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Introduction to Nanotechnology
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Ph.D. 1989 Harvard University
Hossein hosseinkhani: GIBE, NTUST

Ph.D. Kyoto University
Chunwei Chen: MSE, NTU

Ph.D. Cambridge University
Li-Chyong Chen: CCMS, NTU

Ph.D. 1989 Harvard University

Moore’s Law

Moore’s Law

10

-
0
-

o
=

o
h
Pertium 5 40786

[ F it |
PuntimPro |

Transistars por Chip
= =

-
%

CANTI O AATE 1830 4804 16SE 1897 1FSE 2060 2004 U0
Nate

.
[ —
Bl




2014/12/24

What is Nano?

Meter (m) Second (s)

Millimeter (mm) = 103 m Millisecond (ms) = 103 s

Micrometer (um) = 10°% m Microsecond (us) = 10°s
Nanometer (hm) = 10° m Nanosecond (ns) =10°s

Picometer (pm) = 1012 m Picosecond (ps) = 101? s

Femtometer (fm) =10"2° m Femtosecond (fs) =10%° s

Attometer (am) = 108 m ? Attosecond (as) = 108 s
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® 1Pa=1Nm?2=10°bar=7.501* 10 mm Hg (torr)

® 1atm =760 mm Hg=1.013 bar

lcal=4.184)

1eV=1.602* 107 J=23.06 kcal/mole
1 kWh=3.6* 10°)J

1BTU =1055J

® 1W=1Js?
® 1hp=746W
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Composition Analysis

. EL (Z A R)

. EDS (X&t&t e £ 57 » 17 &)

. AES (B3 3 Sk 3¥)

. NMR (2 Jrdk 3~ 47 )

. ICPMASS (L + & T R )

. MALDI ( Matrix-assisted laser
desorption/ionization

NMR, MRI
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MALDI ( Matrix-assisted laser
desorption/ionization)

Structure Analysis

. XRD (X3 #55)
. FTIR (e #h 3 )
. Raman (4§ %3#)
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relative intensity, a.u.
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Raman (& sk 2¥)

—— H2/CH4=3
——— H2/CH4=5
—— H2/CH4=10
—— H2/CH4=20
—— H2/CH4=40

Normalized intensity (a.u.)

1400 1600 1800 2400 2600 2800
Raman shift (cm™)

Electronic properties

. Optical Absorption (v 1 3 2¥)
. Photoluminescence (% & sk 3¥)
. STS (#F 40 7 "% &g picitr)

. XPS (X3 ¢ 3 k)

. T 3 & &R £ (SRRC)
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Photoluminescence (PL & CL)

LE interband photoluminescence
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=4 58 5TS
Binging Enargy (2v)

{arb. units)
FT magnitude
(arb. units)

MNormalized Absorption
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Energy [ eV

(XANES & EXAFS)
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1. i & % P £ (Thermal conductivity)
2. B~ #7(TGA)
3. # 4 {7 % (DSC)

EEREEER;
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FeEmg Gomen?

We can get the thermal diffusivity b
measure the “half-time” of temperatur
increase resulted from laser heating. Cooperator: Dr. Y. Chen’s lab
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Nanomaterials for
Thermoelectric Applications
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Henewable Energy Consumption by Source
Lk B < B Ahrmad Eray fasrwy S I Geothermal

Hydrogen &
.’ Fuel Cells
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Typical Energy Split in Gasoline Internal Combustion Engines

5% [Recipve Power
Mability and ALcessoriey

BN Frction ane Parasine
Losses

40N ExBaant Caa

GM has 350Watt avg systems on
a truck can get 3% to 4% fuel
saving with better integration.

www.greencarcongress.com/thermoelectrics
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Current

-«

e
h+

Electron flow

Hole flow =
COLD SIDE

! Total current flow

Chen et al., Intl. Mater. Rev. 48(2003)45

The Seebeck and the Peltier Effect

hermoelect
Device

Thermoelectric p— . 'I Thermoelectric
Power Generation i Cac ] Cooling
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Electrons
absorb heat
from the
lattice |!

-

Electron i

Energy [ g

Cold Side

gqll=qTS

n-type semiconductor
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Electrons
reject heat
go the lattice

metal

THot Side

Driven by an applied potential, electrons (holes) absorb heat from the
lattice at the cold side, and reject heat to the lattice at the hot side
—>Refrigeration.

