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INTRODUCTION
SILICON as a material for MST/MEMS

Positive:

 Good electrical and mechanical properties e.g. elasticity, piezoresistivity

 Well understood characteristics

* Well established processing methods

 Integration of mechanical/electronic/optical functions

Limitations:

Limited materials flexibility e.g no magnetic material, no piezoelectric

 Difficult interfacing - interconnections/ packaging problems still under development

eLimited functionality at high temperature



MICROMACHINING TECHNOLOGY

Micromachining technology allows the fabrication of electro- mechanical optical
structures with very small dimensions (in the micrometer range), 3D, using special
processes, different of conventional IC technologies.

*Generally the micromachining technology can be classified in : bulk micromachining
and surface micromachining

—Bulk micromachining is based on single crystal silicon etching, and the
micromechanical structures developed with this technology are made of either
silicon crystal or deposited or grown layers on silicon.

Micromechanical structures produced by micromachining technology can be divided
into three groups: static, dynamic, and kinematic.

e Static micromechanical structures includes free three dimensional structures such as
nozzles, cavities, capillary column, circular orifices, miniature electrical connectors.

e Dinamic micromechanical structures: diaphragmes, membranes, microbridges, cantilever
beams, resonators. They require control displacement to accomplish the desired function.

* The kinematic group includes micromotors, microgears, pin joints, springs, cranks,
sliders. The kinematic devices ar considered to be essential in the future for microrobotics
and microsurgery.
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Bulk micromachining technique

Bulk micromachining = 3D configuration technique of silicon and thin films by using specific
processes: chemical and electrochemical anisotropic etching, stop etch technique, assisted
laser technique, anodic bonding, double side alignment, LIGA technique.

Bulk micromachining of silicon is based mainly on anisotropic etching. This relies on the
fact that certain aqueous alkaline solutions attack silicon at widely differing speeds in the
various crystallographic directions

Silicon crystallographic directions

Crystallographic Structure

Is a diamond type cristal with
centrated faces, and a constant lattice
of 5,43 A
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Bulk micromachining technique

Crystallographic orientation — Dependent Etch rate

A basic feature of anisotropic etchants is that their etch rates are dependent of the
crystallographic planes. <111> surfaces etch at a slower rate than all other crystallographic
planes. This indicates that the dissolution rate will be a function of the crystal orientation
of the silicon rate. Anisotropic etching is a function of the density of atoms (number of
atoms per square centimetre), the energy needed to remove an atom from the surface, and
geometric screening effects (three-dimensional distribution of atoms in the lattice). As a
consequences of anisotropy it is possible to develop unique structures not otherwise
feasible.

Truncated pyramidal pit bounded
by silicon <111>planes

EDP etch rate dependence on
crystallographic orientation in <100> silicon.
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Lithographic Process

Bulk micromachining technique
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SILICON BULK MICROMACHINING

JAnisotropic etching
JDouble side alignment
dLaser machining
JAnodic Bonding




Bulk micromachining technique

SILICON ANISOTROPIC ETCHING

Anisotropic etching of silicon was studied as a function of:

*Orientation of monocrystaline silicon
*High dose boron concentration
» Etchant temperature

«Composition and concentration of the etchant

The most important anisotropic etchants of silicon

» Hydroxides of alkaline metals: KOH, NaOH, LiOH, CsOH

»Diamines:EDP(Ethylenediamine-pyrocatechol-Water)

»Tetramethylammonium Hydroxide (TMAH)



Bulk micromachining technique

ANISOTROPIC ETCHING OF SILICON

KOH (potassium hydroxide) — high etch rate, strong alkaline character, high dependence of
the etching rate on the crystallographic orientation and boron concentration of the substrate

Up to now, two aspects of the silicon etching have been generally accepted /3.1/, /3.2/:
a) The general reaction:
Si + 2H,0 + 2HO" — SiO,(OH),% + 2H,
b) The intrinsic etching process steps:
bl. Diffusion of the reactant molecules through the boundary layer to the silicon surface;
b2. Adsorption of reactant molecules on the solid surface of silicon;
b3. Surface reaction;
b4. Reaction product desorbtion;

b5. Diffusion of by-products back across the boundary layer into the bulk of the solution



Bulk micromachining technique

Potassium Hydroxide - KOH

1) The highest etch rate has been obtained for a concentration of 10 - 15% simple KOH and ~ 30%
KOH + isopropylic alcohol. The isopropylic alcohol in KOH solution leads to the decrease of the etch
rate and of the boiling temperature of the solution.

