 x 80 mm2 pixel
10 mm magenta oil
3 pixels • Reflectivity  60 % (B/W)*

40 % (color)
• Contrast > 15
• Analog grey scales
• Switching @ 100 Hz
• Power ~ AMLCD
• Cost & Manufacturing

~ AMLCD

* LCD 17 %

Electrowetting display 
Electro-optic characteristics
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RF Passive Integration

High-density capacitors

Micro-mechanical switches & oscillators

Bulk Acoustic Wave
filters

mm-wave devices
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Passive
integration

CMOSMEMS

R, L              C

SiP solutions for mobile phones
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8 
m

m

8 
m

m

14 mm 10 mm

1998 20041998 2004

Single-band transmit module Quad-band transmit module
with 5 PASSITM chips 

RF Passive Integration on Si (PASSITM)
thin-film inductors & capacitors



35

IN3 : 5 µm Al

PECVD silicon oxide

425 nm PECVD silicon nitride
= 145 pF/mm2

passivation

high-resitivity silicon, ρ > 4 kΩ.cm

IN1,2 : 0.5 µm Al

RF Passive Integration on Si 
thin-film inductors & capacitors (Philips PASSITM)



36

RF Passive Integration on Si 
thin-film inductors & capacitors (Philips PASSITM)
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Al-oxide 
dielectric layer

air gap

RF Passive Integration + MEMS modules 
thin-film inductors & switchable capacitors 
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Vdc

RF Passive Integration + MEMS modules 
thin-film inductors & switchable capacitors 
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SiO2, SiN:          30 - 90 nF/mm2

HfO2, Ta2O5:      ≥ 250 nF/mm2

Co-operation 
with Jusung, 
ASM-I

High-value trench capacitors

1. Increase surface area
2. Increase dielectric constant
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decoupling and 
PLL capacitors

passive die

double flip-chip on lead frame
(HVQFN)

IC

Bluetooth plug ‘n play SiP module

Source: Philips, France
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RF-MEMS switchable capacitor
Free-hanging metal membrane over air gap

bottom 
electrode

top 
electrode

PASSI3-I process

d
d/3

d
d/3

d
d/3

Open (1 pF)

Closed (20 pF)
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RF-MEMS switchable capacitor
Optical measurement
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Sensors & actuators

Magnetic mouse
pointer

Magnetic biosensor 3D navigation

Electrowetting

Acoustic transducers

Magnetic sensor
technology
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Notebooks

PDA’s

Game consoles

Cell phones

Integrated mouse pointer

SensorSensorElectronicsElectronics

• Micro-controller is commodity
• Added value is in total solution (SiP)

develop chip-size SiP solution  
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NN
ZZ

Ferrite stick

Magneto-resistive sensing concept

AMR sensors (NiFe)Si substrate

permanent magnet
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ZZ

Ferrite stick

AMR sensors (NiFe)Si substrate

permanent magnet

in-plane H-vector

Ferrite stick

Magneto-resistive sensing concept
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Ferrite stick

Stick-in-chip module

AMR sensor

permanent 
magnet

In co-operation with IBM
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silicon 

Magnetic biosensor
for point-of-care analysis in early stage

Magnetic 
field sensor

20 nm

Magnetic field

target molecule

capture molecule

2nd capture molecule
+ magnetic bead
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sensor chip
(1 x 1 mm 2)

channel

flex foil

fluid injection

Biosensor cartridge

In co-operation with Philips AppTech
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AFM tip

GMR sensor

3 µm bead

Detecting single magnetic bead
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Energy management & Autonomous devices

Flexible RF-IDBattery management

Autonomous sensor networksBattery-on-chip
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Integrated flexible RF-ID labels
Flexible ultra-thin Si electronic circuits

Substrate transfer technology • Integrated antenna
• 5 µm thickness
• < 1 mm bend radius
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Applications

• value paper
• bank notes
• drug labeling
• electronic band-aid
• ……

In co-operation with a
major paper manufacturer
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Autonomous sensor networks

signal 
processing

power

sensor

actuator communication

energy supply

energy storage

Ø 14 mm

6 mm

Solar cell
Sensor (electric field, acceler.)
Filters, amplification 
DSP  (Coolflux)

Battery (Lithylene)
Transceiver (Zigbee/Ubiq. Radio)

towards “smart dust”

1 cm3 sensor node
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Towards home fetal monitoring

• skin contact required
• bulky & uncomfortable
• high power consumption

• incorporated in clothing
• long battery life
• simple status indicator

hospital home

In co-operation with Maxima Medical Center
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Contactless ECG measured through clothing

Capacitive E-field sensor
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• Glass
• Semiconductors: silicon, GaAs, ...
• Silicon-on-Glass
• Polymers
• …..

