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The basic questions

What are the materials of interest to us microfluidicists?
How do we bring them into shape?
How do we put them into place?

When used in our microfluidic application, how reliable are the
materials ?
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The micro/nanofluidic world

Alumina

Silica
Silicon

Porous solids Glass / PEEK / stainless-steel Machined microchannels
tubes / capillaries "
&
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at the same scale !




How to make a micro(nano)structure?

WRITING
’—\j I_—_‘ |——’£‘—| REPLICATION
remove add modify

. m RANAVRQAY
{cut) (dispense) {burn) e
dig - glue -fry

molding/ imprinting modification

Vew o
* '\\ . L]
material transp ort

j

e photons - atoms - ions - molecules
self-assembly self-organized inter.ference! particles & ge]s - melts
template standing wave
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Microfabrication overview

|

lithography p—mechanics

(X-ray, e-beam, = WEDM ‘;‘*“7' (milling, wming,
uv-vis) | Sblation drilling)
technique | : 1
physical / chemical ( direct _)
; ciching
b
materials
mold insert = I «= dicing
| M
. L injection
. embossing  molding

microfluidic components / systems @
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The

i1
Notheriands




MEA* £
University of Twente

The Netheriands

The philosophy of microfabrication

Batch fabrication principles in IC technology

1. Computer aided design

2. Transfer of pattern to substrate by means of optical imaging
(photolithography)

3. Batch fabrication: simultaneous treatment, therewith minimizing
variation in process quality; costs of a process step are
distributed over thousands of components

4. Linking 5 large number of identical components with high
packing density to get to an intelligent system of high quality

h|
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Batch microfabrication process

MODELING AND DESIGN

frow.forat geometries, eoupled dectrical, mech anical,
20 solid models Auidic, kinemalic, efc. analyss
ORIGINAL CONCEPT OF NEW COMPUTER-AIDED DESIGN,
DEVICE: SPECIFICATIONS |———p—— SIMULATION ANDLAYOUT » GENERATION OF MASKS OR
OF PROCESS TECHNOLOGY OFMECHAMNICAL DEVICES DIRECT-WRITE PATTERNS

[

Ll
MULTIPLE CYCLES [USING MICROELECTROMICS PHOTOLITHOGRA PHIC TECHNIQUES)

REMOVE EXCESS MATERIAL TRANSFER FEATURE PATTERN SILICON
SUBSTRA

DEPOSIT MATERIL LAYER
TE
~ reloase efch
R R T
; INDAIDUAL PACHKA GE PACKA GE FINAL
INTIAL INSPECTION SECTIONING DIE SECTION ASSEMBLY SEAL TEST
BACK-END PROCESSING

copied from: MEMS Tutorial by MLA. Micllal.ice'ﬁ
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Overview of Align/Expose/Develop Steps

(x,y,0) alignment of
mask to substrate

uniform UV exposure illumination
tssissnasnnlinll

oy h___d chrome on glass photomask
I o 111 111

photoresist (PR)

latent image created in
photoresist after exposure

| substrate wafer

wet chemical development

~

N

NEGATIVE PHOTORESIST

Photoresist is photopolymerized where
exposed and rendered insoluble to the
developer solution.

_MESA*

POSITIVE PHOTORESIST
Exposure decomposes a development
inhibitor and developer solution only
dissolves photoresist in the exposed areas.
R. B. Darling / EE-527
1%
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Photoresist Spin Coating

resist dispenser

photoresist

excess resist flies
off during rotation

wafer to be coated
vacuum chuck

http://www.engr.washington.edu/~cam/PROCESSES/NE Wtutorial. html
N
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Photolithography: pattern transfer
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Alignment and Exposure Hardware
CONTACT ALIGNER PROXIMITY ALIGNER PROJECTION ALIGNER

UV lamp

lens

2 operating modes:

contact for expose; less wear on mask, but
separate for align. poorer image than from
Examples: a contact aligner.
Kaspar 17A Examples:

Oriel Kaspar-Cobilt

Karl Suss MJB3

Examples:
Perkin-Elmer Micralign

Projection systems use imaging optics
in between the mask and the wafer

R. B. Darling / EE-527 @
A
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Mask aligners
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A single microfluidic chip