2) No effect of the etchant stirring has been found = the reaction is not limited by the diffusion

3) The ration between the etch rates of the silicon directions Si<100>/Si<111> is 35:1
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Bulk micromachining technique

Ethylendiamine — pyrocathecol —water (EDP)
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Bulk micromachining technique

Ethylendiamine — pyrocathecol

» The micropyramides are related to the plan <111>, one characteristic of all the
anisotropic etchants used for experiment and study.

»Changing the composition of etchants, it is possible to modified the density and the
size of micropyramides

»Micropyramides are the results of the anisotropy of the solution, they appear
together, the smallest are situated on one of the pyramid side, and make that the
edge of the pyramid base to be curved, not right.

Fig.2. 5. Silicon hillocks during the anisotropic etching in EDP /Tan/.
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AFM Investigation of silicon wafer roughness after the
anisotropic etching process
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Bulk micromachining technique

HILLOCKS MINIMIZATION ON THE SILICON SURFACE

a) 102 [M/I] phenol concentration b) 103 [M/I] phenol concentration c) 104 [M/1] phenol concentration

d)10-% [M/I] phenol concentration .

Fig. 2.11. a, b, ¢, d Top view microscop Fig.2.12. Top view microscop picture — gjg 2 13 Top view microscop picture
picture of n type <100> Si etched 1h at 2T5r|1\/|ty£%<|-|1201>o§1l|\3|t/c|r§?ew at85°C in of n type<100> Si etched 1h at 85°C

85°C in 4.5M KOH+ phenol at different butylphenol in 4.5M KOH+ 10° M/l azo
concentration calix[4]larene



Bulk micromachining technique

SILICON HILLOCKS MINIMIZATION DURING THE ANISOTROPIC
ETCHING PROCESS
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KOH KOH +redox system



Bulk micromachining technique

_OMPARISON STUDY OF SILICON MEMBRANE HILLOCKS FOR
ANISOTROPIC ETCHING IN NaOH and LiOH-H,O

Fig.2.19. Microscop photograph of n
type<100> Si membrane, (150x120
u?) dimension, etched in

a) 4.5M NaOH
b) 4.5M NaOH-+ptert butilfenol

Fig.2.20. Microscop photograph of
n type<100> Si membrane (150x120
u?) etched in a)LiOH-H,O

b) LIOH-H,O+ 10-*M/l p-tert
butilfenol

Fig.2.20. SEM picture of n type<100> Si
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OMPARISON STUDY OF SILICON HILLOCKS FOR ANISOTROPIC
IN KOH, NaOH and LIiOH - H,O without and with complexants added

Microscop photograph of silicon
surface etched in

a) 4.5M KOH,
b) 4.5 M KOH+ptert butyl phenol

Microscop photograph of silicon
surface etched in

a) 4.5M NaOH,
b) 4.5 NaOH+ptert butyl phenol

Microscop photograph of silicon
surface etched in

a) 0.5M Li OH,




Bulk micromachining technique

N OF BULK MICROMACHINED SENSORS

micromachining technology is a complex technique, offering a wide range
lities in the field of sensors and microsystems microfabrication.

design of test structures for bulk micromachining technology
characterisation

yn of test structures for characterisation of 3D silicon micromachining
ly are important for:

-minimizing the number of experiments;

-optimisation and control of anisotropic etching process,
-mask materials,

lithographic configuration,

-establishing of design rules for 3D microstructures,



Bulk micromachining technique

JESIGN OF CONTROL AND TEST STRUCTURES

ning the structures for control and test it is necessary to know:

has a diamond cubic crystal structure. The Miller indices of the main
raphic planes of silicon are <100>, <110>, and <111>

con etch rate in anisotropic solutions in the <100> direction is slightly higher
e <110> direction and both are much higher than in the <111> direction

lifferent structures can be defined in an unique process sequence, by using
ask three different structures: one window which penetrates the wafer, a V-
1d a square diaphragm on the back side of the wafer (Fig.2.32, for silicon
2.33 for silicon <110>)

ragm is defined by B++ doping.

