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Pushed to the limit: Phase-shift Photolithography

Rogers, …, Whitesides,
Appl. Phys. Lett. 1997, 70, 2658 :

90 nm linewidth demonstrated

Michel, B.; Bernard, A., et al. 
IBM J. Res. & Dev. 2001, 45, 697-717.

Δϕ = k Δs = k n Δl = π

doubled contrast
→ +25 to +100% resolution



Intel: 30 nm

A long story…

Bell Bell transistortransistor
you already know about Moore Law !

best consumer gate length 
in production: ~65 nm

absolute better result:
20-30 nm

in ~6 decades…

d(t)=dd(t)=d00 2 2 ––t/3t/3

N(t)~1/AN(t)~1/Aunitunit~1/d~1/d22=(1/d=(1/d00
22)2)22t/32t/3
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Masterpieces of weak interactionsMasterpieces of weak interactions

variety of side chains variety of side chains 
(from e.g. single H Glycine (from e.g. single H Glycine 
to doubleto double--ring Tryptophane) ring Tryptophane) 

the chain curls up:the chain curls up:
secondary & tertiary structure:secondary & tertiary structure:
protein foldingprotein folding

•• H bondH bond
•• electrostaticelectrostatic

attraction between attraction between 
polar molecules polar molecules 
((salt bridgessalt bridges))

•• vdWvdW between between 
negative e clouds negative e clouds 
of one atom & of one atom & 
positive nuclei positive nuclei 
of anotherof another

•• hydrophobichydrophobic
interactionsinteractions

•• disulfide bonddisulfide bond: : 
covalent, covalent, 
but easily but easily 
formed/broken formed/broken 
in physiological in physiological 
conditions conditions 
(helps stabilize (helps stabilize 
3D cell structure)3D cell structure)



SelfSelf-- assemblingassembling

alkanethiolates alkanethiolates 
CHCH33(CH(CH22))nnSS--

Au (111)Au (111)

definition:definition: spontaneous organizationspontaneous organization of molecules of molecules 
(opbjects) (opbjects) into stableinto stable, well, well--defined defined structuresstructures
by by nonnon--covalentcovalent forcesforces

driving force:driving force: thermodynamicthermodynamic equilibriumequilibrium
final structure:final structure: determined by the subunitsdetermined by the subunits

chemisorptionchemisorption
and selfand self--organization organization 
of longof long--chain chain 
organic moleculesorganic molecules
on flat substrateson flat substrates

in 3D world of biology:in 3D world of biology:
folding of proteins,folding of proteins,
formation of DNA helix, formation of DNA helix, ……Self Assembled MonolayersSelf Assembled Monolayers

Laibinis,Laibinis, Whitesides, etWhitesides, et al.  al.  
JACSJACS 1991,  113, 1991,  113, 152152

head group

(√3x√3)R30° structure



1 cm

Image of Gold Surface Patterned with
Hydrophobic and Hydrophilic SAMs

1 cm1 cm

Image of Gold Surface Patterned with
Hydrophobic and Hydrophilic SAMs

How to obtain SAMs

Xia, Y.; Whitesides, G. M. Angew. Chem., Int. Ed. 1998, 37, 550. 
Michel, B.; Bernard, A., et al. IBM J. Res. & Dev. 2001, 45, 697.

STM Image



MicrocontactMicrocontact PrintingPrinting

a-c: Silver,
e: Gold,
f: copper

a, b: rolling stamp

g, h: metal as etch
mask for silicon

Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 



The Core Material of Soft LithographyThe Core Material of Soft Lithography

-[Si(CH3)2-O]-n

Poly(dimethyl-siloxane)

• Transparent
• Low Thermal Expansion
• Chemically Inert

• Reusable for patterning
• Best Resolution: 2-10 nm

• Environmentally Safe



oldest & easiest Soft Litho: Replicaoldest & easiest Soft Litho: Replica Molding (Molding (ReMReM))

PDMS master

PU mold
Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 



Masters & Molds / StampsMasters & Molds / Stamps

Master fabrication:
E-Beam FIB

Photolithography Micromachining

Holography SPM lithography

Master

Cast/Mold
stamp 
material

Mold / Stamp

Pattern

Replica molding

Advantages:
• keep Master safe
• tune material to application:
PDMS, PC, …

Mold / Stamp fabrication:

