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Microfabrication for microfluidics
Summer School in Microfluidics

ICTP, Trieste, Italy

Han Card eniers

University of Twente

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 ?

S_dMESAJ_
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The micro/nanofluidicworld

"I iol rw ,
pr	 7!;

	

$

i:4ct. r ;j1
I -

!T:t T\1
f




I
2	 - -	 \	

f	 A				 -

JgAt

Biological flow systems (animal blood / lung,," bone capillaries, plant veins)

:

	

I

Porous solids	Glass /PEEK / stainless-steel	 Machined microchannels

tubes / capillaries
	4'

University of Twen to
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How to make amicro(nano)structure?

WRITING

I-. I I I I
remove add modify
(cut) (dispense) (burn)

dig - glue -fry

SELF-ORGANIZATION

fills	 [-" r

	

I
self-assembly self-organized

	

interference/

template	 standingwave

REPLICATION

7fEL fl-
molding/ imprinting modification

\		,	 \
1rEin_n1

	

____





materiaItran sport

photons - atoms - ions - molecules
particles - gels - melts

JgAt
4"id

University of Twente
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Microfabrication overview
lithography			 u-mechanics

(X-ray, c-beam,	 pEDM	
laser	 (milling, turning,

UV-VIS	
	ablation

	

drilling)

technique[_mask

ph)sieal /chcniical [

	

direct

etching






materials	
[

	

silicon, polymer, glass, ceramic, steel






mold insert		c- dicing

polymers




hot

	

injection
casting

embossing

	

molding






	parts	 packaging Iassembly





_.MESA_'		
mierofinidie components / systems 4"id
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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 a large number of identical components with high
packing density to get to an intelligent system of high quality

S_dMESAJ_
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Batch microfabrication

MODELING AND DESIGN

free-form geomelne",
30 solid modeis

ORIGINAL CONCEPT OF NEW
DEVICE: SPECIFICATIONS
OF PROCESS TECHNOLOGY

coopl& &eckical, mechanical
Thi tiC, An?tn?aI,c, efc analysis

COMPUTER-AIDED DESIGN,
SIMULATION.AND LAYOUT
OF MECHANICAL DEVICES

rocess

GENERATION OF MASKSOR
DIRE CTWRITE PATTERNS

I	 MULTIPLE CYCLES (US IIIG MITFIr flC'tlFCS PHOTSLrTHOGMFHICTECHliIOLITI I

1e* 41 C)IIc3
REMOVE EXCESS MATERIAL	 TRANSPERFEAT URE PATTERN	 DEPOSIT MATERLRL LAYER

	

SILICON
SUBSTRATE

(*)

	

rele3se efth
______		nrnn





UU'IJU

	

LJIIL'UcHERD		
INDIVIDUAL	 PACKAGE	 P,Cku. 'E	 FII1.L

IN TIALINSPECTION	 SECTIONING	 DIE SECTION	 ASSEMBLY	 SEAL

	

TEST

JgAt

BACK-END PROCESSING

copied from:MEMS Tutorial by M.A. Michalice
University of Twente

lb.N.tb.th.ds

Overview of Align/Expose/Develop Steps






(x,yO) alignment of	 uniform UV exposure illumination
mask to substrate

	IIIuIIIIIII,1IIIJI

chrome on glass photomask
III

	

	III
photoresist (FR)




	latentimage created in substrate wafer

photoresist after exposure	 t	wet chemical development

NEGATIVE PHOTORESIST

Photoresist is photopolymerized where

exposed and rendered insoluble to the

developer solution.

S

POSITIVE PHOTORESIST

Exposure decomposes a development
inhibitor and developer solution only
dissolves photoresist in the exposed areas.