> planes form (each one) an angle of 54,74° (for silicon <100>) and the slope
ngth of 54,74%rctgV2

~ 11N~ +wn1n ~fF +thAa RlanAace 111~ FArima Am Al ~alAs AF O 9520 wvrri+hh +hA 11 vfFa~nA~A AF
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Ing a diaphragm on silicon <100>

- W ++/2-h a \._!

1ing a VV-groove on silicon <100>

idth of the V-grooveis V2 x thickness of
>hed silicon

o TR |
|=2a=vV2xh ﬁ H:_/th 54,?4'i

4 74° for Si <100> d
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CMOS TECHNOLOGY AND BULK MICROMACHINING
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Bulk micromachining technique

Silicon wafer
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Bulk micromachining technique

PATTERNING -1

shown in Fig. 2.34. has only concave corners, which are not usually
if the opening is oriented properly. This way, the truncated pyramidal pit can
ed (Fig.2.35)

ORIENTATION in
the<110>
~directions
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PATTERNING - 2

Fig.2.36. Undercuttting of improperly
aligned edges. Improperly aligned
edges are the corners on the right

side

ip between opening, surface orientation and structure

indow Surface orientation Structure
<100> Pyramidal pit or truncated pyramidal pit

<100> Rectangular pit (trench)
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PATTERNING - 3

nd experimentally that the undercutting depend on the total etching time and
nt of local surface area attacked by the etch.

, illustrates the pattern with two convex corners and the undercutting
na taking place during silicon etching, Fig.2.37Db .

UNDERCUTTING / T \ \\\
" A ‘:\\\\\\\\&\ \“ A

________ ' \\\\

SUBSTRATE m \\\\\
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PATTERNING - 4

al different examples of undercutting are shown in fig. 2.38-2.40

EHT= 20,0 K¥ HD= 10 mm AG= ¥ 211, PHOTD= 2
100 ym P————
EDP




Bulk micromachining technique

PATTERNING - 5

Fig.2.40. Undercutting progress in a cantilever array



Bulk micromachining technique

PLICATIONS AND EXAMPLES

PIEZORESISTIVE PRESSURE SENSOR




L1

Bulk micromachining technique
Sio, Sio,

Piezoresistors

Silicon
Silicon

Si:N .

34 SisN,
Mask
Fandernesistesist sio,
SiO : .

2 Piezoresistors
Silicon Silicon
Si,N, SizN,— Plasma

etched

Hardened resist
S@figured SiO,

|_- -_\ Piezoresistors
Silicon ‘ / \ \

<Y

(@]
%‘38
(2]
>




Bulk micromachining technique
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Bulk micromachining technique

omotive Sensors

Crash Detection System

t Satellite Sensor

. ; . ‘Airbag
Naviaation Information Svstem ‘
Body / Chassis Control System Seatbelt Sensor

Vehicle Dynamic Control System
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Bulk micromachining technique
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SURFACE MICROMACHINING
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Sacrificial layer

Isolation layer

Silicon substrate

layer
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Isolation layer
Silicon substrate
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Surface micromachining technique

1atic representation of PSG sacrificial etching mechanism

1—>External Reactant Mass Transport
2—Reactant diffusion

3—Product Diffusion

4—External product Mass transport
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Surface micromachining technique

nological experiments for the deposition and configuration of the
layers — PSG — for surface micromachined membranes

ition and etching of PSG thin films

1e PSG layers, generally considered to be phosphor-doped silicon dioxide, are
ng the APCVD method, typically at 400°C and atmospheric pressure, from silane
sphine (2), in the presence of oxygen.

H, + 20, = SiO, + 2H,0
oH, + 40, = RO, + 3H,0

1n Si0, layers and PSG oxides, with phosphorus concentrations between 3 and
1ave been studied.