No moving elements

No working fluids and gases
Low-noise operation

Reduced size and weight

High reliability — KRYOTHERM
guarantees lifetimes of more than
200,000 hours for our TEDs

Easy switching from cooling to

heating mode

17



2014/12/24

Jet Propulsion Laboratory

ifomia Institute ol Tec

N.lISA.

Voyager

The Interstellar Mission
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Radioisotope thermoelectric generator (RTG, RITEG)
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Koolatron P-27 Voyager - A Thermoelectric
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a
Elecirical
Soabock conductivity
coaticiant
Electrical conductivity o i
- Free carrier
Thermal conductivity & . | 3
seebeck cosFAGITES density n g
eebeck coefficient 1% 10" amd In cavrier concanirabonin)
|
The thermal conductivity
i i Electronic tharmal
Thasrrmal I i, conducinay
conductivity L]
Lattice part is roughly independent o | '|
; o ol i 1. Lolfice themal
while the elgctronlc part. |§ directly rg i comdciivity
to the electrical conductivity | |
In camiar concenfraiionyni
Insulalors Semiconducion Motals

Schematic dependence of electrical conductivity, Seebeck coefficient, power
factor, and thermal conductivity on concentration of free carriers.

Journal Materials Institute
2011 Nature  PbTe,_,Se, (Buck) 1.8 850K  MS, California Institute of Technology
2009 Nature  In,Se; , (Buck) 1.5 700K

2008 Nature  Si (52nm rough NWs) 0.6 300K  Berkeley

2008 Nature  Si (20nm NWs) 1.0 200K CE, California Institute of Technology
2008 Science  BiSeTe (buck) 1.5 400K  Physics, Boston College

2004 Science  AgPb, SbTe,,,, (buck) 2.1 800K  Michigan State University
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2002 Science  PbSeTe/PbTe SL 1.6 300K  Massachusetts Institute of Technology
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Efficiency n Efficiency examples

Tu-Tc 1+2ZT -1 z7 TWK  ToK n
Ty  V+ZT +T, /T,

n:

673 373

. . 673 373
Figure-of-merit ZT 673 373
S?g 773 373

ZU = 873 373

» To match a refrigerator, an effective ZT= 4 is needed
» To efficiently recover waste heat from car, ZT = 2 is needed

1 I |

T L i e

Q4= ===

J1+ZT -1
«JI+ZT+?}

H

Nre =T

Camot efficiency, Ne = (T T¢)/ Ty

B i i s i s et e
[ —————
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- 10A/50A Bi. Tesbe Te.
Structure # e

= Optimized for
disrupting heat
transport while
enhancing aledmn
transport per L
to the superlattice
interfaces

‘Applied Physics Letters, 75, 1104 (1999)

- Combine Phonon-Blocking, Electron-Transmitting Structures Along Heat Flow
with Orthogonal Quantum-Confinement for ZT in the range of 4 to 57

Layered SL Patterned
to form 1-di Quantum-
Wires — Orthogonal

Quantum

Confinement
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Akram |. Boukai et al, Nature 451 168(2007)
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Enhanced thermoelectric performance of rough
silicon nanowires

Allen | Hochbaum'®, Renkun Chen'®, Raul Diaz Delgade’, Wenjie Liang', Erik C. Garnett’, Mark Majarian’,
Arun Majumdar™* & Peidong Yang'-"!
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NANO

Holey Silicon as an Efficient Thermoelectric
Material

-

Jinyan 'r-uqh.‘ " Husg-Ta Wang. ' * Dong Hyum Low," Slalii Fandy, ¥ royang Hua,*
Thamaa P, Remsel] " and Peidong Yang* ' "

Goal: Reduce Thermal conductivity or
Increase electrical conductivity

T. Sands et al, Purdue University
Akram |. Boukai et al, Nature 451 168(2007)
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Silver nanowire Zn0 nanowire - .
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Undoped Si P-type Si N-type Si SiGe nanowire
nanowire nanowire nanowire
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® Nanotechnology provides great opportunity
for Thermoelectric materials.

® Demonstration of high ZT materials is yet to
come.
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