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The micro/nanofluidic world

Alumina

Silica

—_— 500 nm Silicon

Man-made flow systems: porous solids, glass capillaries, fluidic chips
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5000 nm

50 nm x 100 nm

N.B. At the same scale ! ' T'i



Top down Bottom up
(Microfabrication) (Self-organization)
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Top-down approach:
same principle, smaller tools

to millimeters to micrometers
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Top-down and bottom-up
nanofabrication

Microelectronics
top-down approach, build in place

N \
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Nanotechnology
bottom-up approach, self-assembly

01-10pm |,

1—100 nm
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Batch microfabrication process (IC's)
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The core technology: photolithography

(x,y,0) alignment of uniform UV exposure illumination
e PLLLLLLBBIRRIIILLY

prn— I ~ ;___A chrome on glass photomask
111 111

F Photoresist (FR)
latent image created in | substrate wafer

photoresist after exposure

o

wet chemical development

N

IS LA /Y I I I
NEGATIVE PHOTORESIST POSITIVE PHOTORESIST
Photoresist is photopolymerized where EXxposure decomposes a development
exposed and rendered insoluble to the inhibitor and developer solution only
developer solution. dissolves photoresist in the exposed areas.

R. B. Darling / EE-527
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Photolithography and pattern transfer
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Typical equipment: mask aligners
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Working environment: clean room

Eit
Fig. 2 Clean Foom Composiion =  —
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Computer-aided mask design
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Mask fabrication e.g. by laser beam writing

ACOUSTO-OPTIC
[AILATOR

ACOUSTO-QPTIC
DEFLECTOR
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Alignment and exposure systems

CONTACT ALIGNER PROXIMITY ALIGNER PROJECTION ALIGNER

UV lamp

( "" lens

R RR RR

| ’ mask h—_—i h———i
i ————

substrate wafer

2 operating modes:
contact for expose,
separate for align.

less wear on mask, but
poorer image than from v

a contact aligner. =

Projection systems use imaging optics
in between the mask and the wafer
that reduce the image by a factor 4-5

a)
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Limitations of optical lithography

Projection lithography works at Light |
1 : - - - source
Rayleigh diffraction limit.
conderiser R IT T THEETTRT TS
. I
Resolution: R=k — Cronglass [ —
NA mask -ww

NA=numerical aperture (0.5-0.6)
A=wavelength reduction

k, depends on process (0.4-0.8) optics
Note: for these values, R = A ' |
image in
resist on
| wafar

Depth of focus: DOF =Kk, W

Advanced litho: k,=0.7
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Timeline optical lithography
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Towards optical nano lithography

e Lower wavelengths: deep-UV excimer lasers KrF 248 nm, ArF 193
nm, F, 157 nm* (lens/mask transmission issues)

e X-ray: A=0.8 nm (synchrotron source needed)
= Higher contrast photoresists (theoretical limit lines & spaces: k,=0.25%)

e Improved optics & immersion lithography, i.e. liquid between lens
and substrate (NA=1.3* with water; absorption issues)

*R =30 nm, DOF =65 nm

= scanning beam lithography: next slide

P
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Direct-write electron beam lithography

At 100-keV e-beam energy, A = 3.7 pm
With typical NA = 0.001, R =4 nm

Limitations: charging, speed

33nm Trenches B
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Mask-less photolithography

Scanning electron-beam writing - see before
(also possible with focused ion beams -see after)

Zone-plate array lithography
Holographic (interferometric) lithography

"Soft" lithography (imprint lithography)

F
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Zone-plate array lithography

MESA.,. R. Menon et aI., Materials today, Feb. 2005, P. 26 University of Twente
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Zone-plate array lithography

Incident Radiation

L I B B R B

A
L8 TR | I
\\ i i 1
,‘\ i i I
YV Mg
LT K
f ‘E; ! ',:"
\y 04 . L.
i;:. ','* (Left) Focusing principle of a zone plate.
t‘,.'rr The zones are arranged such that light
from adjacent zones interferes
constructively at the focus.
Simple Diffraction:
sin(0) = 1:13