1e etching speed has been analysed, for the densified oxides, and also for the

ones, using BHF-type etching solutions (fluorhydric acid with ammonium
tlh ~rAanrnconfrafiniiec AF 110 and 118 thotr formnonrafiire hoatrnao 2800
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1601
140+
120+
100
80 -
60 -
40+
20-

Als

BHF1:10d
BHF1:10

BHF1:15d
3

6.5 3 BHF1:15
2 11,5 ' 11,5
13 )
%owt. P %wt. P 13
peed for deposited layers, and for deposited and Fig.3.2. Etching speed for deposited layers, and for deposited and
in BHF 1:10 densified layers, in BHF 1:15

e of the doped CVD oxides (the PSG ones) and the undoped ones, in BHF 1:10
‘esent a nonlinear increase vs. the P concentration increase and they are higher
1sified oxides than for the densified ones, except for the very high P doped

e the etching mechanism is different.

e In the etching rate swith the P concentration is explained by the fact that the
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'Etching of the sacrificial layer
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1E POLYSILICON LAYER DEPOSITION
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Fig. 3.8-b. AFM 3-D image of the
LPCVD “as-deposited” layers
surface, at 500°C and 100 Pa
pressure.

The scanned surface dimensions:
1009.804 x 1005.637 nm.
rI\]/Irrc?dium rugosity (Ra): 1.0387

Fig. 3.9-b. AFM 3-D image of the
LPCVD  “as-deposited”  layers
surface at 615°C and 100 Pa
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LPCVD  “as-deposited” layers
surface, at 615°C and 20 Pa
pressure.

The scanned surface dimensions:
1011.4 x 1012.1 nm.
Medium rugosity (Ra): 20.2348 nm.
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sonant gas sensors surface micromachined

The resonant gas sensor

)f a resonant polysilicon

e and the measurement

0 pick up the resonance
of the bridge. By coating

with sensor active material
)le to use these devices as

itive gas sensor

Layout of aresonant sensor: microbridge with
excitation-detection electrodes
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sonant gas sensors -2

The polysilicon microbridge is

1um thickness. The polysilicon

- Sensor chip deppsition for the bridge was

top view: a)bridge; realised by LPCVD, followed by

b) electronics lithographic configuration and
planar plasma (CF,+0O,) etching.
The sacrificial oxide was then
removed in BHF 10:1,

electronic circuits for excitation - detection are integrated on the same chip
the microbridge, having the main aim to amplify the small current (pA)
d by the variable capacitors from detection way.

the microresonator and the excitation-detection circuits are processed on

e single-crystal silicon. The technological steps for processing a double-
1 clamped polysilicon bridge with electronics on the same chip are based on
S technology.
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cterization

dge oscillation was observed under the electronic microscope SEM (Fig.5.14
tical microscope by applying an AC voltage to the drive electrode (pads 1,2
19.5.11). Therefore, we can conclude that the microbridge was released. This
can be used on the wafer or on the encapsulated structures (fig.5.15) to
nate between released and unreleased microbridges.

Magn  Det WD Exp F———1 20pm

Hhix Sl 94 0

A CEM ~f A nmlvreilimem Fia. 5.14.B. Vibration of the silicon microbridge
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TEGRATED GAS MICROSENSOR WITH
ICATIONS IN ENVIRONMENT MONITORING

SEM picture of a
polysilicon microbridge

\ (400x30 um?) in vibration
~RISTICS :

gases (NOx, CO, H,S) from
media
1sions - chip area: 1,4x1,5 mm?,
- electronic circuits
the same chip with the sensor
factor: 1.000 in air, 20.000 in vacuum

neasurement: ppm <+ hundred ppm,

equency range: tens kHz+=MHz




CAPACITIVE PRESSURE MICROSENSOR

/e sensors convert a change in
J into a change of capacitance
capacitor consist basically of
ode separated by a dielectric
itance change can be used
motion of one of the two
with respect to the other
or by the change in the
yetween two fixed electrodes.
electrode movement is not
r if the capacitance change is
y deflection of part of the
then the capacitance change
calculated by integrating over
deformed dielectric space:
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Cross section of the capacitive
pressure microsensor

AC=C, _de —Wg(x v ) dxdy



Fig.4.12. Microscopy photograph of the capacitive
sensor

»0One of the electrodes of the variable
capacitor is deposited on the silicon surface
and is a sandwich of Cr/Au/Cr (M1)

