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Technology

Hybrid approachesSoft Lithography Hot embossing Hybrid approaches

Nanoimprinting 

Soft Lithography 

XRL

Hot embossing 

FIB 



Materials & Processes

•Selection of Materials

Mechanical (Young’s modulus)
Optical (refraction index)
Thermal (stability) 
Chemical (stability)
Wetting (surface energy)

•Selection of the process flow

Type of structure 
(periodic/aperiodic, 2D/3D...)
Accuracy
Resolution
Aspect ratio
RoughnessWetting (surface energy)

Compatibility with other materials
Compatibility with environment 
(cleanroom)

Roughness
Speed (turn-around time)
Sequential/Parallel method
Origination/copying 
Direct patterning of functional 
material
Cost

Selection of Materials and processes are interdepen dent



SOFT LITHOGRAPHYSOFT LITHOGRAPHY
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Lithography based on soft stamps



PDMS and Soft Lithography methods

Microcontact printing Protein patterningMicrocontact printing

Phase shift UV-lithography

Protein patterning

MIMIC

Y. Xia and G. M. Whitesides Angew. Chem. Int. Ed. 37, 550, (1998) B. Michel et al. IBM J. RES. & DEV. 45 (2001)



Rapid prototyping for pattern origination
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•From the concept to the device 24 h
•Limited resolutions
•Poor accuracy (edge roughness)

Y. Xia and G. M. Whitesides Angew. Chem. Int. Ed. 37, 550, (1998)



UV photolithography
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•Requires production of a mask
•Resolution: 1-2 µm 
•Sidewall roughness: ~100 nm

Mask aligner Photomask

Patterned photoresist
=

MASTER



Casting of PDMS

Mixing components, and degasing 
in low vacuum. 

Liquid precursor is poured onto 
substrate and master.

Page 7

Prepolymer fills the cavities.

Cure (thermally or UV).

Peeling-off from  the master. 



Casting of curable polymers

Master PDMS replica
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Source: C. Vieu, LAAS, CNRS, Toulouse, France.



Casting of curable polymers: PDMS
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Microstructures fabricated by casting PDMS onto a master 
with structures made of photoresist

Source: C. Vieu, LAAS, CNRS, Toulouse, France.



Poly(dimethylsiloxane) as material of choice for mi crofluidic 

Page 10

Courtesy: Heiko Wolf, IBM



PDMS prepolymers (Sylgard 184)
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Courtesy: Heiko Wolf, IBM



Curing of Sylgard

Page 12

Courtesy: Heiko Wolf, IBM



Crosslinking: formation of a 3D network
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Problems: sagging of unsupported large areas
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Courtesy: Heiko Wolf, IBM



Stability of fine PDMS structures
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Courtesy: Heiko Wolf, IBM



Practical guideline:

Hard PDMS elastomers for high 
resolution applications

PDMS with higher Young’s
modulus can be obtained by
increasing the number of
crosslinks.

Add the catalyst to the catalyst
to the vinyl component (not to
the hydrosilyl component)

Catalysts and vinyl component mixtures are stable
(can be stored at room temperature under N2 or Ar).

The last step is adding the hydrosilyl component (after
that the crosslinking reaction starts).

www.abcr.de

Courtesy: Heiko Wolf, IBM



Sylgard 184; E=3 MPa

Hard PDMS elastomers for high 
resolution applications

Sylgard 184; E=3 MPa

Courtesy: Heiko Wolf, IBM
Hard PDMS; E=10 MPa



Reversible water-proof sealing with PDMS
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Courtesy: Heiko Wolf, IBM



Sealing techniques with PDMS
In MEMS technology sealing glass or
silicon by anodic bonding (at high
temperatures, pressures, voltages).

PDMS can be bonded to PDMS itself
or glass reversibly or irreversibly.

Irreversible sealing. Method II

Reversible sealing

By simple contact, relying on the
-PDMS compliance
-Adhesion forces (weak interaction)

Irreversible sealing. Method I
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Irreversible sealing. Method IIIrreversible sealing. Method I

•Formation of Si-OH group on PDMS 
and glass by oxygen plasma
•Covalent O-Si-O-bonds with oxidized 
PDMS upon contact

•Add an excess
of the monomer
base to one
slab and an
excess of the
curing agent to
the other.

