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Large-‐area	  ordered	  nanostructures	  by	  directed	  self-‐assembly	  

Outline	  

•  General introduction to self-assembled systems 

•  Molecular self-assembly (SA) systems 
–  Molecular and biomolecular SA 
–  Large area Molecular SA case study: self-assembly monolayers 

•  Nano to Micro SA systems 

•  Micro to Mili SA systems 
–  Large area SA case study: Block copolymers 

•  Conclusions 
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Richard P. Feynman made the first suggestion of nanotechnology 
in his notorious speech ʻTheres plenty of room at the bottomʼ, in 
early 1960s.#

The kick-off of nanotechnology#

Bottom-up

0,1	  nm	   1	  nm	   10	  nm	   100	  nm	   1	  µm	   10	  µm	   100	  µm	   1	  mm	  

Top-Down

E.	  Mena-‐Osteritz,	  Adv.	  Mater.	  2006,	  18,	  447–451	  	  	  	  T.	  Kehoe	  et	  al.,	  2011	  MRS	  Fall	  Mee>ng	  

200	  nm	  

Building-
blocks nm-

sized = 
Molecules!#
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Boundary	  condi:ons	  that	  affect	  the	  SA	  	  Directed	  SA!	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

• Recogni>on	  mo>fs	  
• Van	  der	  Waals	  
• Hydrogen	  bonding	  
• Electrosta>c	  
• Capillary	  
• Surface	  tension	  

• Molecule-‐Molecule	  
• Molecule-‐Interface	  
• Molecule-‐Media	  
• Rheology	  

• Thermodynamic	  rule	  

• Kine>c	  rule	  

ΔGSA	  =	  ΔHSA	  –	  TΔSSA	  

	  	  	  	  k	  =	  A	  e^((-‐Ea)/(RT))	  
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"Is the field dedicated to the study and application of organic molecules building blocks 
for the fabrication of electronic components."

Case study: Self-assembly for organic and molecular electronics #
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Worldwide Organic Electronics Market September 2009 
press release#

Current challenges #
in OE:#

 Functional molecules#
 Electron transfer yield#
 Large-area devices#
 Reproducibility#

Advantages of OE:#

 Miniaturization#
 Soft fabrication techniques#
 More environmental friendly#
 More cost effective#
 Less power consumption#

Novel 
functional 
materials#

Evolution 
measuring 
techniques#

OE Development#

36 
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cis	   trans	  

Carrol, Gorman, Angew. Chem. Int. Ed., 41 (2002), 4378-4400#
R. M. Metzger, Colloids and Surfaces A: Physicochem. Eng. Aspects, 284–285 (2006), pp. 2–10#
M. Irie, Chem. Rev., 100 (2000), 1685-1716#

Molecular devices#
In the last years, many examples of molecular systems have been 
published behaving as wires, diodes or switches.#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Switches: ON/OFF# Memory devices: 1/0##

Read-out mechanisms#

Stimuli#

A molecule having two stable and fully reversible states exhibiting 
a different secondary property. #

Molecular-level switch#

Chemical#
Electric#
Optical#
Magnetic#

OFF#
Chemical*#
Electric*#
Optical*#
Magnetic*#

1.  Controllable#
2.  Reversible#
3.  Readable at molecular scale#

A molecular-level 
switch should be:#

Bistable systems"

ON#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Bistability mechanisms in molecular switches#

Electronic 
excitation#

Conformational#Redox# Magnetic spin 
orientation#

cis !
trans !
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Bistability mechanisms in molecular switches#

Electronic 
excitation#

Conformational#Redox# Magnetic spin 
orientation#

cis !
trans !
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Self-assembled 
monolayers#

Approaches to use molecules for molecular devices#

A single-molecule junction or wire#

Molecules can be used as a single component:"

Or as a group of molecules:#
A large-area molecular junction#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Towards devices: Self-Assembled Monolayers#

SAMs are a ordered layer formed by the chemisorption of 
hydrophilic groups onto a substrate from vapor or liquid phase.#

Substrate#

Organization"

Reaction"

Terminal functional group
Spacer group

Anchoring or head group

Important advantages#

 High stability layers#
 Single molecule property#
 Versatile#
 Patternable#
 Low cost#
 Fixed physical location#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Stimuli responsive systems!
Smart Surfaces!for!

