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Nano Fish in blood vessel?

Electrostatic?

Ultrasonic?

SWCNTs

Ultrasonic?

NanoManufacturing Lab.

Energy source? Fuel cell? Actuation? Fabrication? How many? 

Glucose
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Introduction of Chung’s research

NanoManufacturing Lab.

Biomimetic cilia mixer
Mixing and reaction 
enhancement

Tip enrichment system
Molecular enrichment, 
transport, and detection
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MEMS/Nanotechnology MEMS/Nanotechnology 

NanoManufacturing Lab.

MEMS product

NanoManufacturing Lab.

G.T.A. Kovacs, Micromachined Transducers Sourcebook (1998)

TI mirror array Ink jet printers
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MEMS Accelerometer and Gyroscope to Improve Car GPS Navigation 
System Performance

MEMS product (cont’d)

NanoManufacturing Lab.

http://datasheetoo.com/datasheet-application/automotive/mems-accelerometer-and-
gyroscope-to-improve-car-gps-navigation-system-performance.html

Nanotech product

NanoManufacturing Lab.

http://www.forbes.com/investmentnewsletters/2005/01/12/cz_jw_0112soapbox.html

Top Ten Nanotech Products, Josh Wolfe, Forbes/Wolfe Nanotech Report,
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Nanotech product (cont’d)

NanoManufacturing Lab.

http://www.forbes.com/investmentnewsletters/2005/01/12/cz_jw_0112soapbox.html

Top Ten Nanotech Products, Josh Wolfe, Forbes/Wolfe Nanotech Report,

Nanodevice?
•Transistors, memory chips, etc.

The undulating motion enables 
the cell to swim.

NanoManufacturing Lab.

Biology 5th edition, 1999, Neil A. Campbell et. al, p121

Cilia have a back-and-forth 
motion, alternating active strokes 
with recovery strokes.
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Nanodevice? (cont’d)

NanoManufacturing Lab.

2) PDMS cilia (from NSF supported project)

1) http://pcdprese.tripod.com/index.html

Biological cilia Biomimetic cilia

Fundamentals for micromachining

NanoManufacturing Lab.
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MEMS: 1.  Lithography

• Positive photoresist

• Negative photoresist

NanoManufacturing Lab.

Introduction to Microelectronic Fabrication 

(by Richard Jaeger)

• Mask aligner : MA6

• Oxide layer growing process

• Si (solid) + O2 (vapor) --> SiO2 (solid)

• Operating temperature 800~1100ºC

2. Thermal oxidation

NanoManufacturing Lab.
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3. Chemical Vapor Deposition (CVD)

• SiN, Oxide, poly Si, etc

• Lower temp. than thermal oxide

St t l l• Structural layer

NanoManufacturing Lab.

4. Metal deposition

• Electrical connection

• Mask layer• Mask layer

• Sacrificial layer

• Structural layer

• High vacuum operation

(10-6~10-7 torr)

• Cryo-pump or turbo pump

NanoManufacturing Lab.

y p p p p

Electron beam evaporator
Washington technology center
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5. Etching
• Wet etching

Anisotropic etching and Isotropic etching

• Gas phase etching

– Reactive ion etching

– Deep RIE

– No surface tension
Vacuum chamber

RF plasma

I t i t hi

NanoManufacturing Lab.

Isotropic etching

Anisotropic etching

Beam fabrication
Top-down vs. Bottom-up

NanoManufacturing Lab.
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Top-down Approach

Si f

Mask

Si wafer

SiN deposition

PR spin coating

NanoManufacturing Lab.

Metal deposition (Al)

Lithography

Top-down Approach (cont’d)

Al etching Mask

PR removal, SiN etching

NanoManufacturing Lab.

Si etching
Cantilever
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Bottom-up Approach

(1) Thermal and PECVD oxide

(2) Au electrodes patterning

(4) Carbon nanotube assembly

NanoManufacturing Lab.

(3) Patterning and RIE

(5) Ti/Au patterning

Bottom-up Approach

Si

Thermal oxide
PECVD id

NanoManufacturing Lab.

PECVD oxide
Au electrodes
Ti/Au electrodes

MWCNTs assembled across a trench
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Nanodevice; Inverter ;
Top-down vs. Bottom-up

NanoManufacturing Lab.

Inverter: Fundamentals

• P-N junction

t n type

Depletion zone

p-type n-type

p-type n-type p-type n-type

NanoManufacturing Lab.

1) Repel holes and electrons
2) Decrease depletion zone
3) Electric current Flow

1) Pull holes and electrons
2) Increase depletion zone
3) No current
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Inverter: Fundamentals
• nMOS transistor • pMOS transistor

Gate
Source Drain

Gate
Source Drain

Gate-low : no current – transistor off
Gate-high: current - transistor on

p
n+n+

n
p+p+

Gate-high : no current – transistor off
Gate-low : current –transistor on

NanoManufacturing Lab.