Manufacturing
Basic substrates materials in microsystems
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Glass Microfabrication
Glass is a versatile material:

insulating, hard, transparent, cheap, brittle, less resistant to high 
temperatures

Microstructuring techniques for glass: 
Wet etching, dry etching, ultrasonic machining, Electrical 
Discharge Machining, laser structuring, powder blasting, 
photosensitive glass

Replication of glass microstructures: 
Sol-gel process (spin-on-glass), photosensitive spin-on-glass

Bonding of glass: 
Anodic bonding, fusion bonding, pressure-assisted bonding, 
chemical bonding, glass-metal bonding

Applications :
many 
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Silicon Microfabrication
Silicon is a versatile material:

semi-conducting, hard, non-transparent, not so cheap,
brittle, resistant to high temperatures

Microstructuring techniques for silicon: 
Wet etching, dry etching, ultrasonic machining, Electrical 
Discharge Machining, laser structuring, powder blasting
glass

Replication of silicon microstructures: 
Hexil process (LPCVD polySi), epitaxial growth

Bonding of silicon: 
Anodic bonding, fusion bonding, pressure-assisted bonding, 
chemical bonding, silicon-metal bonding 

Applications : 
many, including integration with electronics
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Silicon
Buried oxide

Si substrate

Materials and production
What enables MST?

• Silicon on Insulator (SOI) wafers

• HEXSIL (MSME Precision Instruments)

Si substrate

OxidePolySi
Electroless nickel
Polish to oxide

Sacrificial layer
etch and release
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Flexible ultra-thin Si 
electronic circuits

• Integrated antenna
• 5 µm thickness
• < 1 mm bend radius

R. Dekker et al., IEDM 2003

Integrated flexible RF-ID labels

Materials and production
What enables MST?

• Substrate transfer technology
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• MEMS requiring structural changes in foundries
RIE, KOH, problematic materials, …

• No universal set of microsystem processing technologies
no multi-project wafers

• Diversity makes financial pre-calculations difficult

• MST requires multi-disciplinary skills, also at the foundry
testing standards, production conditions, …

• Packaging
diversity of products, thus packages

Manufacturing
Bottlenecks for industrializing silicon MEMS manufacturing
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Manufacturing
Workhorse in MST: Deep RIE-etching

Useful literature

• on RIE etching (RIE lag, microloading, aperture effects, Aspect Ratio   
Dependent Etching, pattern factors)

R. Gottscho et al. (AT&T Bell Labs), J. Vac. Sc. Technol. B 10 (5) (1992) 2133

• on Microsystems
M. Madou, Fundamentals of Microfabrication, CRC Press, Boca Raton, 1997

• on Sensors & Actuators
S. Middelhoek and S. Audet, Silicon Sensors, Academic Press, New York, 1989
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Manufacturing
“Sensors and Actuator cube” *  to maximize functionality

* Source: S. Middelhoek and S. Audet, Silicon Sensors, Academic Press, New York, 1989, p. 20

in  / o ut rad me c h t he rm e le c t r mag n c he m

rad p ho to lumin rad  p ressure rad iat ive heat ing pho to  conduct io n p ho to  mag netic p ho to  chem

me c h p ho to -elas t ic effect conserv moment frict ion heat p iezo -effect magneto s trict ion p ressure-induced  exp l.