Silanized

Rapid Prototyping



CD microCD micro--imprinting: Soft Litho ante litteramimprinting: Soft Litho ante litteram

K. Pohlmann, The Compact Disk Handbook, A-R Editions, 1992 

1 master

1 father

3-6 mothers
3-6 sons (stampers)

injection molding

50-100 nm Al or Ag (Au)
10-30 μm acrylic

toptop--viewview
of the pitsof the pits

photophoto
lithographylithography

replication replication 
# 1# 1

replication replication 
#3#3

replication replication 
#2#2

embossingembossing

glass



μμ--contact printing problemscontact printing problems

d≥20h(h/l) range is 2.0-0.2

d (.2-20 µm); h (.5-200 µm); l (0.5-200 µm)

Sylgard 184

h-PDMS
Michel, B.; Bernard, A., et al. IBM J. Res. & Dev. 2001, 45, 697. Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 



Improved MaterialsImproved Materials

Odom, T. W. et al. 
Langmuir
2002, 18, 5314. 

L
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hard PDMS,
EYoung: 
~2 ~2000 MPa



main soft litho techniquesmain soft litho techniques

(hot) embossing,(hot) embossing,
imprintingimprinting

controlled pressure controlled pressure 
(and temperature)(and temperature)
hard or thermoset hard or thermoset 
(PC) stamp(PC) stamp
(for master preservation)(for master preservation)

μμcontact printing: contact printing: μμCPCP
transfer of a SAM transfer of a SAM ““inkink””
hard or elastomeric hard or elastomeric 
(PDMS) stamp(PDMS) stamp
(for conformal (for conformal 

contact)contact)

μμmolding in capillaries MIMICmolding in capillaries MIMIC
μμtransfer moldingtransfer molding
solventsolvent--assisted assisted μμmolding SAMIMmolding SAMIM

replica moldingreplica molding
hard stamp hard stamp 
elastomeric replicaelastomeric replica

mold assistedmold assisted
Haisma JVSTB Haisma JVSTB 14 4124 14 4124 ‘‘9696

Kumar APL Kumar APL 63 2002 63 2002 ’’9393
WhitesidesWhitesides

Pisignano JVSTB Pisignano JVSTB 22 1759 22 1759 ‘‘0404

alkanethiol (HDT) alkanethiol (HDT) 
ink transferred ink transferred 
→→ Au/Ti: SAM, Au/Ti: SAM, 
∼∼ resist resist ……

(300 nm res)(300 nm res)

moldmold--substrate substrate 
cavities filled with cavities filled with 
side drop; baking side drop; baking 

(1 (1 μμm res)m res)

negative of a negative of a 
mastermaster

(30 nm res)(30 nm res)

mold loaded mold loaded 
with polymer, with polymer, 
upsideupside--downdown
(200 nm res)(200 nm res)

solvent solvent 
transferred transferred 
→→ polymer: polymer: 

blowblow--upup
(60 nm res)(60 nm res)

direct direct 
transfer by transfer by 
hot polymer hot polymer 
compression compression 
(50 nm res)(50 nm res)

compression compression 
of a resist,of a resist,

RIE developRIE develop……
(10 nm res)(10 nm res)



MicroMoldingMicroMolding in Capillaries (in Capillaries (MiMICMiMIC))

a: PU on Si
b: polyaniline
c: ZrO2

d; polystryene colloids
e+f: free standing PU

Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 

z
R

dt
dz

η
ϑγ

4
cos

=

η: polymer
viscosity

γ: surface
tension

R, z: capillary
section &
length

θ: filling front
to channel wall
angle



MicroTransferMicroTransfer Molding (Molding (µµTM)TM)

a+b: PU c+d: epoxy e+f: solgel
Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 



Solvent Assisted Solvent Assisted MicroMoldingMicroMolding ((SAMiMSAMiM))

photoresist on
a: SiO2
b: polystrene
c: ABS

Xia, Y.; Whitesides, G. M. Ann. Rev. Mater. Sci 1998, 28, 153. 