WRITE#

ERASE#
Chemical#
Electric#
Optical#
Magnetic#

Chemical*#
Electric*#
Optical*#
Magnetic*#

Read-out mechanisms#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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385nm" 516nm"

OFF"

ON"
+0,3V"-0,3V"

0,02M Bu4NPF6 in CH3CN!

WE"CE"
RE"

SAMs Optical absorbance#

S4#

Consecutive absorbance spectra while applying consecutive ON/OFF 
voltage cycles#

S4 absorbance spectra shows the radical or anion band depending on the 
voltage applied"

+e-#

-e-#

-0,3 V#

+0,3 V#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Simão et al, Nat. Chem., 2011# 44 
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High reversibility #

Full recovery of ON/OFF ratios after hundreds of cycles"

OFF#
385 nm#
515 nm#

ON#

S4#

+e-#

-e-#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Simão et al, Nat. Chem., 2011# 45 

Removing WRITE or ERASE voltage = READ at 0V#

PTM radicals for molecular devices!

Optical absorbance as output of S4 molecular switch#

ERASE#

WRITE #

READ#

S4#

+e-#

-e-#

385 nm#
515 nm# Non-volatile memory 

applications#Simão et al, Nat. Chem., 2011# 46 



7/15/13	  

24	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

47 

Patterning SAMs by µcontact-printing 

Fluorescence image of patterned S4 as 5 µm dots#

λexc = 380nm#
λem= 500 nm (DAPI filter)  #

S4#

Applications in memory devices 
and circuitry printing#

Simão et al, Nat. Chem., 2011#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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OFF	  

ON	  

Local EC 
patterned 
surface#

S4#

Simão et al, Nat. Chem., 2011#

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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ON#

OFF#

Ability to locally oxidise or 
reduce bits of information#

S4#

OFF	  

ON#

Simão et al, Nat. Chem., 2011#
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•  Cytoo is a startup of self-assembly monolayers substrates for molecular 
and bio assays 
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Entangled Polymer Chains 

Anneal 

Microphase Separation 
head-to-head fashion 

++++ 
Chains  

PS	  

Symmetric	  Diblock	  Copolymer	  

PEO,	  PDMS,	  PMMA	  

Asymmetric Diblock Copolymer 

Hydrophobic	  chain	   Hydrophilic	  chain	  

72 

Co
nf

in
em

en
t  

Thin film morphology 

Lamallae 

L0 

Hexagonal  

L0 

Rg is the chain radius of gyration  
Rg

2 = Na
2/6 

L0 is the period between features in a 
bulk annealed BCP 
L0 = 4.05Rg 

X.	  Man	  et	  al.,	  Macromolecules	  2011,	  44,	  2206–2211	  

Anneal	  

Co
nfi
ne
m
en
t	  

Case	  study:	  Large	  area	  nanofabrica:on	  with	  Block	  Copolymers	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Techniques Resolution Process Limitation 

Immersion Approx 30 
nm 

Parallel High cost, Precision 

Extreme-UV 10 -14 nm Parallel interlayer interference, resist 
issues 

X-ray interference (XIL) <10 nm Parallel Synchrotron, complexity  

Scanning Beam 
Lithography 

10 nm Serial Slow rate, precision 

NIL 10 nm Parallel  Template patterning/wear 

BCP Self-Assembly 5 nm Parallel Long range order 

Soft Lithography 2 nm Parallel Distortion 

Scanning Probe 
Lithography 

1 nm Serial Slow rate 

To
p-‐
do

w
n	  

Bo
O
om

-‐u
p	  

Lithography techniques for Nanofabrication 

73 
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Advantages  
• Resolution 

• Soft materials compatible 
•  Fast (sec/cycle) 

•  Low cost ($0.2M vs $25M) 
•  Simple 

•  Flexible (UV, heat) 