. o
+

]
21+

=
e

Microfluidic chips (3 layers) on 100 mm substrates (2 wafers)

Alignment marks fg
= link to CLEWIn University of Twente
The Netherlands

Mask fabrication e.g. by laser beam writing
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Nanostructures: E-beam lithography

33nm Trenches
&
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Etching features in thin films

Start with unihen layer deposition:
s e

i s e e e |
Substrae 1

Deposit and pattem » asking o aledal;

B RS e e R .?“’2’

Elch exposed tampet w alerial:

PR T i

Strip off layer of i asking ar atecial:
— J —

Gl e S

copied from: MEMS Tutorial by MLA. Michalke]@
r
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Intermezzo: where to do your
microfabrication?

Microfabrication
expert desperately
looking for a dust-free
location

Fig. 3. Comparison of Particlos UV dithe microchannel size

I Size of buman har 100 mOron meen

& n
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Pollen on microelectronic circuit The air we breath

&

_M_ pictures from: hitp:/ vt uni-kiel. de/matwisfamat/elmat_en'kap_S/backbone/r5_3_1html Univers " l'm::

Humans as a source of partlcles

Tip of a ball pemt writer

Flakes of sk -
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Dirty people

Table 3. Dusl Generation from Human Body and Quantity *
Nos. ol Particles!

(1) Panicles {over 0.3 um)
Kind of Movament

&
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The people that visit a clean room...

A \‘\
P b
e
.f/. / . %
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Principle of a clean room
F st
Fig. 2. Ciean Room Compostion R RS

M “lil‘lrliir'!' n:“'l‘n'::?li:



Local clean air generation

Air Intakes
'L * ¢ C-frame cover

Inspection
Microscope

C-frame
stand

Work
Stands

http:/fwww.engr.washington.edu/~cam/PROCESSES/NEWtutorial html
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The material silicon



Silicon as an electronic material

A replica of the point-
contact transistor created
by John Bardeen and
Walter Brattain, under the
supervision of William
Shockley in 1947 (P .S, this
wias not Si but Ge)

Intel's Pentium 4 contains tens of millions
of transistors

Jack Kilby of Texas Instruments
made this, the first integrated circuit,

WLIESR This device, developed by Robert Moyce in
alfs the late 1950s, was the first commercially diinaih Q
_m_ available integrated circuit nivarsity of Twaate

Silicon as a mechanical material

Stress (Gpa) Silico

41

ol Steel

| |

2 4 Strain (%)

stress-strain curve for silicon compared to a typical metal

M IlliurlitrL of lﬂﬁ

Nethorlands



Silicon as a Mechanical Material

KURT E. PETERSEN, MemsER, IEEE

Absiveci—Singe-crystal silicon is being ployed in 3

variety of new commercial products not Inauuoﬂllwﬂ unww
electionic properties, bul rather because of ils excellent mechanical
properties. In addition, recent trends in the enginecring litersture indi-
cale 3 gowing inferest i the use of sllicon a5 & mechanical material
with the ultimste goal of developing & broad range of incxpeasive,
baich high sensony which are
wasily interfaced with the I‘Pﬂﬂ‘l" wolll'tnlm: microprocessor.  This
review describes the silicon a5 a

ized I devices and components must be
integrated or interfaced with clectronics such as the examples
given above,

The continuing development of slicon micromechanical
applications is only one aspect of the current technical drive
toward miniaturization which is being pursued aver & wide
l'nml. m many diverse engineering disciplines. Certainly silicon

malesial, the relevant muhui.nl ehuumnlnt of pilicon, and the pro-
cessing techniques 'Iurh =re specific to micromechanical structures.
Finally, the p ts of this new technology are il d by numer
ous delsiled numpﬂn from the Fiterature. Tt s clesr that silicon il
mnmmo to be aggressively exploited in 2 wide variely of h

to be the most obvious success in
the ongoing pursuil of miniaturization. Four faclors heve
played crucial roles in this phenomenal success story: 1) the
active material, silicon, is abundan!, inexpensive, and can now

ity rale 23 an
material.  Furthermore, these multidisciplinary uses of shcon will
significantly alter the way we think aboul all types of miniature me-
chanical devices and components.