NIL (or HEL)NIL (or HEL)
in PMMAin PMMA (T(Tgg~105 ~105 °°C):C):

NIL:NIL: patented technique (1998 US) by Choupatented technique (1998 US) by Chou
APL APL 67 3114 67 3114 ‘‘9595, , ScienceScience 272 85 272 85 ’’9696
~~200 200 °°C, C, ~130 bar <~~130 bar <~1900 psi1900 psi
holes 25 nm diam., 120 nm periodholes 25 nm diam., 120 nm period
trenches 60 nm width, 100 nm depthtrenches 60 nm width, 100 nm depth
lineslines 50 nm width, 175 nm gap, 50 nm width, 175 nm gap, 150 nm height150 nm height

a.r.=3 collapseda.r.=3 collapsed

HEL:HEL: by Jaszewskiby Jaszewski
μμeE eE 41/42 575 41/42 575 ’’9898
MW 25kMW 25k--500k500k
thickness 50thickness 50--300 nm300 nm
130130--160 160 °°C, 20C, 20--100 bar100 bar, few minutes, few minutes

+ transfer of 20 nm dots/lines+ transfer of 20 nm dots/lines
into Ni on Au substrateinto Ni on Au substrate
demonstrated (better than EBL!)demonstrated (better than EBL!)

-- mastermaster--target separation (use OTS)target separation (use OTS)
-- imprinted film residual layer imprinted film residual layer 

on the substrateon the substrate



Pressing toolPressing tool
•• ““homehome--mademade”” or professional (isobaric demolding)or professional (isobaric demolding)
•• usually fast heating/cooling not necessary usually fast heating/cooling not necessary 
(some 10 minutes, but also: shock cooldown by liquid N(some 10 minutes, but also: shock cooldown by liquid N22!) !) 

•• usually vacuum not necessary (but helps remove airusually vacuum not necessary (but helps remove air
bubbles and water vapor from interface)bubbles and water vapor from interface)

•• large areaslarge areas
•• ballball--joint for joint for parallelismparallelism
•• cushion layers against cushion layers against unflatnessunflatness
(uneven pressure)(uneven pressure)

Obducat “Eitre2”

(Nanonex, Suss Microtech, …)



Elastic regimes in time on compression Elastic regimes in time on compression 

compliance Jcompliance J: : 
~1/E,~1/E,
adaptation to adaptation to 
mechanical stressmechanical stress

similar to phase transition :
3 regimes of reaction

since the difference in time scales is of orders of magnitude,

to observe the different regimes one has to operate on T

viscous fluid:
imprinting

regime

MWMW ττCC TTgg

thermoplastic behaviour of polymers depends mainly on MWthermoplastic behaviour of polymers depends mainly on MW



MicrocontactMicrocontact Printing Printing DNA, ProteinsDNA, Proteins

S.A. Lange, V. Benes, D.P. Kern, J.K.H. Horber, A. Bernard, Anal. Chem. 2004, 76, 1641.

H. Wolf et al. IBM Journal of Research & Development. 2001, 45, 697.



Mosaic ImmunoassaysMosaic Immunoassays

A. Bernard, B. Michel, E. Delamarche, Anal. Chem. 2001, 73, 8
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(injected) analytes

economy of reagentseconomy of reagents
and timeand time



Lab on a ChipLab on a Chip

• goal: to automate & speed up lab analysis
normally made by humans

• miniaturized means portable & disposable
(health care, terrorist attack reply, …)

• no conducting wires as in electronic relatives
• channels, to be designed 3D
• no pumps/valves, but by V:

• electrophoresis: moves ions in the fluids 
(different speed for different mass)

• electro-osmosis: works on thin layers 
of ions at the wall interface, 
& moves all column

• Affymetrix’s “GeneChip”,  
Agilent’s “LabChip”



Organic Light EmittingOrganic Light Emitting DiodesDiodes

Soft contact lamination Soft contact lamination 
provides a means for provides a means for 
establishing electrical contactsestablishing electrical contacts
at room temperature in at room temperature in 
ambient conditionsambient conditions
Applications: Applications: 

Conformable light sources Conformable light sources 
NanoscaleNanoscale optoelectronicsoptoelectronics

Lee, T., et.al.,PNAS 2004, 101, 429.