R. B. Darling / EE-527
S

University of Twente
Tb.W.tbtH..ds






CoatingPhotoresist Spin Coatillb
resist dispenser

excess resist flies

off during rotation

wafer to be coated

C

http :/Iwww.engr.washington.edu/-camfE'ROCESSESINEWtutorial.html

JgAt
4,'i.1

University of Twente
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Photolithography pattern transfer

Resist

*ago
-		 - UV tight source

r		 Mask

Negative Resist

Lift-Off
'I-,

Positie Resist









'tchback

0*0	

'
::)

vacuum chuck

S_dMESA_		 University of Twente
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Alignment and Exposure Hardware




	CONTACTALIGNER	 PROXIMITYALIGNER	 PROJECTION ALIGNER

lens

mask

	

-
PR

substrate water

2 operating modes:
contact for expose;
separate for align.
Examples
Kaspar 17A
Oriel
Karl Suss MJB3

less wear on mask, but

poorer image than from
a contact aligner.
Examples

Kaspar-Cobilt

Projection systemsuse imaging optics
in between the mask and the water

JgAt

Examples
Perkin-Elmer Micralign

R.B. Darlül2 I FF427
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Mask aligners






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

_MESA_+			 -link to CLEVVin

"

-

- t

- -

____- -)

TIll

A single nsierofluidir chip

Alignment marks

University at Twente
lb. With,rind,

Mask fabrication e.

ACWSTOOPTIC

I ecotnToa'Tx
- - eu cues

laser beam wr
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Nanostructures f-beam lithography

U

JgAt
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33nm Trenches
	LI
University of Twente

lb. N.tb.th.ds

Etchini! features in thin films

Start e#h wthre aerdep3rnt(on:

Substrie I
AIR MINOR

Cp4andpattern mas&rtg stateS?.

I I

gt4t a.t-4_4vsE.e

2 2

Eh exposed taçtet?r ater'aL

I I

3

Stap off?ay& this aokng is atena?.

- T

4 :._c5c,-c r

copied from: MEMS Tutorial by M.A. 1Vllchalicej

S
4'LI
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Intermezzo: where to do your
microfabrication?	

LI
University si Twenle

Th. &rbrrl.,6.

Microfabrication

expert desperately
looking for a dust-free
location

E.g 3 Comparison o! Pancics

Diameter
0.001		0.01	 0.1

Etecirn

	

X"P.is

Magnetic Wave

Meteorotogeal
terms

UV-litho		rritcrocliarinel size

10		900	 11.000	 10.000

Vi	 Ray
Vioct flay				 E:,ai	 tJltr.i lnlr.rreo Pay	 M.crowa,

Ss

Fume		
"	

Dust

Mist	 - ,		Spray

Smog					 flair

-		Oirnsr	 -

iiiCi SiFuffiTypical	 Cartiai hick .1.
particles	 T			Paint	 .

Virus




Ccrrriiric-r Ar Fr.r
Range of
Removal of					

a HEPA Filter manner 999?'. ctl3rrrcro, meter notice)Particles by
Air Filter				a ULPA Filer )rrroro P4193999% of 0.1 v'cnot senor psitcinl

*STANFORD RESEARCH INSTITUTE





Size 010.1 micron
meterparticle	 Size 010.3 micron Ij Thesns.J*sl Visible sze.

meter particle		 tO micron motor
Size 01 turriari hair. rQQ mc roe rrclcr
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Pollen on microelectronic circuit

_dIIESAt		 picture. from: ttp://sww.f.uni-ldel.de/matwis/nnat'ehuaLefrkap	 --	

-

en/kap_5;'bwkbone/r5 3 1 htuü	 University of Twente		
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Humans as a source of particles

ecIiact

~Week

S

!

E.L :[256L L,RA:

Inc* (?fl? 4'LI
University of Twente

Tb. W.tb.iinds

The air we breath

LILi






Dirty people

JgAt
4'LI

University of Twente
lb. N.ib.th.d.

The people that visit a clean room..

4

	

St

Table 3 Dust Generation from Human Body and QuanlOy
Particles(I I		 lover 0 3pmt

Mor
MftN (an movemerit) 100.01M

nnga (slightly moving hoed. am and
hands) 500.000
Sitting (slightly moving bodyand loot) 1.000.000
Standing up from a sitting position 2.500,000
Walking about I meterper second 5.000,000
Walking about 1 5 motors/per second 7.500.000
Walking quickty 1 0.000,000
Climbing stairs 10.000.000
Gymnastic exercise 15,000.000 30.000,000

Kind S Movement	
	Pies. of Particles!	