20:1

5:1

Excess of

Excess of

Glass

PDMS
Si SiO

OH OH

Si SiO

OH OH

Si Si
O

O O

Si SiO



Liquid core waveguides with PDMS (1999)

Schueller Adv. Mater. 11, 37 (1999)



NANOIMPRINT LITHOGRAPHYNANOIMPRINT LITHOGRAPHY
(NIL)
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Nanoimprint lithography

Nanoimprinting Nanoimprinting 3DNanoimprinting

Pattern transfer Applications

Nanoimprinting 3D



Nanoimprint lithography (NIL)Nanoimprint lithography (NIL)

IMPRINT PROCESS:
1. Bring stamp & sample into contact
2. Heat to T>Tg
3. Apply pressure
4. Cool down
5. Separation at T<Tg
6. RIE (oxygen plasma) to remove 
residual layerresidual layer
7. Lift off or pattern transfer by RIE or use 
printed functional polymer film.

Relatively simple process, min feature 
size is ca.10 nm, low cost, scalable to 
wafer size, good throughput, 3D ...



Main Features on NIL

• Can be implemented at low 
cost in laboratories

• Excellent properties as 2D 
and 3D patterning 
technique

• High resolution
Full wafer

• Full wafer, Step & 
Repeat, or Roll to Roll

• Throughput (good for 
research, unsufficient 
for production) 

• Low cost
Step & Repeat

Roll To Roll



TOOLS for NIL

Resolution does not
dependent on the tool
used. Even with very
basic tool resolution of
<10 nm can be obtained.

Uniformity, throughput,
defectivity, alignment,
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defectivity, alignment,
depend instead on the
tool (and on the
environment).

Hydraulic press

Press by SPECAC Press by Weber

S.E.T. Step&Repeat NIL tool
Tool for UV-NIL by 
Molecular Imprints



Nanoimprint lithography (NIL)
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General references:
Chou, S. Y.; Krauss, P. R.; Renstrom, P.J. Science 1996, 272, 85
Reviews: Guo, L. J. J. Phys. D, Appl. Phys. 2004, 37, R123; C. M. 
Sotomayor Torres et al. Mater. Sci. Eng. C 2003, 23, 23; C. M. 
Sotomayor Torres, Ed. Alternative Lithography, 2003,
Kluwer Academic, NY

Austin et al. Nanotechnology, (2003).



Hot embossing

WHY HOT EMBOSSING?
Low-cost method for Volume 

production
• Raw materials are cheap
• Manufacturing is simple 

(batch replication)
Extremely precise

• Resolution and accuracy • Resolution and accuracy 
in the nm range

• Reproduce 3D profiles

CD and DVD are 
produced by hot 
embossing (or 
injection molding).



Hot embossing of complex microoptics



Nanoimprinting vs Hot embossing

What is the difference between Nanoimprint 
Lithography and Hot Embossing?

In the Hot Embossing process the relief is produced on 
a “bulk” polymer (>>10 µm) . The polymer structure 
enters as it is in the assembled device.

In NIL the relief is produced on a thin (~100 nm)  
sacrificial film that it is used for pattern transfer onto the 
substrate either by additive or subtractive methods.

Critical step in NIL: obtain a very thin (~10 nm) and 
uniform residual layer. This requires process 
optimization, and is a prerequisite for a successful 
pattern transfer. 



Stamp 
fabrication

Difficult

Copying

Easy

Nanoimprinting vs Hot embossing
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Stamp 
fabrication

Difficult

NIL
Pattern 
Transfer

Difficult Difficult



Copying of Large Area Grating Stamps

360

420

360

250
300
310

390

390

Fast SlowSlow

Imprinted
structure
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310

250
300

420
390

Transition region
~500µµµµm

Transition region
~500µµµµm

Impossibile v isualizzare l'immagine. La memoria del computer potrebbe essere insufficiente per aprire l'immagine oppure l'immagine potrebbe essere danneggiata. Riavviare il computer e aprire di nuovo il file. Se v iene visualizzata di nuovo la x rossa, potrebbe essere necessario eliminare l'immagine e inserirla di nuovo.

Under-thinning Optimal thinning Over-thinning

hf,1=310nm, h f,1(theory)=316nm
hf,2=200nm, h f,2(theory)=240nm, 

Courtesy: H. Shift , PSI.



P=F/A Vr (r,z)
r

z
-dh/dt

h(t)

Stefan equation
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Simple model for residual layer estimation

During the process
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R
P=F/A

2R0

h0

2R1

h1

t0 t1>t0

•The residual thickness h
decreases
•The effective size of the 
structure R increases (when 
the cavity are filled)
•The force F diverges

During the process
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Simulation and experiments on residual layer

Experiment Simulation
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Micrograph of imprinted structure (different colors
correspond to different thickness; the violet correspond
to areas with thicker residual layer).
The pressure distribution is the correspondence of
areas of high pressure in the simulation to areas of
high residual layer thickness in the imprint experiment
(see figures).

