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Classification of Materials based on Bandgap 
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ÁSimple/Elemental: Si, Ge 
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ÁSimple/Elemental: Si, Ge 
ÁCompound: III-Vs, II-VIs, IV-VIs, V-Vis 

and their combinations 
V Binary : GaAs, HgTe  
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Length Scale of Living Things 

Micrometer = 1/million a meter 
Nanometer = 1/billion of a meter 21 



Length Scale of Nano-Materials 

SEM Image of a Human Hair 
Micrometer = 1/million a meter 
Nanometer = 1/billion of a meter 22 



Length Scale of Nano-Materials 

Bio- World: 
V Aqueous Environments 
V Room Temperature 

Nano-Mesoscale nanomaterials 
for electronics: 
V Mostly inorganic materials 
V Mostly low Temperature 
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Nano-Materials 

Image Courtesy: Uppsala University 

Engineering/Manipulation/Control of materials on the atomic/molecular level 
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Nano-Materials 

Image Courtesy: Uppsala University 

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

Unique Properties of 
Nanoscale Materials 
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Classification of Nanomaterials based on Dimensionality 

Classification is based on number of dimensions (x,yz) confined to the nanoscale range: 
Á3D: Bulk ɀ No confinement, none of the dimensions is at nanoscale. 

 
Á2D: Quantum Wellsɀ1 dimension (z) is at nanoscale, (x,y) are not. 

 
Á1D: Nanowires, Nanorods, Nanotubes ɀ 2 dimensions (x,y) at nanoscale, (z) is not. 

 
Á0D: Quantum Dots, Nanoparticles- 3 dimensions (x,y,z) at nanoscale 

Graphene 
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Electronic Properties as a function of Dimensionality 

Quantum Confinement Concept 
ΨvǳŀƴǘǳƳ tƘȅǎƛŎǎΩ 

3D 
2D 1D 0D 

Different 
Energy scales 

How closely packed energy levels 32 



Optical Properties as a function of Dimensionality 

V. Biju et al., Analytical and Bioanalytical Chemistry(2008)  391(7):2469-95 33 



Optical Properties as a function of Dimensionality 

Stained Glass Art in the Medieval Era 

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

Samsung 
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7ÈÙ ÎÅ× ÍÁÔÅÒÉÁÌÓ ȣ ȩ 

1945 - ENIAC 

2018 

Portable PCs 

Pocket Size Mobile Phones 

Cryptographic anchors-IBM 

New Functionalities, New Applications, Portable devices, 
ÁÆÆÏÒÄÁÂÌÅ ÐÒÉÃÅÓ ȟȣetc 

1973- Motorola 
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Transistor- Building Block for computer Chips 

Source 

Closed Valve 

Drain 

Source 
Flow 

Open Valve 

Drain 

Transistor 

Texas Instruments, 1997 

G 
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-ÏÏÒÅȭÓ ÌÁ× ÁÓ Á ÄÒÉÖÅÒ ÆÏÒ ÍÉÎÉÁÔÕÒÉÚÁÔÉÏÎ  
MOOREȭ3 ,!7 ȣ .5-"%2 /& 42!.3)34/23 /. ! #()0 $/5",%3 %6%29 47/ 9%!23  

Demand for IC with 

improved MEMORY and 

SPEED Ą the SIZE of 

transistors continues to 

Shrink down 

More than Mooreôs 
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Transistors Technology Nodes- Miniaturization Trend  

Technology Node Definition 
= ½ Pitch b/w 2 Metal lines 

Source: IMEC 2015 38 



Transistors Technology Nodes- Miniaturization Trend  

Source: IMEC 2015 

Main Enabler: 
ÁNovel Design 

Concepts 
ÁNovel Materials 
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Transistors Technology Nodes- Miniaturization Trend  

Source: IMEC 2015 

ÁEngineers 
ÁPhysicists 
ÁMaterial Scientists  
ÁChemists 
Á"ÉÏÌÏÇÉÓÔÓ ȣetc 
Á (Experimentalists 

and Theoreticians) 

A whole team of:  
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Nanowires  



Å1D geometry (Quantum confinement) 

ÅLarge Surface to volume ratio 

ÅAccommodating greater elastic strain 

(tolerance of lattice mismatch). 