Perminute (0 Urn)

Bac!ee

Kind of Movement Pies. Of eactenw
per minute

In operation	
Under strict bacterial control	 5,000	
On average	 10,000	
Without tiactorlal control	 50,000

In Laboratory	
Heavy movement	 15.000	
Medium movement	 6,000	
Slight movement	 4,000

* P P AUSTIN DESIGN S Qut"aic"i u1 Clear Roan'

(J
!\\
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...wear fancy stuff
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Fig, 5

Jl .\

Mom-
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AWFLUR
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Princiole of a clean room

F 2 Oean Acorn Cornpos4

F	 -
A

Lo ____

i

-p

	

J-.
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111111P1	 J'llW	

"	
.111111	

flIlit		 "

	

hIIhtl	
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Rxn





.\' L/tI Lj
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Local clean air 2enerahon

C-frame
stand

Blower	
Air Intakes

	

C-frame cover
4-

	

-


	

-P	 InspectionHEPA	

	Microscope<-P0-444		 0




-P

co	 Z:

Process

Equipment
Work
Stands

http ://www.engr.washington.edu/-cam/PROCFSSFSIPfEWtutoria1.html

JgAt University of Twente
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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 f! thin
was not Si but

Jack Kilby of Texas Instruments
made this, the first integrated circuit,
in 1958

JgAt

V'" 14
This device, developed by Robert Noyce in
the late 1950s, was the first commercially
available integrated circuit

4'LI
University of Twonte

Th. &tbtri.,ds

Silicon as a mechanical material

Stress (Goa

4

2

2 4 Strain (%)

stress-strain curve for silicon compared to a typical metal

S 4'LI
University of Twente

Tb.W.tbni.,d.

Intel's Pentium 4 contains tens of millions
of trnnsi storn






Silicon as a Mechanical Material

KURT B. PETERSEN, ldflthkR, IEEE

At-" silicon In heifl brrrnabr$y amployrd In c
variety uS rem commercial prndocts end because of Ia 'cell artahlinlrod
electronic proporliec, brat rather be-. of it. cordon met Iranlevl
proprrtkc Isa addition, carrot aced. le abc ..serute mdi-
oak a stowing ad- m Ste tat of aultcoa as a maclaaeital malarial
with the "i"t' goal of drrelopirg vi broad Is," of ieenpenaalae,
batala-fabricaled, hilbpreloeerarce morirro and reanaducem with are
eerily ioeerlrecd axiS no rapidly piolifctotng cnirroprocaeuoe. Ttia
eroiro deweiher the ndr.etagna of employing ailiron an a rnerh.eiral
etatrnial, hr relenarl mechanical ahanctrtirtim of diane, and ate pro'
eroded rnrhoiqam which rc spadEr to reirronerhanient itmatsarm.
Finally, the polnnriah of this aria lactrncalagy am HI.-.d by na..,-
.a. drlalkal ro.nptrs teen the

114t2-C.
It is deer thea nIkon will

rcrehcae Ic Ira aueaaaiorig exploited in na-id. candy of toocharaicat
applications rornpkornnaar' to its traditional role &a an electronic
material, Fcrthetetorr, three rtcllidiscipltasey oars of dlioot -it
.ignrillaaeaty alter thr wry we think shoal alt op pea of miniature me-
ohwairal seamen and noeapnemass,