L InTRODUCTION

K.E.Petersen, Proc. IEEE 70, 420-457 (1982)

Wrapping a 100um-thick wafer around a post with 1" diameter,

be p and p flably to unpasalleled stan-
dards of purity 2nd perfecti 2) silicon p ng itself is
based ‘on very lhln deposued films which are la:lgh.ly amenme
w + 3) definition and rep ion of the
device shapes and patterns are performed using photographic
technigues which have alse, historically, been capable of high

from: httpy/www-bsac.eecs.berkeley.edu/~mattlast/research/getbent/

i
University of Twente

Silicon plastic deformation at high T
4
<100>
3
A
s <110>
1
0
00 04 08 12
bend [mm]

Typical force—bend diagram for differently orientated
Si-bearmns at 900 °C and 0.1 mm/min bending rate

"‘
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| Frithauf et al. |. Micromech. Microeng, 9, 305-312 (1999)




Silicon is brittle

M University of T mﬁ

eriands

Properties of silicon vs. other materials

Yield Knoop Young’s Density Thermal

strength | Hardness Modulus (1000Kg/m”) | expansion

(GPa) | (Kg/mm’) (GPa) (10°7°K)
Diamond 53 7000 10.35 35 1.0

SiC 21 2480 7.0 3.2 33 ©
Si:N, 14 @ 3486 3.85 3.1 0.8

Si 7 ® 850 @ 19 @ 23 @ 233 @
Stainless steel 21 @ 660 @ 20 © 79 173
Al 0.17 130 0.7 27 @ 25

M University of Im?t:

The Netheriands



How silicon crystals are made

Czochralski Float zone

Seed

Single Silicon Crystal
Quartz Crucible
‘Water Cooled Chamber
Heat Shield

Carbon Heater
Graphite Crucible
Crucible Support
Spill Tray

Electrode

&

University of Twente
The Nathariands
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Silicon "wafers"

from 10 microns

thickness

to 3 mm

Tmnm FPRIMARY
‘ .-thLAT FLAT
a size up to 12"(30 cm)
{m}n-rvee {1t} p-TreE

ﬁ =
% FLAT y FLAT
SECONDARY

+ sE g &
_.!m_ University of Twente
{100} n-TvPE {100} p-Tvee The Netherlaads

Silicon crystal planes

Miller indices identify crystal planes from the unit cell:

(111)
Most Dense

b
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Bulk micromachining of silicon

Let's start digging into the material....

&

University of Twente
The Netheriands

Bulk micromachining of silicon

Thin film deposition (masking material)
Patterning by photolithography and selective layer etching
Selective silicon etching;

isotropic anisotropic directional

&

University of Twente
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Categories of bulk micromachining

anisotropic

WET | _— | porous [ (photo)- dissolution
' ' electrochemical

]
/— ion beam
milling

reactive ion
etching

_ isotropic

/— directional

DRY

(

isotropic

plasma

etching &
M E g University of ‘lw:n.!:
The Netherisads

Silicon anisotropic etching

R.A. Wind e.a. J. Phys. Chem. B 106, 1557-1569 {2002}

Silicon test piece before and after etching @
b

K. Sato, IV Uni i
M e University of Twente
The Netherlands



Silicon anisotropic etching

Typical conditions are: 25 wt-% KOH in water at 75 °C
{100} etches about 1pm/min

Selectivity {100} vs. {111} plane ~ 100

, S/\ S,S_':___

(100) il (111)

QOverall chemical reaction:

Si+ 40H + 4H,0 — Si(OH),> + 2H, mubies)

S

{can form oligomers and ultimately silica) s)

b
M University of Twente
The Netkeriands

Etching of {100}

1 < 100> Surface Orientation

/S“N' \/

<> /

i e cantilever
T am

pyramidal shape -

&
M membrane University of Twente
The Netheriands




Result of misalignment to crystal directions

Lcosa + Bsina

o

okU© Bcosa +Lsina
deg\ie

L
achieved feature

<110> directions

&

+ 1%
M_ University of Twente
The Netherlaads

Precise alignment to crystal directions

4 Under etch rate Jabt.] A Under etch rate fabt.
1 /f k.
\, t J/ y
\ 1 4
S, ,/ ?\\ | of
* % " / * N, 4 p
.\\ ¥ i 7 ?
NT S v T A
\ 4= / \_‘\ 1 /
R N
—r—4 * SR B o _J_f_,__' :
6 §° 2 [} 2 4% 5 6° 8 Deg. off the -f 4% .2 L 2 4% 6°0
o B -

<1 10>-direction

A symmetrical etching figure arises if the mask is perfectly aligned with the [110]-direction (left).
Misalignment (right) can be detected by: (&) tapered ridges; (B tapered grooves.