Simulated pressure P and elastic displacement ∆∆∆∆ distributions (for the
calculation elastic properties of single-crystalline silicon were used).
Red lines show the position of the boundary between “unfilled” and
“filled” regions. Numbered white level lines indicate elastic
displacement values (see right scale in the figure).

Courtesy: S. Zaitsev , IMT RAS.



Optimal polymer thickness

H. Schulz et al.  Microelectronic Engineering 83 (2006) 259
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Adhesion energy

When stamp release fails

Favorable for Unfavorable for 

Page 36

Favorable for 
stamp release

Unfavorable for 
stamp releasePolymer ripped away during

stamp release due to strong
adhesion and large surface
area of contact.

The finer the nanostructures
the worst the problem.



Fluorinated organosilane as molecular anti-adhesive  layer
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Courtesy: Helmut Schift, PSI



NanoImprint Lithography (NIL) process 
Resist is a 
thermoplastic polymer

Stamp Si, SiO2

Substrate

F

F

1 2

3 4

Residual layer

Dry etching in oxygen plasma

3

5 6



Related Processes: Laser Assisted NIL

• 50 ps laser (λ=308 nm) pulse
(~0.4 J/cm2)

• Quartz template
• 2.5x2.5 mm2 spot size

Real time monitoring of 
nanosecond imprint process
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Q. Xia et al. APL 83, 4417 (2003) Q. Xia et al. APL 89, 073107 (2006)



ThunderNIL working principle

Nanoimprinted grating in 100 µµµµsStamp with integrated heater
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Grating of 250nm L/S imprinted on >1 cm2
Intense current pulse flowing as a uniform

sheet under the patterned surface of the stamp



Equipment for ThunderNIL - Prototype
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Equipment for ThunderNIL - Prototype
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Equipment for ThunderNIL - Prototype
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• Thermal cycle much faster

� Heat is provided by the stamp, not by hot plates

Competitive advantages

• High potential throughput ( >1000 substrates/hour)

• Energy saving (>1000 J/cm2 → 1 J/cm2)

• Reduced effects of thermal expansion

� Improved alignment capability

Page 42



Microlenses by Polymer Reflow technique
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AN EFFECTIVE TECHNIQUE FOR 
MAKING MICROLENSES



“Exploiting” Natural geometries

The book of Nature is written in the 
characters of the geometry.

Galileo Galilei



Isotropic etching of quartz

�Isotropic etching of quartz in HF

�Etching rate can be adjusted from few 
nm/min to 1.1 µm/min (HF 49%) 

�Sputtered layer of Cr (80 nm) as etching �Sputtered layer of Cr (80 nm) as etching 
mask

�Optical, e-beam and FIB lithography 

�Wet etching of Cr in aqueous solution of 
ammonium cerium (IV) nitrate (0.6 M) and 
acetic acid (1 M). 



Roughness vs. etching time by AFM

Etching rate 0.6 µm/min  (HF 39.5%)



Roughness vs. etching time by AFM

Roughness ~ t 0.24± 0.015

Etching rate 0.6 µm/min  (HF 39.5%)



Controlling curvature & diameter

1R 2R

D



Large area 3D patterning

2 cm2 written in few hours by EBL



High resolution patterning of curves in 3D

• Design a 2D pattern in order 
for the edges to define given 
curves in 3D.

• Sub-100 nm resolution



Semitransparent micromirrors by deposition of 20 nm 
Aluminum.                 

Micromirrors

Focal plane (+210 µm)       Mirror surface

Optical images of a spherical micromirror (R=420 µm, 
D= 54 µm) illuminated by an argon laser (λ= 514.5 nm). 



Semitransparent micromirrors by deposition of 20 nm 
Aluminum.                 

Micromirrors

Focal plane (+210 µm)       Mirror surface

Images of an arbitrary arrangement of intersecting 
spherical micromirrors (R=420 µm) illuminated by 
an argon laser (λ= 514.5 nm). 



Complex refractive optics

2 µm



Optical Performances

Laser 
source

Dichroic mirror

Microscope 
objective 40X

Sample 

Illuminator

objective 40X

CCD Lens

CCD 



Image at different planes



Natural compound eyes

• Examples of complex 
refractive optics in the 
nature

• The compound eyes of 
the insects 
• Limited weight • Limited weight 
• Reduced space
• Low methabolic 

consumption
• Ommatidia

Thousands of lenses in the dragonfly eyes



Artificial compound eyes