1. Itmrnlstl.cTloh'

K.E.Petersen, Proc. IEEE 70, 420-457 (1962)

snaeialenieect mechactical deolcee and components mull he
ietngrrtrcl a, irtrefciaed with electronics such an the ecamplee

given abort.
The roetinuirn dearlapeannl ci silicon nticrcoieehaeirol

cpphaolteos is only aria aopecl of the 'tim"I technical drive

toward artiatiatericolixe which is being peeootd over a wide
front in many diverse ragateeeiatg disciplines. Certuiedy ri-iron
avireealrrtrroira oceileora so ho the went oboious racer in
the ongoing pttenitit of mieintadrttlia,a Four foetoar henn

ploynd acociol roles in this pheoemarral excuses dry: 1) she
anion material, silicon, is shundant, inexpensive, and can now
be produced and ynooenand controllably to unparalleled clue-

deeds of portcy and yn,fncaire: 2) silicon yacrraoirr& itself in
based on very thin deposited films which are highly amenable
10 mittiallianeetioel 3) definition and reproduction of thu
device shaper and patte-s arc performed using photographic
terhoiqcaen which have also histreiratlp, bran raatrlrle vi high

L

a	 -	 -- -

Wrapping o lOOurn-thick water around a post with 1' diameter,

from: httpiRorww-bsac.eecs.berkeley.edta/-mattlastiresearch/getbent/

C,)
University of Twente

Th. &Ibnrlaadn

Silicon plastic deformation at high T

4

3

.	 2
III
1,1

0

0




	0,0 	 0,4	 0,8	 1,2

bend [mm]




	Typicalforce-bond diagram for differently orientated
Si-beams at 900 °C and 0.1 mm/min bonding rate		

	40		lad

_ae11ESAI_4	

J. Fruhauf et at. J. Mtcromoch. Mtcroong. 9,305-312(1999)
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Silicon is brittle

a

owl

JgAt
4'LI

University of Twente
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Properties of silicon vs. other materials

Yield
strength
((Pa)

Knoop
Hardness
(Kg/mm')

Young's
Mothius
(CPa)

Density
(1000Kg/nY)

Thermal
expansion
(1O°/°K)

Diamond 53 7000 10.35 3.5 1.0
sic 21 2480 7.0 3.2 3.3 0

Si3N4 14 0 3486 3.85 3.1 0.8
Si 7 © 850 0 1.9 © 2.3 ® 2.33 ©

Stainless steel 2.1 © 660 S 2.0 © 7.9 17.3
Al 0.17 130 0.7 2.7 e 25

_dMESAJ_		 University of Twente		
Tb. W.tbnind.






How silicon crystals are made
Czochralski

Seed

Single Silicon Crystal

Quartz Crucible

Water Cooled Chamber

Heat Shield

Carbon Heater

Graphite Crucible

Crucible Support

Spill Tray

Electrode

JgAt

Float zone

I
4'LI

University of Twente
lb. N.tb.th.ds

Poly and mono crystals

.L1

I

SILICON SINGLE

/
- -	
	''R1vroj11q

CRYSTAL BOULE

S_dMESAJ_		 University of Twente
Tb. W.tbSnds

11! 011%,






Lit
from 10 microns

thickness

to 3 mm

I.
JgAt

Silicon "wafers

C

n O'4 JFIAT

SECONDARY	

FLAT





	FLA T

(ill) -TYPETYPE

	

	(iii) -TYPETYPE

IIIIIIIIJ QLMMY
f (15MA.Y	

JrLAT	 IFIAT
go.

WPJDARY			
TEt1DARYFLAT

	FLAT

(coo) -TYPE	 (ioo} P- TYPE

4,'
Uniciersity of Twonte
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Silicon crystal planes

Miller indices identify crystal planes from the unit cell

/MY y y
X	 'VO)	 / x	 (114)	 / X

	

(111)
Dense		MoreDense	 Most Dense

z
0latTEnci

Lattice










.0	
y

,P-MM-fink

S
4'lid
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size up to 12"(30 cm)
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Bulk micromachining of silicon

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

4,'
LI

tiniversiti at Twente
Th. N.tb.flnh.

Bulk micromachinine of silicon

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

isotropic	 anisotropic

	

directional

I

S_TwentodMESA_		 University at
Tb. W.tb.ri.,ds






Categories of bulk micromachi
an isotropic

WET	 porous	 (photo)-		
electrochemical

isotropic

DRY	

directiona

JgAt

dissolution

//	 ion beam

milling






reactive ion

etching

isotropic





plasma
etching

University of Twente
Th. N.tbtHa,ds

Silicon anisotropic etching

mask		
,7FOOSIc!FI5

pit-
Lateral
eching





exposed

()

	

L°5_*
wagon wheel pattern

(a)

C

R.A. Wind e.a. J. Phys. Chests. B 106, 1557-1569 (2002)

S Silicon test piece before and after etching
K. Sato, Nagoya University	

University of Twents		
Tb. lOtbnt.,d.






