gl 8i0|2E LI=B8t0|2 dl A
E KA Jl=

|




Biosensors

« BHHIIE « B3 (Antibody)
| . ”ﬂgi { &4 (Enzyme)
: £ |- = « 287 (Receptor)
[ﬂr;.gﬂ;;-,: - 2UAHE -
LEL red @IS ER
* DNA B Sensor
Vv. Matrix
% n—p

T
—

M olecu lar R ecogn ition
(EXHEF 2l4)

Sensor
~ Matrix

I « & (Color)
: « B & (Fluorescence)
Signal Transducer « ph3E-BHA ® R I} (Redox potential)
(e= @) = &5 (Optical)

» J|H = (Mechanical) S
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Conductance (nS)

Example: DNA Sensor using Silicon Nanowire Circuits

40

32

36 - B
At

(Other Group’s Works)

44 -

0 100 200
Time (s)

25 pM Noncomplementary DNA 25 pM Complementary DNA

—_— —
SN — — A

300 0 100 200 300
Time (s)

e~ yE o~ nmefo CCT AAT AAC AAT

|

Z. Li etal., Nano Lett., 2004, 4, 245.
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*Nano-Manufacturting” Problem of Nanowire-Based Devices

Nanoscale Transistors Silicon—-Based
Based on Carbon Nanotube Nanocircuits
(C. Dekker, Nature 3886, - :

4?‘% (1997))

Nanostructure Synthesis

Ballistic Transistor
and Strong Interconnect
Based on Carbon Nanotubes
(Current Density > 10”A/lcm*
H. Dai, Nature 424,

654 (2003))

Nanoscale Logic Gates
Based on Silicon Nanowires
(C. Lieber, Science 294,
1314 (2001))

Nanosensors Flexibwl;}:l'—
Based on Nanowires gased on Nanowires
(H. Dai, Science 287, (x Duan, Nature 425,

622 (2000),
C. Lieber, Science 293,
1289 (2001))

278 (2003))

Common integrated circuits containing one billion

Assume it costs 1 second wires: ~ 32 years for a single chip.
to assemble 1 nanowire.

Commercial Application? You got to be kidding!
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Self-Assembly: From Nano to Macro

Macroscale
Human Body

Nanoscale Self-Assembly

via Biomolecular Recognition Microscale Cells
"f 5 enc_l 3 end
N—H eeesnns 0 N /-,.-\:-—-‘I.‘-‘
\/—</ { 3 §
R . A =
/N—wé —N sugal =A-ToA)
sugar  JFre H—h{ o
Cytosine H  Guanine
i
CH, O-=u. H—N
74 / Nﬁ
—H srnnnn N \ N
\=n"  Su
sugar 0
Thymine Adenine

Everyone in this room is a living evidence proving,
“self-assembly can be used to build macro-

N Very Successful Results
structures from nanostructures.

In Various Aspects
(e.g. IQ etc)
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Our Solution: Surface-Programmed Assembly

Microfabrication Molecular Patterning
Process via DPN, Contact Printing,
Photolithography, etc

Surface-Pattern
Induced Assembly

<2 Hybrid Nanostructure & Device Lab



Molecular Patterning Methods

Dip-Pen Nanolithography Micro-Contact Printing
Stamp Stamp
!w})"’\\"' * m * \ ‘S\ubstrate‘s\
AFM tip e | “r— Substrate -
J‘;- .~} Writing Mol .\ul Ink
Molecular Direction T Photolithoraphy
Transport \_\J'. Passivating
< 5nm Ll Y
Water
*—Meniscus * !11-11 ELY] LIT X
Substrate Molecular Removal of PR
Patterning

Nature Nanotechnology 1, 66 (2006)
Self-Assembled Monolayers

L i .
J 00_ End group
x s I ITDL
& i Q00000
c?é:)c?(?ooc? Spacer
aD0een shard B Fegpenins. 1 g § g / SH ] Chemisorbing group
Science 288, 1808 (2000), Science 286, -—-5sssss__
523 (1999), Science 283, 661 (1999). Substrate ] Solid substrate
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Assembly of Magnetic Nanoparticle Array

X-ray diffraction showing Fe;O, Structures

[FE3O4v4 hDI] I COARSE SCARN

Selective Adhesion
Of Nanoparticles

(-COOH)-terminated
Molecular Patterns %

%Mﬁ

T
y(Counts)