VddY

A
A Y
0

1

1

0

Inverter: by top-down Gate

VddY

A
A Y
0

1

1

0
A
YGND VDD

p
n+n+

n
p+p+Cross 

section

•Rough approximation of the inverter size

10R x 6R is required for the area; pattern resolution: R  4λ (wavelength)

R    R           1.5R       R         R            R           1.5R       R       R

NanoManufacturing Lab.

q ; p ( g )

•6 Mask steps for fabrication

VLSI design techniques for analog and digital circuits, by Randall L. Geiger, et al., 
McGraw-Hill publishing company.

Intuitive CMOS electronics by Thomas M. Frederiksen, McGraw-Hill series
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Inverter: by bottom-up 
Inverter using Si nanowires

NanoManufacturing Lab.

R    R    R

3R x 3R is required.
Cui Y and Lieber CM, SCIENCE, 2001. 

Inverter: by bottom-up 
Inverter Fabrication using Si nanowires

NanoManufacturing Lab.

Fabrication process:

Si wafer - oxidation - 1st Si nanowire assembly - 2nd Si nanowire - electrode patterning
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Inverter: by bottom-up 
Inverter using carbon nanotubes

NanoManufacturing Lab.

R   R      R     R   R

5R x 1R is required. Derycke V, et al., NANO LETTERS, 2001. 

Inverter: by top-down vs. bottom-up 
Inverter Top-down Bottom-up (Si nanowire) Bottom-up (CNT)

Area 10R x 6R 3R x 3R 5R x 1R

Limited by Wavelength Assembly process

Mask steps 6 mask process 1 mask process 2 mask process

Pros Well established Simple structures and fabrication

Cons Complicated fabrication Low yield for assembly processes

NanoManufacturing Lab.

Cons Complicated fabrication Low yield for assembly processes

Future Resolution can be 30 nm. ? (may be dominant under 10nm)

Nanowire assembly is key to the future!
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N i  ( t b ) blNanowire (nanotube) assembly

NanoManufacturing Lab.

Assembly Methods

Growth methods : Chemical vapor deposition (CVD), Plasma enhanced vapor 

deposition (PECVD), Vapor-liquid-solid growth, etc.

Chemical patterning: assembly using an electrostatic attraction of nanowires 

(nanotubes) suspended in solution.

Electric field guided assembly: dielectrophoresis and electrophoresis.

Other methods: 

•Manipulation using either a micromanipulator or an atomic force microscope 

(AFM)

NanoManufacturing Lab.

•Magnetic and optical fields

•Shear force in viscous solution (ex: spin coating and fluid flow)
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Growth (Si nanowires; VLS CVD)

110 SOI wafer

NanoManufacturing Lab.

He RR et al., ADVANCED MATERIALS, 2005 

Growth (SWCNT; Chemical vapor deposition)

•TEM image

NanoManufacturing Lab.

• Cassell AM, et al. JACS 1999 

•SEM image
•Procedure for CVD growth
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Growth (MWCNT; Chemical vapor deposition)

NanoManufacturing Lab.

• Wei BQ, et al., NATURE, 2002

Chemical patterning (MWCNT)

NanoManufacturing Lab.

Burghard M, et al. Advanced Materials, 1998.
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Case AExperimental procedure

1) CNT

Growth

Chemical patterning (MWCNT)

Dispersion in surfactant by sonication

2) Au lines

Si wafer

Oxidation

Au patterning

Alkanethiol growth (SAM) in solution or 
with evaporation

NanoManufacturing Lab.

3) CNT assembly by self-assembly

Single drop of CNT suspension

Dry

4) Imaging

Burghard M, et al. Advanced Materials, 1998.

Experimental procedure

1) CNT

Growth

Case B

Chemical patterning (MWCNT)

Dispersion in surfactant by sonication

2) Au lines

Si wafer

Oxidation

Au patterning

Amino-silanization on oxide layer

3mercaptopropionic acid (3-MPA) on electrodes

NanoManufacturing Lab.

3) CNT assembly by self-assembly

Single drop of CNT suspension

Dry

4) Imaging

Burghard M, et al. Advanced Materials, 1998.
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Chemical patterning (SWCNTs)

70% yield90% yield

NanoManufacturing Lab.

Rao SG, et al., Nature, 2003.

Patterning organic molecules by dip-pen nanolithography and microcontact 
printing followed by CNT patterning

Chemical patterning (3-d structures)
Metal-Polymer Amphiphiles

NanoManufacturing Lab.

Park S, et al., SCIENCE, 2004 
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Chemical patterning (3-d structures)
Metal-Polymer Amphiphiles

NanoManufacturing Lab.

Park S, et al., SCIENCE, 2004 

Electric Field Guided Assembly
Parallel Assembly One dimensional assembly

NanoManufacturing Lab.

•Electrodes are required for assembly. 
•Electric fields (AC, DC, and composite fields).
•Electrophoresis, Dielectrophoresis, Electrokinetic flow, etc.
We will more discuss electric field guided methods in this lecture.



22

Comparison for assembly methods

Growth
Chemical 
patterning E-field

High High

Catalyst Deposition area

>500oC/
~hrs.

room temp./
1min

Purity 
demand

Patterning

Temp./ time room temp./
1min

Low

Electrodes

room temp./
1min

NanoManufacturing Lab.

Yes
Potential for 
Waferscale fab.

Sorting Yes No

Yes Yes

Yes (electrical property & 
physical size)


