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| Classification of Materials based on Bandgap
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Physics ofSemiconductingNano- Materials

IHIA
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g Things
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| Length Scale ofNano-Materials
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Length Scale ofNano-Materials
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| Length Scale ofNano-Materials
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Engineering/Manipulation/Control of materials on the atomic/molecular level

Image Courtesy:Uppsala%?niversity



P Nanoscale Materials

4 Nano-Materials " " * Unigque Properties of

Electrical
Optical
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Chemical
Mechanical

Engineering/Manipulation/Control of materials on the atomic/molecular level

Image Courtesy:Uppsala%}niversity



Example: Carbon Allotropes

Graphite

Charcoal
OAmor phous©a

Graphene

C60

. Multiwalled-
single-walled Carbon

buckminsterfullerene €540, Fullerite Cc70 carbon nanctube nanotube
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Example: Carbon Allotropes
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Classification of Nanomaterials based oimensionality

Classification is based on number of dimensioxnga) confined to the nanoscale range:
A 3D: Bulkz No confinement, none of the dimensions Is at nanoscale.

A 2D: Quantum Wellg1dimension (z) is at nanoscale,){) are not.
A 1D: Nanowires, Nanorods, Nanotubgs2 dimensions X,y) at nanoscale, (z) is not.

A 0D: Quantum Dots, Nanoparticle3dimensions X,y,2) at nanoscale

single-walled C60
Graphene carbon nanotube buckminsterfullerene

31



Electronic Properties as a function of Dimensionality

D(E)

Quantum Confinement Concept\ Different
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How closely packed energy levels

E. E
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Optical Properties as a function ofDimensionality

20 25 30 35 40 45 50 S55A

Absorbance, PL. intensity [a.u.]

475 500 525 550 575 600 625nm 300 400 S00 600 700 800
Wavelength, nm

V. Biju et al., Analytical and Bioanalytical Chemis2@8 391(7):2469-95



Optical Properties as a function ofDimensionality

ﬁ
®

; 1 =
" L Ll
b .
v L
o 1SRN L, 5
> L) 3
Tas V1

o Ny .
RO e DN
o ~ \:'

- b VA Y N3
Sl s N L e, .
ARy N 2

N |

,
-
H
[
S

WF . N

=
L
s e

http://nano--tech.blogspot.com

Stained Glass Art in the Medieval Era Samsung

34



7TEU 1T Ax | AOAOEAI O 8 e
New Functionalities, New Applications, Portable devices, Portable PCs
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_ding Block for computer Chips

ClosedValve

Transistor

OpenValve

Texas Instrumentd, 997

Drain

Drain

Flow
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Transistors Technology NodesMiniaturization Trend

Vg 1.0-1.1V 0.9-1.0V 0.8-0.9V 0.7-0.8V  0.6-0.7V 0.5-0.6V <0.5V

Strain & Fully-depleted Band-Engineered Novel Materials/
Advanced Gate Stack | Channel for Channel for New Iransport/
Engineering Improved Enhanced Cxtreme
Electrostatics Transport .. | Electrostatics | pitch

L]
' - Around, e Half-pitch =]
Ultra-Thin  Multi-gate FETs High-Mobility  \a5owires o0 Matariale Quantum/
SD/stressors Meta-l Gate Channels Tunnel FETs 2D Materials :‘:;J:_"J Devices
NEZ NC1

+ k

A

pmceny Looas
v e B 5
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Why Nanowires ?

A 1D geometry Quantum confinement
A Large Surface to volume ratio

A Accommodating greater elastic strain
(tolerance of lattice mismatgh

A Growth in different configurations

\\ 1/

Band Gap (eV)

InSb

| | | | | | | |
54 5.6 5.8 6.0 6.2 6.4 6.6

Lattice Constant (Angslroms)




Freedom of Design of NWs

Axlal Heterostructures
(Quantum Barriers)

Radial Heterostructures
Core/shell structures
Hollow tubes

V
Ll

AR

Nanotechnology2012 23, 285601

Nano Lett2011,11, 169051694

Unpublished work 43



From 1D to 3D utilizing NWs
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Nanowires Applications

Neurology / Brain Monitoring

Light & Solar Cells

AR R B R

R. Liu etal., Nano LetR017, 17 (5), pp 27572764

Water Splitting
o Tew WY Quantum Applications

H,O superconducting Al

i

super gate

contact to
nanowire

barrier gate

contact to nanowire (Au)