Semiconductors; 
Optics; Bio; 

Organic 
electronics; 

Sensors 

Complex patterns Functional devices 

Release 
(cool down )  

Imprint  
(Pressure +heat or UV light)  

RIE of residual layer  

N.Kehagias, Nanotechnology 18 (2007) 
V.Reboud, Jpn. J. Appl. Phys., 47 (2008) 

Substrate  

74 

NIL	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Resist (polymer, monomer) 

Stamp (Si, Quartz, etc)  
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+
120 nm 

Pattern substrates 

PS film (PEO 
removed) 

Aligned 
nanodots  
(PS-PEO) 

200 nm 

200 nm 

XSEM 

+	   =	  

200 nm 

Aligned 
nanowires 
(PS-PDMS) 
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Density	  mul:plica:on	  factor	  

 Alignment	  improvement	  

L	  

Bita	  et	  al,	  Science	  321,	  939	  (2008)	  

<i	  j>	  

PS-‐PDMS	  microphase	  segrega7on	  (A)	  in	  flat	  substrates	  (B)	  and	  with	  templates	  (C)	  

 Order	  improvement	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Combina:on	  of	  top-‐down	  and	  boOom-‐up	  methodologies:	  

76 

A.	  Two	  step	  process	   B.	  One	  step	  process	  

NIL	  SSQ	  
substrates	  

Graphoepitaxy	  
and	  solvent	  annealing	  

Solvent	  assisted	  NIL	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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A:	  Two	  step	  process	  by	  graphoepitaxy	  

77 
Si	  

BCP	  film	  
Annealed	  BCP	  film:	  
Block	  2	  cylinders	  in	  a	  Block	  1	  matrix	  

Spincoat	  BCP	   Annealing	  Lpost	  α	  L0	  

Surface	  treatment	  

Lamellar	  	   Hexagonal	  

Lpost/L0 range 
between 1.65 to 4.6 

Lamella	   Cylinders	   Lamella	   Cylinders	  

Self-‐assembled	  BCPs	  configura:ons	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Polyhedral	  Oligomeric	  Silsesquioxanes	  (POSS	  or	  SSQs)	  
-‐Silicon	  based	  cage-‐polymer	  
-‐UV	  curable	  
-‐Facile	  and	  industry	  compa:ble	  processing	  
-‐Tunable	  surface	  free	  energy	  by	  synthesis	  

Si	   SSQs	  Stamp	  
78 

BCP	  film	  
Annealed	  BCP	  film:	  
Block	  2	  cylinders	  in	  a	  Block	  1	  matrix	  

Surface	  free	  energy	  30.9	  mN/m	  	  

8E-‐POSS	  	  

Surface	  free	  energy	  23	  mN/m	  
	  6EF2-‐POSS	  	  

Tailored	  designed	  SSQs	  with	  desired	  SFE	  
andinterfa>al	  groups	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Polyhedral	  Oligomeric	  Silsesquioxanes	  (POSS	  or	  SSQs)	  
-‐fabrica:on	  methodology	  

Spincoat	  SSQ	   Print/cure/capillary	  ac>on	   NIL	  SSQ	  substrates	  

Si	   SSQs	  Stamp	  

UV	  light	  

79 
BCP	  film	  

Annealed	  BCP	  film:	  
Block	  2	  cylinders	  in	  a	  Block	  1	  matrix	  

Spincoat	  BCP	  

P

Annealing	  

P

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

N.	  Kehagias	  et	  al.,	  Microelectronic	  Engineering	  88	  (8)1997-‐1999	  	  

2D	  circular	  features	  and	  lines	  replicated	  in	  SSQs	  
 High	  resolu>on	  	  
 Large	  area	  

3D	  features	  

200	  nm	   200	  nm	  

N.	  Kehagias	  et	  al.,	  EIPBN	  2012,	  29	  May-‐01	  June	  2012	  

Sub-‐100	  nm	  three	  dimensional	  
diffrac6ve	  op6cal	  elements	  
fabricated	  by	  UV	  light	  assisted	  roll-‐
to-‐roll	  NIL	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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DSA	  of	  PS-‐b-‐PMMA	  in	  SSQ	  paOerned	  substrates	  