ÅGrowth in different configurations 

 

Nanoscale, 2013,5, 3570-3588 

Why Nanowires ?  
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Freedom of Design of NWs  

Nanotechnology , 2012, 23,  285601 
Nano Lett. 2011, 11, 1690ς1694 

Axial Heterostructures 
(Quantum Barriers) 

Radial Heterostructures 
Core/shell  structures 

Hollow tubes 

50 nm 
G

a
A

s 

G
e 

G
e 

Unpublished work 

500 nm 
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Adv. Mater. 2014, 26, 4875ς4879 Nano Lett., 2016, 16 (2), pp 825ς833. 

Nano Lett. 2012, 12, 1794ҍ1798 
Nano Lett. 2013, 13, 3802ҍ3806 

From 1D to 3D utilizing NWs  
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Nanowires Applications  

Thermoelectric devices  
Quantum Applications  

Spintronics  

R. Liu et al., Nano Lett., 2017, 17 (5), pp 2757ς2764 

cfse.ps.uci.edu/research/solarheat.el

ectric.shtml 

arXiv:cond-mat/0703520 

Y. Chao et al., Nano Lett., 2013, 13 (9), pp 4113ï4117 

J. Resasco et al., ACS Cent. Sci., 2016, 2 (2), pp 80ï88  

Water Splitting  

Neurology / Brain Monitoring Light & Solar Cells  
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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 

1 NWs 
Growth 

Characterization 2 
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ÁStructural/ Chemical 
Characterization 
ÁElectronic Characterization  
ÁOptical Characterization 

 

2 examples of 2 research projects 



Example 2: Efficient Light Emission from Ge and SiGe  

Electronics 
Group IV: Si, Ge 
Abundant Materials 

Optoelectronics 
Group III-Vs: GaAs, InP ȟȣ 
Expensive Materials 
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BUT cubic Si and Ge  are indirect! 

Wave vector (K)  

Chelikowski and Cohen, Phys. Rev. B14, 556 (1976) 

Band structure of cubic crystal structure 

c-Si c-Ge 

48 



C. Raffy et al., Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66 (7), 075201  

 J. D. Joannopoulos et al., Phys. Rev. B 1973, 7 (6), 2644ī2657 
A. De and C. E. Pryor, J. Phys.: Condens. Matter 2014, 26 (4), 045801 

Q. Fan et al., Materials and Design 2017, 132, 539ð551 

P. Chen et al., J. Phys. D: Appl. Phys. 2017 50, 015107 

X. Cartoixa et al., Nano Lett. 2017, 17, 4753ī4758 

Hexagonal Crystal Structure 

Are Band structures of  other crystal structures different? 

Si Ge 
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Ge Si 

Hexagonal Crystal Structure 

0.79eV 

C. Raffy et al., Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66 (7), 075201  

 J. D. Joannopoulos et al., Phys. Rev. B 1973, 7 (6), 2644ī2657 
A. De and C. E. Pryor, J. Phys.: Condens. Matter 2014, 26 (4), 045801 

Q. Fan et al., Materials and Design 2017, 132, 539ð551 

P. Chen et al., J. Phys. D: Appl. Phys. 2017 50, 015107 

X. Cartoixa et al., Nano Lett. 2017, 17, 4753ī4758 

Are Band structures of  other crystal structures different? 
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Ge Si 

Hexagonal Crystal Structure 

C. Raffy et al., Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66 (7), 075201  

 J. D. Joannopoulos et al., Phys. Rev. B 1973, 7 (6), 2644ī2657 
A. De and C. E. Pryor, J. Phys.: Condens. Matter 2014, 26 (4), 045801 

Q. Fan et al., Materials and Design 2017, 132, 539ð551 

P. Chen et al., J. Phys. D: Appl. Phys. 2017 50, 015107 

X. Cartoixa et al., Nano Lett. 2017, 17, 4753ī4758 

Indirect 

Are Band structures of  other crystal structures different? 
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Ge Si 

Hexagonal Crystal Structure 

Indirect 

C. Raffy et al., Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66 (7), 075201  

 J. D. Joannopoulos et al., Phys. Rev. B 1973, 7 (6), 2644ī2657 
A. De and C. E. Pryor, J. Phys.: Condens. Matter 2014, 26 (4), 045801 

Q. Fan et al., Materials and Design 2017, 132, 539ð551 

P. Chen et al., J. Phys. D: Appl. Phys. 2017 50, 015107 

X. Cartoixa et al., Nano Lett. 2017, 17, 4753ī4758 

Are Band structures of  other crystal structures different? 