t he rm incandescence thermal expans ion heat  conduct ion Seebeck effect Curie-Weiss  law endo therm reaction

e le c t r inject . lumin. p iezo -electr. Pelt ier effect p -n junction effect Ampere's  law electro lys is

mag n Faraday effect magneto s trict ion Ett inghausen effect Hall effect magnet ic induction

c he m chemo  luminescence exp lo s . react ion exo therm reaction Vo lta effect chem reaction
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Etch / passivate cycle:
Etch in SF6 / O2 gas mix with ions 

Passivate in C4F8 without ions

Etch rate: 5 - 0.5 µm/min

Aspect ratio: 20-25

Principle of ‘Bosch’ dry etch process

Hard mask : SiO2 / resist ►
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1. Etching with SF6

Dry etching at room temperature

2. Sidewall passivation with C4F8
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Plasma

Load 
lock

Inductively Coupled Plasma reactor
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Details of our macropore array mask 

• Geometrical shape
• Pores of 1.0,  1.5  and  2.0 µm diameter

• Trenches of 10 x 1 µm2 with different pitches

• Mask composition
• 1.7 µm of TEOS-SiO2

• 6.5 % of silicon exposed on a 6-inch wafer
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SF6

Time

Coil 
power

Platen 
power

20 °C

O2

C4F8

16+0.3/min

47min
etch 
9.5 s

pass 
7 s

0

140

13
0

0

130

900
800

0

9min
40

140

13
0

0

130

900
800

15+0.2/min
0

etch 
9.5 s

pass 
7 s

1min
etch 
9 s

pass 
7 s

40
140

13
0

0

130

900
800

15
0

Details of the original recipe
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First results on pores STS-HRE

Etch rate: 0.7 µm/min

Selectivity: 1 : 35

Depth: 27-33 µm

Spikes on sidewalls
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Etch parameters in RIE etching
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RIE etching (‘Bosch’ process) for high-value capacitors

~ 1 µm /min

enabling ~30 nF/mm2

10 °C
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RIE enabling a broad Si micromachining capability

MEMS
resonators

tunable 
capacitors vias

tweezersheat 
pipes

micro-channel
cooling

Optical 
waveguides
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Microsystem packaging
Integrated track pointer  ;  stick-in-chip module

Ferrite stick

AMR sensor

permanent 
magnet

In co-operation with IBM
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1.4 mm

1.25 mm

Si cap

In co-operation with IMEC & Philips AppTech

Microsystem packaging
RF-MEMS hermetic packaging

packaged product‘naked’ die with solder ring

Trend in Packaging: from single-die to multiple dies, stacked in a SiP
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• Lego-like snap-on building blocks

• Outside of building blocks forms package

• Easily detachable/reconfigurable stack

Microsystem packaging
Autonomous sensor network
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passive die

double flip-chip on lead frame
(HVQFN)

IC

Source: Philips, France

Microsystem packaging
Plug-‘n-play RF module

decoupling and 
PLL capacitors
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MEMS Modeling
Lumped elements with mechanical model (easier than FEM)

Mechanical:
• Spring CM
• Mass MM
• Friction RM

Electrical:
• Resistance Re
• Capacitance Ce
Transduction El.→ Mech. TEM

L R

y0u+-

CM RM

MM

Mechanical

v

F

F, v

+
-

u(t)

Re

Ce

Electrical

i

u
Bias

2
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2
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EM VR
yT

ε
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T :1EM
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|v
| 
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1f
π

=

y0 =10µm
Vbias =10V
d =10µm
b =100µm
L =200µm
R =100µm
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MEMS Modeling
Lumped elements

Electrical Mechanical

State variable q Charge q Position x

Stored power fe⋅ [Watt]

Resistive element fRe ⋅= Resistor Riu ⋅= Friction vRF f ⋅=

ed

dt

Compliance dt
Cf = Capacitor Spring (k-1 )

Inertial element fdLe = Coil Mass

⋅ ⋅f is “flow” of q qf = Current qi = Velocity xv =

e is origin of flow e Voltage u Force F

⋅
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Concluding remarks

• Microsystems Technology as an inexpensive mass volume  
production technique is vastly penetrating our daily life:

Ambient Intelligence is becoming reality

• Scaling and cross-disciplinary device concepts into 
System-in-Package solutions create new multifunctional  
modules

• (Multi) technology re-use is key for low-cost
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