Etching time ca. 20 minutes, Best precision: 0.05°

b
M Fromn: M. Vangbo ea. | Micromech, Microeng, 6, 279-284 (1996} University of Iua%

The Netherlands
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MESR*

PdAg membrane

Hiene.a. J. MEMS 12, 622-629 (2003)

&
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Etching of {111} wafers

off-axis cut <111>
step etching direction

<111>

o .
_m_ Oosterbroek e.a. J. MEMS 9, 390-398 (2000) University of Twente

Convex corner compensation

@ S
NARROW R \ N
_ CHANNEL ot

/ CORNER

.. COMPENSATION

" STRUCTURE

Simulation of etched profile

-‘m—* “li'!rliir'” of ‘I'umﬁ



Etch stops for KOH etching

e Time:

— simple but inaccurate

¢ Thin layer:
— simple but feature depth = wafer thickness
¢ B-doping;:

— reliable but stress in doped layer
¢ Electrochemical:
— no stress but complex (especially for batch)

thickness control ?

Waveguide
wafer

]

M University of Twente
The Notheriands

Wit — =
10 i - smin N Boron layer by:
| | Y -diffusion
-implantation

-epitaxial growth

Silicon Etch Rate (um/h)

10—

lolf

Seidel e a. J. Electrochem Soc. 137, 3626-3632 (1990) &)

M University of Twente
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Boron etch stop

(110} {110}
Etch stop
p"8i }\ <« concentation
Xis
3000
1000 °C: ¢ p-Si | Desgn curves ]
*nS8i | 1000*C: ~--| 1000°C: -
2500{ "G A e | 100 e
1100°C .r»Sl_
2000 i £
E o t
i ‘
100 et Tiggelaar e.a Sens. Act. A 119, 196-205 (2005)
500} =& .
"4 ’_ b - 4
(1} S
0 05 10 15 20 25 30
t[h]

membrane thickness vs. diffusion conditions

MESR*

&

University of Twente
The Nethertands

Electrochemical etch stop

metal contack platinum cathode

b erching solution
n-type diffusion N

{or epi-layer) /
etch mask

p-type substrate

CURRENT vs APPLIED POTENTIAL

E30.00 nSi
P

o

00 I A B Y
A6 A5 14434200 1 -5 -8 -T -8 -5 -4 ry

VOLTAGE (V) Illinrlilrlh n: lmn.l‘:



Example: silicon microvalves

-

M Source: HSG IMIT, Villingen-Schwenningen, D University of r-.%

The Nethoriands

Isotropic etching (wet)

Mixtures of HNO, - HF in water or acetic acid (HNA)
Etch rate ~ 1pm/min (but can be much higher)

B121 7Ky X2ee

&

University of Twente
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ing using HNA

Isotropic etch

R. B. Darling / EE-527

Isotropic etching - etching rates

is area for polishing, gives

&
=

smooth surfaces

higher

Closer to (1) gives
roughness

&

ersity of Twente
The Nothoriands

R. B. Darling / EE-527
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Smooth microchannels
——

cB215e

B1B5K ANZ

without mask

unggs9

with silicon nitride mask layer

Ion beam etching (dry)

Material removal by physical impact => etching is directional
Tonized inert gas (e.g. Argon)
Etch rate ~ 5 nm/min

7
/ Plasra

Beamn

Vacuum (Photoresist still on pattern)
Panl May, Bristol University 1997
&
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F d ion beam etchin se L) | =T
Ocuse 10 ea e c l g co ntrol
Extacor
Blanking Condense r
I M o . ener ator | ——
Structure in pols 9 ™ Blaking plates
B
itend and ‘ Wien - flte r (ExB)
ecternd I (selection ofan
$Ca nning 0 Nty pe)
generdor
i | XY tledim
Deflection | ——
amp ifier Ob ject lense
‘ Second ary ekctnr
dete chor
3 Casinkt
Ima ging
sys tem
Specimen