»A sacrificial layer is deposited and
patterned M2

»The second electrode Cr/Au/Cr + a
polyimide membrane are deposited and
patterned in two different steps M3, M4

_ayout of the capacitive pressure sensor PG i< ticed a< cacrificial laver




Citive pressure sensor
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Cantilever Sensor Applications
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NOSE — Operation principle

Eight cantilevers
functionalized with
eight different
polymers or
blends

>N mechanism:

r layer

vered Si cantilever
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llever Bending by Oligonucleotide Hybridization

base sequence on Hybridization with matching complementary strands bends canftilevers

ial signhal: lever1 - lever 2

f::rnlyr one reactive surface

-
= pendaing o

'__ <= bending of lever 2 decreases &



I Potential fields of Application

gas sensing

automotive applications

quality control (food, chemicals, air)
fragrance design

medical application

biochemical analysis

oenology

forensic investigations

drugs and explosives detection

astrobioloavy . . .



lications and examples

EMBRANE BASED SENSORS



ORESISTIVE GAS SENSORS - Sensor design and
ation

ron (9-10* cm-2, 100
lanted and diffused
- boron doping from
- diffusion (1050°C, 4
> p-n junction, 12 um
)tropical stop etch

layer deposition and
f the masking layer for
etching of silicon

d configuration of a
oped polysilicon layer.
sion could be to use the
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ORESISTIVE GAS SENSORS Phtalocyanine based —
Iments -1

1terdigitated electrodes, the resistor
oring the chip temperature and the
/ bond pads are defined by
ygraphy above the insulated heater

(Cr-Au) was used as electrode
0 achieve a good contact with the
The utilisation of Al as electrode
ive us, also, very good results.

sition and the configuration by
side alignment of 2 um
phosilicate glass (BPSG), as mask
for the anisotropic etching, which

£0o



-MFET sensors

selective
as selective

Enzyme selective

Immuno-selective

AFFFREMCE
ELECTRQDE

W— CHLMIETJ

ALLIMIHLIN 4
flrctmdu_ -

i =t

kel e ]

) I (Ml EI Hinl
currehl simk

B

Fia. 1 structura of am ior ealantiva CHEMEET for rramiterine mH (A% amd sm oloamt s o]




ET BASED SENSORS FOR MONITORING OF GASES

ct gas sensors are based on metal-insulator-semiconductor structures in
metal gate is a catalyst for gas sensing. Typical catalytic metals used in this
n are palladium, platinum, and iridium.

- Sensors use the field effect transistors to detect chemical quantities.
are biological and medical applications. The surface field effect is a desirable
m for a generating potential that provides high chemical selectivity and
. The CHEMFET is essentially an extended gate field effect transistor with the
the transistor and the reference electrode




MANUFACTURING STEPS

Polysilicon

SisN,
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p

Polysilicon
CVD oxide
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MICROMACHINED MICROPROBE -1

—

'micrograph of the body of the microprobe which hosts the electronics and allows the
Ing at the external package is presented in fig.4. and the microprobe tip is presented in

'he body of the microprobe and the Fig.7.5. Optical microphotography (x100) of the
1ds (optical microphotography) after 5h microprobe tip, after 5h etching in EDP, 96 °C
etching in EDP, 96 °C



3ASED BIOSENSORS FOR MONITORING OF THE Ca*?, Mg*?,
IONS AND pH, IN VITRO AND IN VIVO -2

microprobe ISFET biosensors

ISFET

ISFEC

ISFET biosensor with integrated reference

electrode

Reference electrode

L )
-

p-well Source Drain

) i 0 [
+K

aturated
solutions-KCl

Ag/AgCl

E porous silicon&%ﬂﬂ

P



LYMER MICROMACHINING
Microfluidic channels




er Micromachined platform




SS micromachining

t etching (isotropic or anisotropic) of glass
al deposition+ lithography for sensor patterning
sma treatment for resist removal

sma treatment for surface functionalization
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nachining of ceramics

/eloping a novel class of chemoresistive gas
'S

qturized
oSt
power consumption

| mixed techniques such as:

milling techniques;

uctive ceramic technology;
& thick film technology;
micromachining techniques



CAS 2005, 4t October, 30, 2005, Sinaia, Romania

)esign and technological steps

1e sensor consists of an integrated heater and a platinum temperature sensor
on top of a suspended membrane.