(Right) Scanning electron micrograph of
the central zones of a zone plate.

k,=0.32, NA=0.85, A=193nm: R=70 nm
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Laser interference lithography

Lens H
UV-laser Pinhole

Lloyds mirror &
substrate holder

Principle: interference of two beams creates sinusoidal intensity gradient
across substrate with photoresist. Period of interference pattern is:

I
23nQ
Thus, the exposed pattern can have a pitch smaller than A

p:

P
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Some results: parallel lines in silicon
PEK/BARC on Silicon

Cleaved edge,
silicon wafer

» Resist thickness ca. 70nm

« BARC breakthrough etch
using O, flash (100mTorr,
20sccm, 100W, 15s).

» RIE in O,:CHF, fluorine
plasma (30mTorr,
5scem:25scem, 350W,
1min).

* Gratings at P=140nm.

400 nm

Residual BARC layer on a silicon
P = 140nm (©=72°) ribbon of 10-15nm thickness.

MESA+ R. Luttge et al., Laser interferometric nanolithography using a new positive f'lrj

chemical amplified resist, J. Vac. Sci. Technol. B, in press NATRSERRL O Tuante
e Netherlands



Multiple exposure interference litho

Change in nano-dot pattern leads to change in
anisotropic wetting properties (R. Luttge,
unpublished)

18 Gbit/inch? array of photoresist dots
on sputtered platinum thin film

(R. Luttge et al. J. Vac. Sci. Technol. B,
In press)

e
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Soft lithography concepts
|_I_I_I_I_I_I_|
1 11 [
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NIL, nano imprint lithography, SFIL, step-and-flash imprint
uses hot embossing lithography, uses a liquid resist
which is cross-linked by UV
G
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Nano imprint lithography (NIL)

hard stamp (Si)

polymer (PMMA)

imprint: T>Tg, high p

release at T<Tg

A
-

(RIE)

residual layer removal

Delormation

Glassy State Rubbery State ;"Flow State

o

/

/

— |

T, T
5 f

Temperature

Glassy state: no flow; rubbery state: reversible deformation;
flow state: irreversible, viscous flow

For NIL: flow state needed: thermoplastic, non-crosslinked polymer

(e.g. PMMA or PS)

MESA-i- Empirical rule: Imprint at 70 to 100 °C above T, nd

B
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Example nanoimprint lithography

Silicon stamp (made by e-beam) Imprint into PMMA

(b) 1pm

Review: C.M. Sotomayor Torres et al. Mater. Sci. Eng. C 23, 2003, p. 23 o

#,M,E“S”A.,* University of Twnkn::

The Netherlands



Example nanoimprint lithography

High resolution NIL:
=] =1} nmM

B41136 3.56  H3BAR°hE.dne 283834 3.0k HEINK

master in SiO, imprint in PMMA metal structures
after lift-off

-

MESA+ S. Y. Chou, Nanoimprint Lithography, Ch. 2 in: Alternative Lithography, )
MILOA  C.M. Sotomayor Torres, Ed. 2003, Kluwer Academic, NY Saingrsky of tmduis



Nanochannels by NIL

a b

b/a=1
—-=-d =1000nm

Nanochannel Height (nm)

0+————+——+—+—+——+—
0 100 200 300 400 500

Initial polymer thickness t (nm)

L.J. Guo e.a. Nano Lett. 4, 2004, p. 69
[
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Step-and-flash imprint lithography (SFIL)

imprint into low viscosity, photocurable
organosilicon liquid

UV flood exposure for curing

stamp is:
a) hard & transparent (silica, quartz) for UV-NIL
b) soft & transparent (PDMS) for "soft UV-NIL"

"
&

5 ) . S
MESA Picture property of Molecular Imprints Inc. University of Twente



Resist dispensing pattern
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Step-and-stamp lithography

(a)

(b)

(d)
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Microcontact printing (uCP)