52 



Ge Si 

Hexagonal Crystal Structure 

Direct Indirect 

C. Raffy et al., Phys. Rev. B: Condens. Matter Mater. Phys. 2002, 66 (7), 075201  

 J. D. Joannopoulos et al., Phys. Rev. B 1973, 7 (6), 2644ī2657 
A. De and C. E. Pryor, J. Phys.: Condens. Matter 2014, 26 (4), 045801 

Q. Fan et al., Materials and Design 2017, 132, 539ð551 

P. Chen et al., J. Phys. D: Appl. Phys. 2017 50, 015107 

X. Cartoixa et al., Nano Lett. 2017, 17, 4753ī4758 

Are Band structures of  other crystal structures different? 
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Á Ge and Ge-rich SiGe (Ge>60%) alloys are of direct bandgap nature! 

*First order 
approximation 

M            ɜ      ὃ              M            ɜ      ὃ              

Hex-Si Hex-Ge 

Tunable direct bandgap of hexagonal SixGe1-x 
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Hexagonal Ge Crystal Phase 
 

BUT Ge naturally crystallizes in cubic phase 

 
 
 
 



Crystal Structures- LEGO Analogy 

Typical cubic structure Typical Wurtzite(WZ) 
(hexagonal) structure 

Atomic stacking 
A 

B 

C 

A 

B 

c 
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Crystal transfer 

Experimental Realization of Hex-Si/Ge 

R. Algra et al., Nano Lett., 2011, 11, 1690ð1694 

Hauge et al., Nano Lett. 2015, 15, 5855ī5860 

Hauge et al., Nano Lett. 2017, 17, 85ī90 



Crystal transfer 

Epitaxy of Materials 

R. Algra et al., Nano Lett., 2011, 11, 1690ð1694 

Hauge et al., Nano Lett. 2015, 15, 5855ī5860 

Hauge et al., Nano Lett. 2017, 17, 85ī90 

Gas Precursors 

Substrate 

Metal Organic Vapor Phase Epitaxy 

MOVPE 



MOVPE Growth of WZ- GaAs Core NWs 

500 nm 

Au disks 
III-Au Alloy 

GaAs Substrate  

TMGa AsH3 

TMGa AsH3 

VLS- MOVPE EBL Lithography defined Au-Catalyzed NWs 

Gas Precursors 

Gas Precursors 



MOVPE Growth of WZ- GaAs Core NWs 

500 nm 

EBL Lithography defined Au-Catalyzed NWs 

Phys. Rev. Lett. 99, 146101 ð Published 5 October 2007 

Thermodynamics of Vapor-Liquid-Solid 
Interfaces 



Crystal transfer 

Experimental Realization of Hex-Si/Ge 

R. Algra et al., Nano Lett., 2011, 11, 1690ð1694 

Hauge et al., Nano Lett. 2015, 15, 5855ī5860 

Hauge et al., Nano Lett. 2017, 17, 85ī90 

EDX Compositional Maps 
61 

Parameters to vary:  
VTemperature 
VPrecursor Gas Flows (Partial Pressures) 
VReactor Pressure 
VTime 



Crystal transfer 

Experimental Realization of Hex-Si/Ge 

R. Algra et al., Nano Lett., 2011, 11, 1690ð1694 

Hauge et al., Nano Lett. 2015, 15, 5855ī5860 

Hauge et al., Nano Lett. 2017, 17, 85ī90 

EDX Compositional Maps 
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Atom by Atom Characterization 
Atom Probe Tomography Technique 

Au 

Ge Si 

Ge 

Image Courtesy: Dr. Sebastian Kölling, TU Eindhoven  

ÁIdentify the chemical 
composition down 
to atomic precision. 
 
ÁIdentify doping 

levels 
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Example 1: Electrical Characterization of InSb NWs for Quantum Applications 

S. Gazibegovic, et al., Nature volume548, pages434ɀ438 (24 August 2017) 64 



Deterministic Transfer of NW networks  

E.M. T. Fadaly et al., Nano Lett., 2017, 17 (11), pp 6511ɀ6515 

Scanning Electron Microscope 
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