Silicon anisotropic etching

Typical conditions are: 25 wt-% KOH in water at 75 °C

{100} etches about lpmlmin

Selectivity {100} vs. {111} plane	 100

SI	 Si		
N							 -

57




	(100)						(111)

Overall chemical reaction:

Si + 40H + 4H20 -> Si(OH)62 + 2H2 (bubbles)

Jr

JgAt
(can form oligomers and ultimately silica) 4'LI

University of Twente
lb. N.tb.th.ds

Etching of 11001

<100>Su,fjce Orientation

L:ETT1
(110)

	

(tOO)

t<2) 1
pyramidal shape

S

Concave corner

Corner

cantilever

5 5;membrane

	

University of Tweste
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Result of misalignment to crystal directions

Lcosct +Bsinct

B

U, (











achieved feature

<110> directions

JgAt
4'LI

University of Twente
lb. N.tb.th.ds

Precise alignment to crystal directions
4	 I]iCl Citli lift	 4 1 lalCi cliii rile [Ant, I

I		I	 lJt II		 I	
IT

I

	

I

-6" 4 -2	 11 H	 4Th6"0 leg. -6° -4° -r II		2" 4° 6°O		
<II Ib-direci in					

'I 10>				

fI/:

B cos a + L sin a

A symmetrical etching figure arises if the mask is perfectly aligned with the [1101-direction (left).
Misalignment (right) can be detected by: (A) tapered ridges; (B) tapered grooves.

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

_.IIESA_4. From: M. Vengbo ca. ). Micromech. Microeng. 6. 279-204)1996)	
University of Twente

Tb. Welbtuinds
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Precise alignment

ll UU
-f-

ME		ME	 ME	 ME	 M

wo		 ME	 ISO	 ME

M~-
bourn=a-1 OOp

Etching of 11101 wafers

i

SPdAg membrane	
Hen cc, J, MEMS 12, 622-629 (2003)	 liniberoity of TwenteS Tb. &tbni.,d.

U
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Etching of 11111 wafers

cut	 <111>	

step etching direction1.r-u-----		I	
off-axis

t			 smooth plane	 rough steps

11111-20

i

{111}-2°

A

_JIESA!		 Oosterbroeke.a I MEMS 9,390-398(2000)

4'LI
Uniwersity of Twonte

Th. N.tbS.,t

Convex corner compensation

NARROW	
COMPOUNDCHANNEL	
CONVEX
CORNER









//	 COMPENSATION
STRUCTURE

	Simulation of etched profile

S_TwentedMESA_			 Uniwersity of
Tb. W.tbni.,d.






Etch stops for KOH etchin

" 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)

4,'hi
University of Twente

Th. Netbtth.ds

Boron etch stop
Ii

10'

I

10-I

S

fl Jjtt.... LjI

KOH
CConcentration
a100/0
0 24% 4

7: t; .jhH_L Jl<100> Silicon I'--t-----' -
60°C -

11L1
10" 10" 10" 1020

Boron Concentration (cm-)

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

Boron layer by:
-diffusion
-implantation
-epitaxial growth

4''-I
University of Twente

Tb. WetbS.,ds

Membrane






Boron etch stop






	(110)	 (110)

Y,			 ]I
3001

2500

2001

E
	150C

1000

SOC

1'

Etch stop
2J4._ concentation

xP+t

1000°Cp0° 00$100S11040 Goutialnqtt
xn-Si 1000°C: - - 1000°C

1010 'C AP-S: 1050°C:
+ri-Si 1100°C: 1550°C'

1100 "C-So-Si
On-S .

