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Nanolithography with diblock copolymers: 
“What Fingerprints taught us about getting long range order in 2D.”
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Basic Idea: Massively process 5-50nm scale patterns using copolymer templates 

•How striped patterns get ordered
•Hex Patterns
•Completely aligned nm patterns on 
     cm scale
•Model for shear alignment

Toshiba’s disk drives
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Diblock Copolymers
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Our Diblocks are usually a plastic and a rubber

Plastic

Rubbers

e.g.



collaboration with R.R. Li, P.D. Dapkus, 
and M.E. Thompson (USC)

• use MOCVD to selectively grow GaAs dots on 
substrate, through holes in removable “mask”
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Kinetics of annealing from quench
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Fingerprint Identification

But we don’t yet know
 how fingerprints develop, 
e.g. they are not genetic.





Topological equivalent

For Circular area two loops are essential

Two Loops Three loops and one Triradius

Nloops –Ntriradii=2
Nloops =Nfingers+1
Ntriradii =Nfingers-1SH



“The ridges are not produced by a field of force,…such a mechanism
 would invariably produce a directed field… and the triradius and loop
 would be ruled out. Instead we must expect something of a 
tensor character such as a stress or strain…”
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Observing Pattern Coarsening

40 nm

SILICON

AFM Tip

Hot Stage

•Spin coat diblock copolymer solution to make thin film. Selecting a film thickness of 
one microdomain layer allows us to study a 2D system. The diblock copolymer 
volume fraction selects resulting morphology. 
•Anneal above glass transition temperature on atomic force microscope (AFM) hot 
stage. 
•Quench to ambient temperature for imaging with tapping mode AFM tip.  Phase 
contrast is generated by the difference in moduli of the two blocks.
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Annealing by quadrupole annihilation
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Why not dipole annihilation?
For stripes moving disclination
produces dislocations



Experimental setup
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PS-PHMA 2 Hrs at 150 deg C: Alignment 

3um

Angelescu & Waller





Nano-rheometry

T=100°C

Slow shearing
(300 nm/sec)

Polymer used : monolayer of cylinder-forming PS-PEP



Thin film viscosity measurement

From the analysis of 2-layer cylinder and sphere data we get an apparent 
viscosity on the order of 1000 Pa s   which is lower than expected for bulk.
We are in the stress regime where microdomain order is destroyed by shear ! 

Cylinder and Sphere
  thin films

Applied stress

S/EP 3/24 Bulk Data
J Sebastian et al  
Macromolecules 35 p. 2707-2713 (2002)



Possible model
Assume misaligned cylinders rip off due to shear. Similar to an 

angle dependent Order-Disorer Temperature (TODT)

PDMS movement

Cylinders “melt” due to shear

Cylinders are stable

Cylinders will be “melted” unless the 
temperature is below the effective TODT. 
Thus, the will only be stable if they are 
within a narrow range of  angles centered 
around the shearing direction. Otherwise 
they melt (or break) and reform.

( ) ))(sin1( 2 Θ−=Θ asODTODT TT τγ



500 nm

Spheres aligned over 
square cm !

•Only align if they are 2-layer thick. 
•One lattice vector parallel
 to shearing direction (like colloids) 
•Slip occurs at the interface 
  between layers.

(S/EP 3/24)

Easy slip

Jamming

Top layer

Bottom
layer

Sphere Alignment : 2 Layers



µ

Shear Alignment of two layers of spheres
Complete alignment over cm, 

No Disclinations, Greatly reduced dislocations



PDMS oil
106 cSt

     h = 100-400 µm

Transmitting Stress through a Fluid Layer

Plate

3” Si wafer with SEP 3/24
(78 nm for 3 layers)

z

R

φ

– z: gradient

– φ : flow 
– R: neutral
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Presenter Notes
Presentation Notes
EXTRA FANCY DRILL PRESS.

PARALLEL PLATE CONFIGURATION, with sample with thin film as bottom plate of the rheometer.

SHEARING FLUID: 400 um of PDMS OIL
Viscosity of Honey: about 190 Poise (specific gravity~1.4)
More than factor of 5 more viscous than honey.

