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d Nanotechnology: key elements; market forecast
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O nanowires: what, why, how?

0 Nanodevices:

A Applications for energy, sensorics, optoelectronics

RASA Session, Oct. 23 2010



Nanotechnology: Materials, Tools and Devices NIST

Materials

e Instrumentation made nano-materials and nano-devices achievable!



Nanotechnology: Market Assessment NIST

Global Nanotechnology market, 2009-2015
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® “Growth of $26 Billion in 2015 is more honest than $2.95 Trillion forecast” [Nanowerk]
* “Nanodevice category will experience moderate growth” [BCC Research]

“... B TeyeHune 20 net B KpoBb ByayT BHeAPEHbI TbiCAYM HAHOPOHOTOB, KOTOpPbIe ByAyT cneauTb
33 310POBbEM, YNYy4LLATb NPOMU3BOANTENBHOCTb M CO34aBaTb Pe3ePBHbIE KOMUU COAEPHKMMOTO
MO3ra, Kak dannbl Ha KomnbtoTepe” [Raymond Kurzweil , Future Talk, Oct 20, 2010]



Tools

Metrology & Tools
\ Devices
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Materials N

0 Key advancements:
e fabrication on nanometer/atomic scale

* Imaging of properties/structure with nm/atomic resolution
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Tools: 77 Years of Electron Microscopy => Nanoscopy!

Aberration-corrected
electron microscope
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Nanomaterials: building blocks NIST
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Why Nanowires? NIST

e Building blocks for bottom-up assembly (lab-on-chip)
e Applications:
e Opto: LEDs and lasers; optical modulators/waveguides; photodetectors
e Energy: solar cells, piezo-generators, batteries, thermoelectrics
e Sensors: gas/chemi-/bio- multiplex sensing

* Properties (new/enhanced functionality):
e defect-free single crystals
* high surface-to-volume ratio
e controllable shape, electronic properties
e size-confinement effects

Nano-transistors for sensor applications

NW Gas/Chemical sensors
. ) ) Biological and/or chemica@
NW emitter and Si electronics .

NW photovoltaics detector array- CPU and Memory Functionalization
biosensors

‘m with adsorbed species

Nano-emitters/detectors for bio-sensing

Multi-spectral Detector (photodiodes)
RF emitter array array

7

Lab-on-a-chip




How Do Nanowires Grow?

First Silicon Whisker
[1964 Wagner]

Aucap. gm

® 06 ¢

Si

b o

MSELSAT00 20,06V 12 5mm x5.00k SE(U) 1/8/2010 18:20 10.0um

i
¢
5

g 0 DN
MSELSA700 20.0kV 8. 9mm x2.00k SE(L)'1 @09 18:59 20.0um

Horizontal hot-wall reactor for Si NW growth




Semiconductor NW Growth at NIST

Ok SE(U) 3!%?1‘2

D. svetkov

. . P T 55
. B4 7o =1 0o s=olER ) Bl Laoin m 20,0k SE(U) 8/29/2008 184 'm
Si by CVD (S. Krylyuk) Zn (B. Nikoobakht) SiC by sublimation (S. Sundaresan)

9



GaN Core-Shell Nanowires & Nanotubes NIST

f

f Arrayed nano-lasers, detectors, multi-probes

n-type GaN core
<«—P-type AlGaN
sleeve

GaN nanotubes



NanoDevices: Sensorics, Optoelectronics, Energy NIST

Bio-/chemi- sensors
» ¥

LEDs, lasers, detectors

h-type GaN core

«—p-type AlGaN
sleeve

Photovoltaics

[09Fan]

Thermoelectrics

ENERGY
Piezoelectric generators

[09Wang]

Li-ion battery

Cathode

Anode

Electrolyte

[04Long]
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GaN nano-LED

LEDs, lasers, detectors
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GaN NW LED [NIST]

InGaN QDs

Structure of
Single NW LED

All-color LED [10Kishino]
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NanoDevices: Sensorics, Optoelectronics, Energy NIST

~ Bio-/chemi- sensors
» ¥

Functionalized FET Nanowire-Biosensor Heterostructures
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GaN Gas Sensors (Chemiresistors)

A Motayed et al., JAP 100 )|24306 {2008)
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Integrated NW FET sensors specific to 3 different cancer markers [Lieber]

Functionalized with monoclonal receptors

specified for:

1. Prostate specific antigen (PSA)
2. Carcinoembryonic antigen (CEA)
3. Mucin-1

Si NW Sensor for TNT
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NW-based explosives detectors, cancer sensors

[10Engel]
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More Sensors

Nanomechanical detection of cholera toxins [10Tark] s 020
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Figure 2. (a) A lab prototype of a hand-held device that collects exhaled breath from cancer
patients. (b) Exposure chamber with inlet for breath samples. (c) Array of cross-reactive
molecularly capped metal nanoparticle chemiresistors for the diagnosis of breath samples—
see inset for a scanning electron microscopy image of the sensor's template.
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Figure 3. (a) Typical responses, AR/R,, of one sensor functionalized with 2-ethylhexanethiol
upon exposure to breath of patients with lung cancer (LC). colon cancer (CC), breast cancer
(BC), and prostate cancer (PC), as well as healthy controls, as representative examples.

R, is the baseline resistance of the sensor in the absence of analyte, and AR is the
baseline-corrected steady-state resistance change upon exposure of the sensor to analyte.
(b) An example for principle component analysis pattern recognition for LC, BC, CC, PC and
healthy controls. PC1, principal component 1; PC2, principal component 2.




Summary NIST

e Nanotechnology:

* Instrumentation made it possible

e Market forecast (S26B in 2015): nanomaterials > nanotools > nanodevices
e Nanomaterials:

e Semiconductor nanowires

e Applications: optoelectronics, electronics, energy, sensorics
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