Example: Application of monolayers on gold

PDMS
pour on cure & stamp
1 PDMS — peeloff - .
— [ L 1

master
soak with ink

gold W | printing

monola)7 substrate thiol or thioether ink

wet etching
>

——

+ Slide courtesy of Jurriaan Huskens, MNF, MESA+ f'_,
MESA Y. Xia and G.M. Whitesides, Angew. Chem. Int. Ed. 37, 1998, 550 University of Twente
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Industrial uCP: Philips' wave printer
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Fig.4 Six inch silicon wafer comprising repeating Zxicm?
units of botlom gate plastic electronic test circuits with
microcontact wave printed gate and source-drain gold

electrodes.
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Master & stamp fabrication

Hard, non-transparent stamps (NIL, SSIL):
Si processing (optical lithography, e-beam)

Soft stamps (mMCP, CFL, soft UV-NIL):
hard masters via Si processing followed by replica molding

Hard, transparent stamps (UV-NIL, SFIL): silica/quartz processing:

a) b) c) d)
fused silica patterning by etching into Cr etching into
with Cr and e-beam silica by RIE

e-beam resist

F
MES A+ University of Twnkn*::

- The Netherlands
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Pattern transfer: Bulk machining

General procedure:

= Application of a masking (protective) material

= Patterning of material by photolithography and selective layer etching
= Selective bulk etching

isotropic anisotropic directional

\

\
\ crystal plane Y
e

MESA-,. University of Twente

T The Netherlands
mmmmmmmm Manctachnology



Example: anisotropic etching of silicon

{ ¥ il
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Example: Isotropic etching of silicon

PN
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Deep Reactive lon Etching (DRIE)

Principle: Sk, gas etches the silicon
O, gas passivates the sidewalls

| sotropic or directional, depending
on the settings

||

MASK

SF_, CF..

e b

[N

COxFy

2
h

University of Twente
The Netherlands



Deep RIE via "Bosch process”

"scallops"
p =700 nm

T
ﬁ First Etch
e

Passivate

Start of Second
Etch

Second Etch
Continues

"
&
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Irstibate for Manctsch nology

Focused ion beam etching

500 nm structuresin ZrO,

Glass cap'tliary-r-
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Surface micromachining: basic scheme

deposition of sacrificial layer

patterning of sacrificial layer

deposition of structural layer

patterning of structural layer

release etch

2
h
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nanochannel 50nm ID

E4T- 100 SgWIATUE Dot Cec 2305 — Pl B e e R e
Wwi= H ir‘; ;-?:m iI: :EF:S T?’ua I :1;;-4 Mbog- 710AKE |— | Wh= imm Frosahe =840 Tirm 15.J6A€

ST

Microneedles
15x5x0.4 pm3

J.Emmelkamp, An integrated micro bi-
directional dosing system for single cell analysis
on-chip, PhD thesis, Univ. of Twente, 2007

3,568 Sk 4 -
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Nanochannels by directional etching
and sacrificial layer etching

A RN

T

=

Step A from: Kim e.a. Appl. Phys. Lett. 79, 2001, p.3812
Complete proces: Tas e.a. Nanolett. 2, 2002, p.1031

Etching time (L = 0.64 mm) is 15 hrs'!
G
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Sacrificial layer removal requires patience

It took tens of ppms of the age of
the universe (i.e. million years) for
nature to remove the softer layer
and create the arch

It takes tens of ppms of the age of a
| microfabrication expert (i.e.

e 100,000 seconds) to remove the
sacrificial layer and create the

nanochannel

"
&
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Removal of layer in microchannel

1800

5 3
2 ///’4
8 1200 —
g 1000 width; |
S 800 g um
2 s00 = d=5um
o i
— = um
£ o @ o g=emim)

U | ]

0 500 1000 1500

time (min)

2 um poly-Si layer in 25 wt% KOH solution at 74 -C

J.W. Berenschot e.a. J. Micromech. Microeng. 12, 2002, p.621
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Stiction caused by surface tension during drying

time

Theoretical model: Mastrangelo e.a J.MEMS 2, 44 (1993)