Surface
Passivation
using ODT (-CH3)

0 um 8
Advanced Materials 14, 231 (2002)

<2 Hybrid Nanostructure & Device Lab



Massive Assembly of Carbon Nanotubes

Polar Surface Non-Polar Surface

(-COOH, -NH, (—CH,, etc)
SiO,, Au, etc) SWCNT Solution
;{;
/q »
Surface
Substrate Functionalization CNT Assembly

« WHAT YOU SEE IS WHAT WE DO: NO functionalization on CNT, NO flow cell,
NO electric field, NO magnetic field, NO catalyst pattern,

NO extra structures, NO...
* No hydrophobic interaction because CNTs are in non-polar solvent.
* Previous pioneering works about CNT and nanowire assembly:
micromanipulation, electric or magnetic field alignment,
assembly onto e-beam generated patterns (J. Liu and R. Smalley)
flow cells (C. Lieber at Harvard),
growth from catalysts (H. Dai at Stanford).
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Alignment Problem in Carbon Nanotube Assembly

Polar Surface

Non-Polar
Surface

OR

CNTs

CNTs on Cysteamine (polar) 4-mercaptopyridine (polar)




Massive Assembly of Nanotubes/Nanowires
CNT on Au _ CNT oiO2 | CNT on Si

-1 43 i
A .

b

0 um 25 0 um 6 0 um 12




Mechanism of CNT/NW Assembly

1. Selective Adhesion: | . cNT - polar

0 * V,05 NW (-) = (+)-surface
2 « ZnO NW (+) — (-)-surface
e ...etc

3. Energy Minimization
— Alignment, “Lens” Effect

LS SRy o i (derY
0 um 1 Etot = |y ds +— (—j ds
! P 2;‘; ds?

2. " Self Limiting” Mechanism

C , : CNT/NW-Surface CNT/NW Bending
— ‘Single’ Layer Adsorption Interface Energy Energy
T Single SWCNT

~ 6f » o A
® 4t
L
g 3l
& .|
2 B
opg ., 0 KM 6 |
0 50 100 150 200 250 300 350 ANy '
Time (sec) 0 um 1.6 0 pm 10

JCP 124, 224707 (2006); JPC-B Letters 110, 10217 (2006)




Adsorption Behavior of CNTs

15

In Solution

pum

SWCNTA

-
o

o

# of CNTs
N
o

-
o o

10

60000
CNT Volume (nm?)

30000

MHA

#0of CNTs

- N
o O O

N
o

-
o O O O

ption of dWCNTs

o

30000
CNT Volume (nm’)

60000
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Adsorption Curve of dwCNTs
(“ Self-Limiting” Mechanism)

‘E ./l
£ /
= 4L o
L
EJ | ]
. g / “- 0.01 mg/mi
N NG @ g —e- 0.2 mg/ml
S5 g 2l
Py u
wadl e TR TR
pm 10 Time (sec)
Adsorbed on Au Adsorption Probability
swCNT] 0.2 SWCNT ]
a E 0.1 i
. -8 0
dwCNT{ N¢ 02
‘ , z°§ 0
- WCNT o -
i ] 2 0.2
' 0

30000 60000
CNT Volume (nm°)



Uniformity of swCNT Circuits

Wafer Scale swCNT Assembly

Au

Electrode =—m=—p

SWCNT_>

Pattern

SWCNT Film Thickness

NN
(=]

# of Spots
N
o

Conductance Distribution

L o
o o

# of Devices
N
o

o

20 40 60 80
Conductance (uS)
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2 3 4 5 6
Effective Thickness (nm)

Conductance vs. Thickness

R

& 1000 ;
= n E
8 4
100
s 1
T} ]
g L
10
3 ]
o L
1 10

Effective Thickness (nm)

For Bulk Film ; C ~ t10



‘ “Sliding Kinetics”: Beyond Random Adsorption Kinetics

Au Surface with Polar SAM Non-Polar SAM
Randomly-Oriented swCNTs

A

\ “Sliding Chamber”
O _Experiments

Non-Polar

Polar Region Region _’ J

%
Alignment of swCNTs
via Sliding Motion near Surface

Aligned CNT Patterns

Patterned Substrate

CNT-Surface CNT Bending
Interface Energy Energy

Adsorbed CNTs can “slide” to
minimize the total energy, E,.