* Acousticsensor

®

University of Twente
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PLASMA
\

Lo pump
_
==

- s " Cicometrical factors
E (Area rato}
=

Substrate

High energy : : . temperature

[T — 5 —
smscan B W K

www.oxfordplasma.de

&
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Deep Reactive Ion Etching (DRIE)

P z
ToCEs gasses ind

ICP Power
Generaton
RE plsma
ICP Powercail P
P
ICRRlasnd Hellurn pilow
Tl swsrare noder
Liquid hlg
Turoo
PumpE l
Ligquid M, irig__) RLGV
RIE Power Pump
Generdor T=-110°C

&

+ .
_m R b
The Netherlands

Deep Reactive Ion Etching (DRIE)

SF._, CF..
SF, gas etches the silicon 4
: ; 28 g
O, gas passivates the sidewalls l\
Isotropic or directional, depending
on the settings! SOxFy
& COXFy

Etch rate > 5 ym/min /

&

University of Twente
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Deep RIE via "Bosch process”

Etching mask

.....l' \\‘l ,‘,_
H i
SRR RURARRRRR

P W )
SRR

Trench W,
desired obtained
Flow rate
4 Passivation Etch
overlap overlap

SFs

CsFs

qation Etching

active time active time

oY
)

University of Twents
The Netheriands

Some examples
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Anodic etching of Si

3 |
porous ‘polishing
t
<
E 2 i'ps —
1k 698K 31596
g 0 5 10 15
— AV
b H.}%-.}s}%l 113 nm =
M University of Im::ﬂ
The Nethoriands
Equipment

_MESR*

from: http:/iwww.ammt.com/

on pi

i)
e
University of Twente
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Pores in Silicon
in aqueous Electrolytes

p-Si 4—’/’)\: n-Si

| [mA cm=]

*»5nm

- in the dark
- illuminated

- front side illumination

M - back side illumination

JURY” Lifeo3y) Ief[opowI0d e wWRl SIMYEWOP” [31- IUN' S MMM d]Y WOy

Regular pore formation

Influence of the space charge region (SCR)

n-5i (100]

M wnized donor (e g P

O hoke

& electron

photo-electrochemically controlled process

http: ffwaew . mpi-halle mpg def~porous_m/Si_pore_growth, html

_MESR*

&
University of Twente
The Netheriaads
silicon/solution interface
X _— , — d T 3
3
: :
¥ ¥ -4 "
¥ e 3 i
¥ £ Fy
Fi I - i e
q !‘ i 7
’ o g Q 1
i 1 I‘. I
"‘ oy .' ‘l- [
n-type silicon \ porous silicon

random process

RL.Smithea. J ApplPhys. 71, R1-R22 {1992)

&
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d examples

A’

Procedure an

" | Photolitography

o KOH
| anisofropic etch |

~ Mask removal

| Macroporous

- | anodization 1 SELER TS
a ' b = 100 pm =i c b 5um =
& Asymmetric pores in a silicon membrane acting as massively parallel brownian ratchets” 5 o {g
M_ S. Matthias & F. Muller, Nature 424, 53-57 (2003) nivarsity of Bunuts

Porous silicon membranes in microchannel

Porous Si

Switching of conditions during efching:

* porous Si formation (low V)

Si substrate

Pore size ~ 10-50 nm

* izotropic efching (high V)

&

M University of Twente
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Porous Si micro hotplates for chemical

sensin

Wps [Osin 3 poysi
s anpnmusSi H e~

100x100 pm membrane

poly Si heater, Pt temp. sensor

30 mW for 300 2C

2.2 pm po. 5i, size 19-55 nm, 75 % po.
eff. surface area 270 times geom. area

b

ofe %
-m University of Twente
The Netheriaass

@ (2] SUMMARY

AN ALLY SURFACE
; MICR: INED

TS
CYACWTRY e

ELECTROPLATED [
METAL [

DEEP
REACTIVE @
ION ETCH

ANISOTROPIC
WET ETCH

L

Ref.: BloMEMS 99, Prof. G. K
Stanford University

IE0TROMC
WET ETCH

Fusion Bond
(Thin Oxide Layst)