Review: Zhao e.a. J.Adhesion Sci.Technol.17, 519-546 (2003)

spring
I?(t) — 0
o |
2(V)) ) liquid rj(r)( 1
substrate
0 r=r,
I I I I I
e~
b —
L
20
-
O
2 L
m —
T& i decreasing V;
o
~ L
1.0 VG
[ | | | |
0.0 0.5 1.0 1.5 2.0
z/h




Maximum dimensions without stiction

JINN L

A ]
-~ -
5 FEi
(a) - >
For other L RP| —_
structures: max ? maX ! max

o

Et*h? dy

Microstructure

I

Doubly clamped beam

square plate

Circular plate

512 oph?e
05 W,

5022 aph’s
01 W,

17 aph?t
T W,

H_li(h): I86E: h2
TR T
A0E IR
31— D)W,

v: Poisson's ratio
og: residual stress
E: Young's modulus

L, w, R, are the length of the doubly clamped beam, width of the square plate and radius of the
circular plate, respectively

Zhao e.a. J.Adhesion Sci.Technol.17, 519-546 (2003)
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How to use stiction

X
i'ﬂf liquid i
O Iy ] L e
¥ w B

Tas e.a. Nanolett. 2, 2002, p.1031
Etching time is 4 min.

&
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Nanochannels by etching and sealing

1

Void formation in a 6-pm-thick BPSG
glass layer deposited over template ridges
with h=6.4um, w=4um and d=3um: a. as
deposited, b. and c. annealed at 1050 °C
for 4 and 12 hrs, resp. Annealing causes
reflow of the glass layer

Callender e.a. J. Mater. Res. 20, 2005, p. 759

B
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Nanochannels by etching and sealing

Signal A = InLens  Date :28 May 2002
Photo Mo, = 3077 Time :15:32:51

bonded surface T

height 50 nm
Pito N, = 5080 Time 185008
2
MESA'!' J. Haneveld e.a. J. Micromech. Microeng. 13, 2003, p. 62 v L
niversity of Twente
——e e The Netherlands



Channels with integrated electrodes

Electrode deposition

Deposition silica insulation

CMP

Channel etching

Direct bonding

E.J. van der Wouden e.a.
Coll. Surf. A 267, 2005, p. 110

b
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Chemical mechanical polishing, CMP

Polishing Slurry
)

Pressure

Polishing Head

Polishing Pad

Effects of CMP:

< Reduction of roughness

= Surface (chemical) conditioning
e Planarization

£
_Miw IlniuarnitiLnL"‘F::E‘l:
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Nanochannels by assembly

AEM T’l? _., Deposition Source

dfuun
s LLE
s L

v v i"ir

f_a— - . e ——
I,- 2 0 : ./- \‘-1 ﬁ
| | .
A Draw fiber from 1* polymer droplet p |Vapor deposit metal, glass or parylene

Snlvent Solvent

-

Join fiber into 2" polymer droplet Di-.nom polymer, leaving capillary

Edge
siﬂmtéi/ Fabrication methods for forming and using polymer fibers.
= (A) drawing fiber from liquid polymer droplet
- (B) attaching drawn fiber into second droplet to
complete a suspended beam
- (C) alternative to (B): drawing multiple suspended fibers in
c B Anayiottips parallel
(D) overcoating polymer network
(E) dissolution of the polymer to produce a suspended
capillary network

b |
&

M ESA+ Harfenist e.a. Nanolett. 4, 2004, p.1931 University of Twente
retibate far Manctschnology The Netherlands



Nanofluidic interconnections

Y

F
M Esn+ Harfenist e.a. Nanolett. 4, 2004, p.1931 University of Twente
irmfibute for Mancesshnolooy The Netherlands
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Bottom-up nanotechnology:
atomic/molecular assembly using AFM