APPLY CONSTANT TORQUE.
STRESS VARIES LINEARLY WITH RADIUS FROM CENTER.



Shearing – PS-PHMA 21-64

Sample is a quarter wafer

Rheometer tool’s edge 
(scratched on sample)

Measured 
edge position

AFM images

at edgemaxτ

Saturation stress

Threshold stress

(Those are the triangles in the plot above)

Shear annealed at 135°C 
for 30 minutes
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Free energy governing cell dynamics simulations

Adapted from I. Hamley Macromol. Theory Simul. 9, 363 (2000)

Θ

Assembly time τas

Shear rate γ

Time to destroy by shear = 
)sin(
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Θγ

)(sin2 Θ∝ asxD τγ
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is the order parameter for a square density wave 
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where a’=2a, u’=2u

ψ1

ψ2

ψi = δρi[cos(2π(xi- xi,0))+cos(2π(yi-yi,0))]

Two Square Layers, Interacting

T*ODT = TODT - Γ /a’ 



Shear at an angle to lattice

Now comes the real fudge, time average over relaxation time
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Channel Flow – Motivation
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Since we can transmit the shear stress using PDMS oil, we should be able 
to produce it with pressurized flow.
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Channel Flow – Setup

Hot plate Syringe pump

60mL syringe

Channel carved in Teflon

Sample

Pressure 
gauge

PDMS oil



Channel Flow – VIN Channel

Inlet

Outlet

Swept
away

PS-PEP 5-13
120°C
600Pa



Channel Flow – Double Wedge

Inlet

Outlet

blue

red

Preheating chamber

Get stress from flow rate and local channel width.
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Model – PS-PHMA

PS-PHMA 21-64

PS-PHMA 30-84
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PS-PHMA film

• easy alignment method over square cm
for both cylinders and spheres

• system for studying the  mechanisms
responsible for shear alignment



Characteristic correlation lengths (30nm period):

As cast    100nm
1 hr. anneal    1µm
Anneal limit    5µm
Zone Refine   50µm
Shear align   >2cm



Polarizers – SEMs

SEM of a sample with aluminum wires on a Si wafer.

1µm



● use laboratory UV-vis spectrometer (in air)
● put two nanowire polarizers in train, measure transmitted intensity 
     with wires parallel and crossed

● POL ≈ 30% in the visible,
   goes to zero near 350 nm

● for wavelengths below 
   the node (closer to the 
   metal’s plasma frequency), 
   light polarized transverse 
   to the wires is    
   preferentially transmitted 

Quantitative Measurements of Polarization

LAMP/
GRATING

DETECTOR POL = 
║ – ⊥
║ + ⊥( (1/2
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Polarizers – UV Crystal Analyzer

Sample 
(rotate)

Birefringent crystal 
analyzer
(fixed)

UV-vis
source Detector
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Polarizers – The Movie

This is one of the samples, as viewed in an optical microscope with a polarizer 
analyzer. The field of view is 2.1mm by 1.6mm.

This is the edge of the shear-aligned region.



“Nano-Patterning for Patterned Media using Block-Copolymer”,
Koji Asakawa, Toshito Hitaoka, Hiroyuki Hieda, Masatoshi Sakurai, Yoshiyuki  Kamata 
and Katsyuki Naito., J. Photopolymer Science and Technology Vol.15, p. 465 (2002)

SEM image of the patterned  
magnetic media  with a 40 nm 
diameter. The scale bar 
indicates 100nm.

Toshiba

IBM Nanotechnology announcement at IEDM 
IBM used self assembly to build a
                    nanocrystal FLASH memory device 



Conclusions
•Nanolithography with Diblock Copolymers  WORKS

•5-50 nm patterns, 1011 – 1012 /cm2

•Wide variety of substrates and transfers
•Standard Semiconducting Processing

•Ordering  Kinetics
•T1/4 in both stripes and hexagons
•Quadrupole annihilation in stripes!
•Disclinations again in hexagonal

•Shear Alignment gives long range order
•Cylinders work in a monolayer, better in 2 layers
•Spheres work in two or more layers
•Melting/Recrystallization model with T*ODT(θ)
         describes results well ???

•Alignment with channel flow, can pattern stripes
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