J. Resascoet al., ACS Cent. Sci., 2016, 2(2), pp 80i 88 H. Zhang et al., Nature volume556, pages74-79 (05 April 2018)

Y Chao et al., Nano Lett, 2013, 13(9), pp 4113i 4117

Spintronics

gate 1

.

quntum
dot

coaxial
nanowire

arXiv:condmat0703520

Thermoelectric devices

I hermosecine Manowire

Material

ID.IFI'\E'FI!

v
Electrical Enert
Ganarabion

ATemperature

Cold Side
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Niche of My Doctoral Research

The key objective Is to unite the major advantages of
design freedom offered by nanowires with the key
properties of the chosen semiconductor Materials

2 examples of research projects

1 — NWs __ 79 __ Characterization

Growth ) _
A Structural/ Chemical

Characterization
A Electronic Characterization
A Optical Characterization



| Example 2: Efficient Light Emission from Ge and SiGe

Electronics Optoelectronics

Group 1V: Si, Ge Group IHVs: GaAsinPh 8
Abundant Materials Expensive Materials

a7



Band structure of cubic crystal structure
BUT cubicSiand Ge areindirect!

6 I
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Wave vector (K)
Chelikowskiand Cohen, Phys. Rel8556(1976



| Are Band structures of other crystal structures different?

Ve

Hexagonal Crystal Structure

TN AR
2 L 4
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ARLUMZI TAA S HPK T T ARLUMEZITAA S HPK T T
C. Raffyet al., Phys. Rev. Bondens Matter Mater. Phy2002, 66(7), 075201
J. DJoannopoulostal., Phys. Rev.B073,7 (6), 2644 2657
A.De and C. E. Pryor, J. Phy@andendatter2014, 26 (4), 045801
Q. Fanetal., Materials and Desifil 7, 132, 539551

P. Chenetal., J. Phys. D: Appl. PR§4.7 50, 015107
X. Cartoixaet al., Nano Lett2017,17,4753 4758
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| Are Band structures of other crystal structures different?

Energy (eV)

Hexagonal Crystal Structure
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ARLUME T'AA S HPK T T

Energy (eV)

4

ARLUMEZTAA S HPK T T
C. Raffyet al., Phys. Rev. Bondens Matter Mater. Phy2002, 66(7), 075201
J. DJoannopoulostal., Phys. Rev.B073,7 (6), 2644 2657
A.De and C. E. Pryor, J. Phy@andendatter2014, 26 (4), 045801
Q. Fanetal., Materials and Desifil 7, 132, 539551

P. Chenetal., J. Phys. D: Appl. PR94.7.50, 015107
X. Cartoixaet al., Nano Lett2017,17,4753 4758




| Are Band structures of other crystal structures different?
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| Are Band structures of other crystal structures different?
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| Tunable direct bandgap of hexagonalGe,_,

*First order
approximation

M 3 0 Ge-composition 3

A Ge and Geich SiGe(Ge>60%)alloys are of direct bandgap nature!
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| Hexagonal Ge Crystal Phase

BU I Genaturally crystallizes icubic phase




[ Crystal StructuresLEGO Analogy
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Experimental Realization of HeSi/Ge

Crystal transfer

RAlgraet al., Nano Lett011,11,16901694
Hauge et al., Nano Le&f15, 15, 5855/ 5860
Hauge et al., Nano Let2017,17,851 90



~ Epitaxy of Materials

Crystal transfer

Gas Precursors // /
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_:)VPE Growth of WASaAs Core NWs

EBL Lithogaph defned Abatalyzed NWs
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" MOVPE Growth of WZ5aAs Core NWs
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Experimental Realization of HeXI/Ge

Crystal transfer
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Experimental Realization of HERI/Ge

Crystal transfer
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Atom by Atom Characterization

Atom Probe Tomography Technique

Aldentify the chemical
composition down
mic precision.
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Example 1: Electrical Characterization of InSb NWs for Quantum Applications

S.Gazibegovicet al., Naturezolume548, pagest34438(24 August2017 64



Transfer of NW networks

© Roy Op het Veld

Date 21 Mar 2016

um ENT « 300 WV Signal A = InLens Stage st T~ 300" - . .
el Timo 8:48:47 Scanning Electron Microscope
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