PaOerned	  SSQ	  by	  UVNIL	   Spincoat	  PS-‐PMMA	   Micro/nano	  microdroplet	  array	  

The	  BCP	  film	  was	  inside	  and	  on	  top	  of	  the	  nanoimprinted	  features,	  where	  the	  
last	  formed	  deweOed	  nanodroplets	  due	  to	  the	  SSQ	  SFE.	  R.A.	  Farrell	  et	  al,	  ACS	  Nano,	  5	  (2011)	  1073.	  

Longitudal	  mesa:	  
710	  nm	  

Diagonal	  mesa:	  
1100	  nm	  

200nm	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

81 

+
82 

C.	  Simao	  et	  al,	  in	  prepara>on..	  

50	  nm	  droplet	  	  cylinders 	  
	  	  nanoring	  50	  nm	  

3D	  substrates:	  
hole	  pa@erned	  SSQs	  

Ongoing	  work	  

PS-‐b-‐PEO	  42k-‐11k	  
8E-‐SSQ	  
15h	  anneal	  in	  toluene	  vapors	  

20	  nm	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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C.	  Simao	  et	  al,	  J.	  Photopolymer	  Sci.	  &	  Technol.,	  2012	  	  

SSQ	  deriva:ve Contact	  angle	  (deg) SFE	  (mN/m) 
C6-‐SSQ 72 42 
8E-‐SSQ 84 30 

Table 1. Nanoimprinted POSS substrates SFE. 

PS-‐PDMS	  in	  SSQ-‐C6	  (A)	  and	  in	  Glycidyl-‐SSQ	  (B)	  

PDMS	  	  toroidal	  structures	  (pore	  size	  25	  nm)	  

PDMS	  	  nanorings	  (pore	  size	  25	  nm)	  

Orienta:on	  is	  dependent	  on	  the	  substrate	  interfa:al	  
surface	  SFE	  and	  terminal	  groups	  of	  the	  film	  

SSQs	  with	  residual	  layer	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

PS-‐PDMS	  31k-‐14k,	  15	  h	  toluene	  anealing	  

SSQs	  without	  residual	  layer	   Improved	  long	  range	  order	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Tuning	  SSQ	  terminal	  groups	  and	  surface	  free	  energy	  	  Control	  of	  alignment	  
and	  orienta:on	  in	  a	  predictable	  way	  

M.	  Zelsmann	  et	  al,	  Nano	  LeQers,	  submiQed.	  

85 

Library	  of	  
processes	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 

Orienta6on	  of	  the	  features	  dependent	  on	  
the	  groove	  height	  

Solvent 
exposur
e 

Pressure 
applied to stamp Demold 

Solvent vapors assisted nanoimprint lithography (SAIL) 

Legend 
Toluene       Water        PEO block        PS block 

L=200 nm	  

Approach	  B:	  One-‐step	  process	  NIL+BCP	  DSA	  

SAIL	  chamber:	  	  
Transparent	  window	  for	  in	  situ	  
op>cal	  characteriza>on	  

NANOFABRICATION WITH BCP DSA 

C.	  Simão	  et	  al,	  2013,	  submiQed.	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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100 nm 

PS-‐PEO	  42k-‐11k	  
Hexagonal	  phase	  35	  nm	  pitch	  

Asymmetric Diblock Copolymer 

1	  µm	  

•  4”	  wafer	  imprint	  
•  High	  resolu>on	  
•  No	  deweqng	  

Only	  one	  step	  process	  and	  overall	  :me	  decreased	  from	  3	  hours	  to	  35	  minutes	  

BCP DSA RESULTS WITH SAIL 

Large	  area	  ordered	  nanodot	  hexagonal	  arrays	  

Field	  emission	  SEM	  

Intro Molecular SA Nano-to-Micro SA Micro-to-Mili SA Conclusions 
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Any doubts? 

contact: claudia.simao@icn.cat 