(a) N Right: Fountain pen

i
ortlet hole

TEREmOIr
N -
| =—=a=
s} M

(@) AFM cantiever (D)
: Confinement of

. veo B4 LRl et 8 O ] | electrons to
V=0 § E "u"l ] E L Ty L o o Sl e n n
! g | B i quantum corrals

on a metal surface,
using STM

Substrate

(c) (d)
v<o v T

AFM with electrophoretic

m,
<
v
o

control of molecules R.D. Piner e.a. Science 283, 1999, p. 661
S. Deladi e.a. Appl. Phys. Lett. 85, 2004, p. 5361 4}

h

MESA"' K. Unal e.a. Appl. Phys. Lett. 88, 2006, p. 183105 University of Twente

The Netherlands

M.F. Crommie a.a., Science 262, 1993, p.218



Nanowires and nanotubes

" a " @
I B & ____F_E ol
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VLS mechanism (Au o .
) L&LD

//‘_"‘“\ Si Si ’

) n
Growth and representative 2] [b]
structures of (a) uniform B - O el — — S E—

i i ; o T Axial growth
smgle-c_:rystal semlconductqr ol bin Axial growth ¢
nanowires, (b) axial nanowire p— i
T — MENNNNN T —

heterostructures, and (c) prTpm— T T r——

radial nanowire
heterostructures.

C.M. Lieber, MRS Bulletin
July 2003, p. 486
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Carbon nanotubes

Image sequence of a growing carbon nanofibre. The images are acquired with TEM in situ with
CH,:H, = 1:1, total pressure 2.1 mbar, sample heated to 536 °C. Scale bar, 5 nm.

Atomic-scale imaging of carbon nanofibre growth o
MESA* S. Helveg et al., Nature 427, 426429 (2004) ORI,

IS e sl e A The Netherlands



Liguid-filled carbon nanotube

Low magnification TEM micrographs
showing a liquid plug in the
nanotube.

Y. Gogotsi et al.
Chem. Phys. Lett. 365 (2002) 354
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Nanopores by anodization: silicon
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Procedure and examples

Si Photolitography
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anisotropic etch
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M ESA Asymmetric pores in a silicon membrane acting as massively parallel brownian ratchets, Biiinciite of TwnLlItE
S. Matthias & F. Mller, Nature 424, 53-57 (2003) N Natkariints
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Self-organization of pores
INn anodization of aluminum

Alumina

Silica

500 nm Silicon

Self-organization: mechanical stress induced, see A.-P. Li e.a., J. Appl. Phys. 84, 1998, p. 6023

Cross-section picture: A. Cai e.a., Nanotechnology 13, 2002, p. 627 P
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Self-assembly In block co-polymers

Diagram of microdomain morphologies of
diblock copolymers, for varying volume

fraction of components. Morphologies range
from spherical (S) to cylindrical (C) to gyroid
(G) to lamellar (L). The molecular weight of
the block copolymer dictates the size of the
microdomains, typically 10 nm. From C.J.
Hawker e.a., MRS Bull. Dec. 2005, p.952

Examples from M. Park e.a. Science 276,

1997, p. 1401
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Self-assembly of lipids

| CR—Y
m—hmrophmc head N ||| Vecee-shaped lipid
— hydrophobic tail PN OO OPSSPS e
W forms lipid bilayer oH o L
(membrane) In water M Self-assembly

Hydroxyl groups

M. Masuda & T. Shimizu, Lipid
nanotubes and microtubes,
Langmuir 20, 2004, p.5969

lipid vesicle
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Lipid vesicles and nanotubes
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Microscopic liposome networks, filled with
fluorescent dyes. Scale bars 10 um.
MESA+ A. Karlsson e.a., Nature 409, 2001,150
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Formation of nanotube-vesicle networks.
vesicle: 5 to 30 um diameter, separation
distance: 10 and 100 um, nanotube diameter:

100-300 nm.
A. Karlsson e.a. Anal. Chem. 75, 2003, p.2529
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Summary fabrication methods
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molding/ imprinting modification
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material transport

photons - atoms - ions - molecules

particles - gels - melts
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