0 um 10 0 um 20

_In collaboration with Prof. Nam-Kyung Lee at Sejong University, Korea
(JCP 124, 224707 (2006))




“Lens Effect” on Gradient Molecular Patterns

Z—P

Uniform Patterns Uniform Adsorption Microscale Patterns
of Nanowires

Normal
Assembly

Microscale SAM Pattern Nanoscale Nanowire Pattern

Molecular Patterns "Focusmg of Nanoscale Patterns
with Gradient Surface Nanowire Adsorption
Molecular Density

Nanotubes/nanowires slide to minimize the interface energy between
surface and nanotubes/nanowires (JPCB Letters 110, 10217 (2006)).
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“Lens Effect”

Normal Assembly “Lens Effect” Normal Assembly “Lens Effect”




Fabrication of CNT/NW Circuits

using only Conventional Microfabrication Facilities

Bare Surface l Non-Polar Single V,0,NWs 55t
e.g. SiO,, Au, Si, olecular Layer on bare Au
(e.g. SiO,, Au, Si, Al) ¥  —Molecular L bare A
o 4 (e.g. ODT, OTS)

PR Removal

' 4 b /

Photo-Resist Patterning
via Photolithography

\ 4

\J

LA / ?
CNT/NW Assembly ~ Adhesion Control
‘ via E-Field

. y ___‘(e.g. V,0, NW)

Removal of Residual Moisture

\ l /

3Ty

V,0.NWs / Si

[ %
T

o

CNTs/NWs on Bare Surface
$ Nature Nanotech. 1, 66 (2006)

y (In Collaboration with
N J Prof. Young-Kyun Kwon

Patterning Non-Polar SAM Electrode Fabrication at U. of Massachusetts)

2 -1 0 1 2
Bias Voltage (V)

Effective Thickness (nm)
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Nanotube/Nanowire-Based Integrated Devices

[&;]

Back-Gate CNT TR

(After Selective Burning)

107} R
. 10°% On-Off Ratio |
Align Key NT/NW Assembly Electrode Fab. < 107[ ~ 106
& 10°f Pd
3 10°
4 10"}
10"k Si (Back gate)
wy oo
Top-Gate CNT TR 6 -4 2 0 2 4 6
Gate Voltage (V)
V,0; NW Circuit
0.2 v T T
Nanowires
—_ 0.1} N
< OTSs 1
=20 LHHOE AR 2= = 0 l
AREIUS S SRS SRILUCGL 5 O - .
s I Nanowire
T Au (Source) Au(Drain)
O ol [Cuigretage =y
1 —8— ov
U —A—t+10v Si (Back gate)
-0.2_4 > 5 5 4
Voltage [V]
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CNT Junction-Based Biosensors
Substrate SAM Patterning CNT Assembly

LB

Receptor

4" Waftei

Target

Target Molecule Receptor Electrode
Detection Immobilization Patterning




Selective Detection of Various Molecules
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0|2 8N 2 == & Sol s&

2000 -
T 1800 -
< 1600 A
= 1400 A
S 1200 A
S 1000 o
2 800 - :
o 500 - Clark’s 1st Biosensor
(4]
o 400 -
200 A
0
Q &
S O
SIS
a0
70
B0
50
@
c 40
9
©
o 30
20
10
1T o0 1 0 o0
[] | o | | mmm | 1 1
e A . R R B i A & A
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Sold it

SE8s sE¢
US 4987767 1991.01.29 Q| = S| At
N= Exposive detection screening system
ZE0t)| fIst & et stst

s9 % |(pavor), =

22 Z/0IY/ISFF =
=& SH0 XA AIA’S HHE °°F CIOIE
Otef S2 SAZS=S ZE6t)| /8t A3E AlAE
S=ds s=9 Sai2xt
US 5711862 1998.01.27 e|= 3lAt
M= Portable biochemical measurement device using an enzyme sensor
2 HIAE 0l86tH M3atet 225 SEoH| SUSBIDIZ, 24 HdA 84
A2 =22 FAIAIZ|D| 2o Al OH X HE Z&ol= 8 s FHIE
SEEE s=g =3/2
US 5446445 1995.08.29 2HE DU HEZE A
N= Mobile detection system
Z X6t 2% 2L 1,%"’; M, g
£ 24X dA2

F& S2 e ItA

M NTRE S

HdEH S0l 2210] /8t 0ls
= MA 2 0l 23k (ionization)