> A STEP B.
r machining of electroceramic heater Deposition and configuration of an electric

nels (100 um width) & subsequent filling  isolating layer (SiO, or ceramic).
conducting ceramic

Dielectric
layer
(Mask 2)

A

Heater
(Mask 1)




CAS 2005, 4t October, 30, 2005, Sinaia, Romania

Design and technological steps

Interdigitated electrodes SnO, sensing material

Insulator

Heater

strate

Fig.8. Mask 6 - Membrane releasing



Manufacturing Steps

ining the heater groove
) the groove with AuPtPd paste

ing and release of the heater. The releasing
tion was performed first by machining the
ridges around the heater. This operation
ompleted by traversing the 0.5x2 mm

ngles several times until the full thickness

» wafer was machined, resulting in a

ngular hole.

The suspended heating element

ninning of the ceramic substrate back side.
vas performed by “scanning” the 3x3 mm
vith the laser beam as shown in the Figure,
> the lateral step size (s) was 6 um.




ent of the thermal properties

e heat distribution from the released
ating element using FLIR 40

- 200

- 100

21,5°C

500 -

400 -

300 -

200

Temp (°C)

100

The temperature is
uniform at the 0 7 ‘ ‘ ‘ ‘ ‘
released area and 0 1 2 3 4 5
the outside area at Time (s)

least 400 °C lower

temperature.

The power-on curve for the released
heater element.

The input power
was 1,1 W and
this should be
compared with the
non-released
heater element




eS
1stic, Sensor Technology and Devices, Artech House, Boston, 1994, pp 67-68

. Seidel, L. Csepregi, A. Heuberger, H. Baumgartel, Anisotropic Etching of Crystalline
n Alkaline Solutions, Journal of the Electrochemical Society, 137 (1990), 3612-3632

Moldovan, R. Tosub, D. Dascalu, Gh. Nechifor, C. Radu, An investigation of an Alkaline
or Silicon Anisotropic Etching, Abstract, Workshop of Physical Chemistry of Wet
Etching of Silicon, Holten, 1998, pp 21-22

D. Gutsche, B. Dhawan, K. Hyum No, R. Mathukrishnan, Calixarenes. 4. The Synthesis,
ization, and Properties of the Calixarenes from p-tert- Butylphenol, J. Am. Chem Soc.,
), 3782-3792

shinkai, K. Araki, J. Shibata, D. Tsungawa, O. Manabe, Autoaccelerative Diazo Coupling
K[4] arene: Substituent Effects on the Unusual Co-operativity of the OH Groups, J. Chem.
in Trans.1 (1990), 3333-3337

inus Pauling, General Chemistry, W.H. Freeman and Company, San Francisco, 1970,
in Bucharest 1972, pp. 461-462

Latnan M Chil-1das V Mataiichitmma T Varmachira K Acatitmt V Trixvie M Tanmarmanfa



, M. L. Reed, H. Han and R. Boudreau, Mechanism of Etch Hillock Formation, Journal
ectromechanical Systems, 5 (1996), 65-71

- M. M. C. Bressers, J. J. Kelly, J. G. E. Gardeniers and M. Elwenspoek, Surface
yy of p-Type (100) Silicon Etched in Aqueous Alkaline Solution, Journal of the
mical Society, 143 (1996), 1744-1750

Elwenspoek, Stationary Hillocks on Etching Silicon, Proceedings, The Ninth
hanics Europe Workshop MME'98, Ulvik in Hardanger, Norway,June 3-5, 1991, pp 70-

Schroder, E. Obermeier, A. Steckenborn, Formation, prevention and removal of
mids on KOH etched {100} silicon, Proceedings, The Ninth Micromechanics Europe
MME'98, Ulvik in Hardanger, Norway, June 3-5, 1991, pp 28-31

be, A Contamination-Free Microstructure in a Humid Environment by Means of a

on of Hydrophilic and Hydrophobic Surfaces, Journal of Microelectromechanical
(1998), 94-101