Distributed Feedback LasersDistributed Feedback Lasers

hot embossing (NIL) or even RT hot embossing (NIL) or even RT 
embossing (for low MW active embossing (for low MW active 
materials, olygomers)materials, olygomers)
planarization of patterned (quartz) planarization of patterned (quartz) 
substrate (lower n contrast i.e. substrate (lower n contrast i.e. 
higherhigher lasing thresholdlasing threshold))



μμ--contactcontact PrintingPrinting made Electronic Papermade Electronic Paper

Rogers, J. A. et. al. Proc. Nat. Acad. Sci. USA 2001, 98, 4835-4840.
Dodabalapur, A.et.al. Appl. Phys. Lett. 1998, 73, 142-144.

≤ 50 nm 
resolution



AFM AFM ““lithographylithography””

• subtractive
• hardly uniform (dragged matter!) 
• convolution effects (edge ripples)

vector scan ploughingvector scan ploughing



AFM Local Anodic OxidationAFM Local Anodic Oxidation
in air we have adsorbed water at the surfaces
electrically induced chemical transformation Vtip<Vsample

-, anode

+, cathode
at tip:        2H2O + 2e- H2↑ + 2OH-

at Si:   Si + 2OH- - 4e- SiO2 + 2H+

net EC reaction: Si oxidation

• conducting levers (e.g. Pt coated)
• conducting substrates (e.g. doped Si, thin Ti or GaAs)

• T-AFM imaging with low A
• pulsed electrical bias



lithographic vector scanlithographic vector scan
in Anodic Voltage lithographyin Anodic Voltage lithography

• additive
• less edge problems
• large convolution 
broadening (meniscus)



AFM Dip Pen NanolithographyAFM Dip Pen Nanolithography

alkanethiolscapillary

SAM

““paperpaper””-- ““inkink””
chemical affinitychemical affinity

requiredrequired
(tip(tip==““nibnib””))

∼ μ−contact printing
// → Σ

- slow
+ selective writing

(after imaging)
+ no resist litho

Piner Mirkin Piner Mirkin 
Sci.Sci.‘‘99 283, 66199 283, 661

meniscus size : 
function of 

RH%, tip area

problem of problem of 
shear force shear force 

due to adhesiondue to adhesion

useful tooluseful tool

after 1 min dipping in acetonitrile sol of after 1 min dipping in acetonitrile sol of OOctactaDDecaneecaneTThiol :hiol :

1 Hz, 
5x

4 Hz (1 nN static)
0.5 1 2 : ∅/μm

: t/min2 4 16
LFM :LFM :



The founding speech of nanotechnologyThe founding speech of nanotechnology



et cetera  . . .

SNOM Photolitho (SNFP) :

: AFM Nanografting

Nanostencil :



Fountain Pen NanolithographyFountain Pen Nanolithography

by FIB millingby FIB milling…… ((’’93)93)

commercial product (commercial product (’’07)07)



““SoftSoft”” lithography in shortlithography in short

•• an an organicorganic material is usedmaterial is used
as as target, stamp or moldtarget, stamp or mold
to transfer the patternto transfer the pattern

•• no radiationno radiation usually additive,usually additive,
500 500 μμm m -- 10 nm res10 nm res

++ no radiation damageno radiation damage, , 
no diffraction, scattering, etc.no diffraction, scattering, etc.

+ little chemistry+ little chemistry
+ large scope+ large scope
+ low cost+ low cost
+ low substrate+ low substrate

planarityplanarity requiredrequired
+ + new possible new possible 

combinations of materialscombinations of materials::

parallel but :parallel but :
-- low throughputlow throughput
-- slowslow

polymerpolymer--semiconductorsemiconductor
organic semicond.organic semicond.--dielectricdielectric
biological materialbiological material--oxideoxide
colloidcolloid--glassglass
ceramicceramic--metalmetal
polymerpolymer--superconductor ...superconductor ...

Xia, Whitesides Xia, Whitesides 
Angew.Chem.Int.Ed. Angew.Chem.Int.Ed. 

37 550 37 550 ‘‘9898

{



Thank you !