%
all

oz, W0 JP* T

b
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Jl= g AHE
<M3Ist NE AR Jl= E6 N>
= 7} Sk n| =t B 4 Al
2hld I 7)1H =7 E99F H5-(A) 37 61 58 29 185
m2uld #d 719 = A AT H(B) 1140 1797 = 5548 1033 = 9,518
H]-& (A/B, %) 3.25% | 3.39% @ 1.05% | 2.81% | 1.94%
« M3t AX| Jl=2 0/0] &=J|0 EHMHM2Lt, 018 AE3lole
Jl= JHE0| OlH|aHCH
e 2tN, ‘A8’ M3zist dA J|=9 SEHEI 22H0l J|=
JMEZE Z2H
ESEE] L2t “‘SUIFAHA MEIS HA AIAE E5 S&
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-

(&2 @ AE)
= 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 CAGR
SEEBHA Ml Al 13.0 23 37 76.8 137 165 461 81.24%
_ MIA 3180 | 3340 - - - - 4180 4 .66%
BAAMHAY
=Y 57 78 - - - - 136 15.6%
_ MIA 1810 | 1940 - - - - 2600 6.22%
3R EL
=2} 44 62 - - - - 118 17.87%
~ MIA 1590 | 1660 - - - - 2070 4.5%
B &Y
=2} 33 46 - - - - 62 11.08%
Ml A 25.6 | 27.4 - - - - - -
JPA AN
=L} 0.58 - - - - - - -
EE/HI0| A A Ml A 23 25 27 29 32 35 39 9.4%
AZEOHA HIOIAIAN MIA - 1.5 - - - - - - -
S5 Y IUsx S0
b Al A MIA 3.4 36 225.4%
AlA MIA 506 529 2.2%
MIA - 72 - 191 - - 768 60.55%
U-Sensor Network
=Y - 1.9 - 10 - - 39.9 129.42%
Lab-on-a-Chip MIA 169 484 17.85
M Xel=J17] MIA 520 606 8.0%
REIDCT) MIA 20 30 41 53 67 83 100 30.77%
|
=2} 1.2 1.8 2.5 3.2 - - - 38.38%
HESA RS Y2t “QHIREIA M35 A AIAE 2 =087 (2006) & X




Just imagine what you can build today.

Very Large Scale Integrated Circuits
Based on Nanowires

lcm? Area Patterning
Nanoscale Transistors Silicon-Based
Based on Carbon Nanotube Nanocircuits
(C. Dekker, Nature 386, . =
474 (1997)) =

i

.

Ballistic Transistor

and Strong Interconnect

Based on Carbon Nanotubes

(Current Density > 10° A/lem®

H. Dai, Nature 424,
654 (2003))

Microfabrication

Y/,

Nanoscale Logic Gates
Based on Silicon Nanowires
(C. Lieber, Science 294,
1314 (2001))

Surface £ ¢ _. e Y 4
Functi:nalization BuigREAssanbly 0 pm 20 anosensor
Based on Nanowires Basgéegrlwbilxlealgaires
Nature 425, 36 (2003) O Ea0r, - (K. Dys, ature 425
C. Lieber, Science 293,
1289 (2001))

Nature Nanotechnology 1, 66 (2006
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“Nanowire Integrated Circuit Foundry” Service

(http://hnd.snu.ac.kr)

An example of standard design for nanotube/nanowire devices

Back-Gate Nanowire Transistor

(CNT, V0 Nanowhres, 20y Nanewlires)

Pattern Width

Substrate Insulator Electrode Electrode

b Thickness Material Thickness a b
2

2 3

4

2

Ti/Au,
Cr/Au, 3 3
Sio, 1000 A Al, 100 A ~ 4
Pd,

Pd/Au 2

4 3

4

Pattern for

Sensor

* “Nanowire IC Foundry” service is now open in our lab.
It provides nanotube/nanowire integrated circuits for researchers.

X, Hybrid Nanostructure & Device Lab

* Both standard and custom designed NT/NW ciruits are possible.




Summary

1. Dip-pen nanolithography for direct deposition organic
molecules in nanometer scale resolution.

2. Surface-programmed assembly process for massive nano-
assembly via molecular recognition.

3. Nanowire-based integrated devices: integrated circuits,
sSensors, etc.

“Nanowire-IC Foundry” is now open in our lab!
Please let me know if you are interested in getting nanowire circuits.

Hybrid Nanostructure & Device Lab
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