--

_---0

--4- $ -
'"0	 0.5	 1.0	 1.5	 20	 2.5	 3.0		

t[hrj

membrane thickness vs. diffusion conditions

JEW
4'&I

University of Twente
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Electrochemical etch stop

'nets

n-type
(or epi-

cathode

littiati

CURRENTvs APPLIED POTENTIAL

a

I-.
a
a
a

JEW

Tiggeloar ca. Sans. Act, A 119, 196-205 (2005)

4'LI
University of Twente
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-10 '55 -1.4 -1.3 -1,2 'it -5 -9	 9 -1 -5		5 -.4

VOLTAGE IV)






Example silicon microvalves

%; F)

	4{
/tN9

!4	 C
_(1

5








JW)t

cS

JIESL+	 Source: HSG MIT, ViIIingen-Schwenningen, D
4'LI

University of Twente
lb. N.tb.th.ds

Isotropic etching (wet

Mixtures of F1N03 - HF in water or acetic acid (HNA
Etch rate 1 pnhinlln (but can be much higher)

fl A A fl A'

S

[cj








A	
-

a

4'LI
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Isotropic etching using HNA
Silicon Anodic Site

	

Etchant Solution

Si + 20H- -> Si(OH), -* SiO, + H,O

Si° + 2h		 S12
-		
	S102 + 6HF H,SiF6 ± 2H,O

HNO,+HN03-*N,04+H-,O
V		

\ N704i->2N01

2N0., -* 2N02 + 2h		2N0, ±2W +-> 2HNO,




	HNO3	 NO3- +H+
Silicon Cathodic Site
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Isotropic etching etching rates

HF (49%)
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(2) is area for polishing, gives
smooth surfaces

Closer to (1) gives higher
roughness

HNO3 (70%)

100

0

R. B, Daithig EE-527
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Smooth microchannels

with silicon nitride mask

Ionbeam etching (dry

4V
-0

Material removal by physical impact etching is directional
Ionized inert gas (e.g. Argon)
Etch rate S nrntmin

03

Vacu oil

S
	çPhotoresiststill on pattern)

Paul May, Bristol University 1997
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Focused ion beam etching
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Reactive Ion Etching (RIE

High energy " " 41
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Deep Reactive Ion Etching (DRIE)

G,ecJtcc

Races gasses ir1et
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Deep Reactive Ion Etching (DRIE

SF6 gas etches the silicon
0 gas passivates the sidewalls

Isotropic or directional, depending
on the settings!

Etch rate > 5 jinilmin

T = -110°C

CF
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Deep RIE via "Bosch process

rFtJ:

JgAt

	desired		obtained

Flow rate

Paasivation

	

Etch

overlap

	

overlap

H-H__H
SF

linte

1 + H
Passivarion	 Etching
active time		activetime
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Anodic etching of Sl*
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Pores in Silicon
in aqueous Electrolytes

p-Si

	

n-Si
illuminated
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Regular pore formation
influence of the space charge region (SCR)
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m 'onced donor (e q P)		
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Otiole porous silicon

n-type silicon

electron

photo-electrochemically controlled process

	

random process
R.L Smith a a J Appi Phys. 71, R1-R22 (1992)

http.llw.mpi-halls mpg ,de/-porous_m!Si_pore_groth, html
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Procedure and examples
Si Photolitography		 ISIS
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KOH

anisotropic etch	
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Assrrrnetric pores in a silicon membrane acting as massively parallel browrnan ratchets
S. Matthias & F MUller, Nature 424, 53-57 2UU3)
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Porous silicon membranes in microchannel

Porous Si

Switching of conditions during etching:

porous Si formation (low V)

isotropic etching (high V)

_Twent edMESAJ_		 University of
Tb.
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Porous Si micro hotylates for chemical
sensing

a






















-'			 '-	 "pSI	 SIN		Poly Si			

nSi	 C porous Si	 "

	

Pt

1OOxlOO pm membrane

poly Si heater, Pt temp. sensor
30 mW for 300
22 pm po. Si, size 19-55 tim, 75 % p0.
eff. surface area 270 times geom. area
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Ref.: BioMEMS '99. Prof. G.
Stanford University


