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Promising Semiconductor Nanostructures: Nano-
Devices

— Semicond. Nanocolumns

Carbon Nanotubes

— Graphene Ribbons

— Quantum Dots -
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I1I-V Semiconductor Whisker Growth (bottom-up)

( Vapour-Liquid-Solid Growth)
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Ordered Selective Growth by means of Masks
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Si Nanowires in the Quantum Confinement Regime:
Electronic Band Structure Calculations (DFT)
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CdSe Nanowires in the Quantum Confinement Regime
Preparation by Solution-Liquid-Solid Synthesis (SLS)

1.Step: Bi nanoparticles as catalysts:

BiCl; and tri-n-octylphosphine (TOP) as reducing agent Precursor: CdO,

Cd/Se=7/1
2.Step: CdSe wires by addition of:
CdO or Cd(Me), and TOPSe, Reaction Temperature 330°C
3.Step: Termination by Toluene
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Doping Deactivation in Si Nanowires: Dielectric Mismatch
Preparation: Vapour-Liquid-Solid Growth (CVD)
Doping: PH5, P built in as in Bulk Material
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GaN Whiskers: Thickness dependent Photocurrent
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Model for Thickness dependent Surface Recombination

d<d

d=d

d>d

| eroto o< EXP(DP /KT )

crit crit crit
E N
O e S with d>=%d2_t=const. ford>d
N g cri cri
(D E ] // \l N
()] C D ! q D 4>
B @ ! D= d ford<d
E v 168 crit
F % A
1 — _____ Kexm T sl
derglgel’g(r)]n neutral zone % 1:): : ff _*_ tehxey:;eryrimental data
*
§ 100p§- */_/
1 g 10p - ,~’.
Photocurrent I e o —— N SN ou ol
recombination rate o
Whisker diameter (nm)
Fit param.: Np=6.25x10'’cm3

recombination rate o< exp(—®/KkT)

P,=0.555eV




OUTLINE

Semiconductor Nanowires

e Growth and Doping, Band Gap

*Electronic Transport
-Effect of Space Charge Layers
-Quantum Transport in Narrow Gap SC Wires

Theoretical Challenges

Graphene Ribbons

« General Properties, Doping

« Multilayer Stacks with Dirac Cone

e Dead Edge Region: Gap and Transport
Theoretical Challenges

Coupled Quantum Dots as Q-bit
Theoretical Challenges



Resistance of InN Wires
grown as Whiskers on Si(111)
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Phase Coherence from Univ. Cond. Fluct.: InN Wires

Dimensions: L=410nm , d=67nm

T T T T 1.0
_(a) A [ A A i . .
o OB, | O Correlation function
7% ' F(AB) = (6G(B + AB)SG(B)) _os
o 700 T
695 Py . . Or
B B.= Critical Correlation Field "
__ 690 1
5 1 F(BC) - _F(O> 1)) S S
T oF 2 0 2 4 6 8 10
) -1 , B(T)
2 0 2 4 6 8 10
B (M) 450 . 1
L
(a) lo lo lo lo
Phase Coherence Length:

Closed Loops: Aharonov Bohm Interferencies

Ch. Blémers, Th. Schapers, T. Richter, R. Calarco, H. Lith, and M. Marso: Appl. Phys. Lett. 92, 132101 (2008)



INN Whisker (Nanowire). Magnetotransport (B // c-axis)
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Flux Quantisation: Transport through Angular Momentum States
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InAs Columns: Magnetoresistance Oscillations

Columns lithographically shaped from

MBE grown Layers in [111] Direction (Top-down) F‘M
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InAs Nanowires from MOCVD selected area Growth:

Stacking Faults
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Theoretical Challenges

= Growth and Doping

e Tailoring of Stacking Faults in IlI-V Nanowires ?
Substrate, Growth Conditions........
« Built-in of Dopants, Dopant Deactivation ?

- Electronic Band Structure and Band Gap

= Surface States and Space Charge Layers ?

 Nano Surface Science
» Space Charge Layers in the Presence of Defects ?

= Electronic Transport
e Scattering Mechanisms ?
Surface, Stacking Faults......
 Phase Coherence Length, Coherent Transport ?
* Spin related Transport and Interferences
(Weak Antilocalisation) ?
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Graphene: Electronic Structure
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Ribbons Calcul. Band Gap of Ribbons
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Graphene Ribbons:

Peel-off Graphene (Monolayer)

Ribbons by e-beam Lithography

Doping: Joule Heating to 300°C
in NH4/Ar, 1Torr
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Multilayer Graphene on 4H-SiC(OOOi) , C-face :
a Dirac Cone like in a Single Sheet

fault pair @ 3-5 Graphene Monolayers
1.00 . . . . . . -
unit cell ' ' ' ' ' ' ' sl , . F . . ‘
R S )
70 S L= (© Prej ]
5 ~ 6 F Jr"' !3 L,>L (O) o
= X _ ]
g /o o 3@
STM 5 0% S O BRI
% S 40| v 0,0 ,
% % 30 F B o P
By Annealing to 1400 °C: e ;_5 20| &5&0 L—L, (4) |
Interleaved Growth with:| ~ °% ol # A e i
30°rotated or Si c[1oio} o T . ‘
+/- 2.2%rotated vs. sl 0.0 05 1.0 15 20
(commensurate) Energy (meV) sqri(B)
Stacking Faults: Layer Decoupling 5
Landau levels for a Dirac cone: 1
* % 02 N\
— — RN N R30/R2 |
En %n(n)c \/zehB‘n‘ %n(n) El ‘n‘ L 00 -_/'.-" ‘”'--.k‘_- fault pair
1 N Wk, bi-layer]
(for standard 2DEG: E, = (n+§)heB/m ) -1 ]
Electron velocity: c¢*~108cm/s T K T
Dirac mass: my=E/c*~0.0012 m, DFT (VASP code)

M.L. Sadowski, G. Martinez, M. Potemski, C. Berger, W.A. de Heer: Phys. Rev. Lett.. 97, 266405 (2006)

J. Hass, F. Varchon, J.E. Millan-Otoya, M. Sprinkle, N. Sharma, W.A. de Heer, C. Berger, P.N. First, L. Magaud, E.H. Conrad:

Phys. Rev. Lett. 100, 125504 (2008)



Graphene Nanoribbons:Transport and Gap catera confinement)

Graphene Single Sheets
on SiO,/Si (gate)
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Graphene Nanoribbons: Electronic Confinement and

3 ML graphene on SiC(000-1)

_ Ribbon Width W=500nm
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Landau Levels
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Theoretical Challenges

= Multilayer Graphene with Dirac Cone (Dispersion)

 Why growth of R30/R+/-2 decoupled layers on Si(000-1) ?
Graphene/SiC Interaction or Growth Kinetics
« General Conditions for R30/R+/-2 Stacking Fault Growth ?

= Surface and Edge Doping of Ribbons,

Surface Chemistry in General
* Chemistry and Doping Activity ?
e 2D-doping and Dopant Deactivation ?

- Edge Structure of Ribbons

o Atomistic Structure and States of Disorder ?
» Electronic Edge States and 2D-Space Charge Zones ?

= Coherent Transport In Ribbons

e Type of Scattering ?
e Effect of Substrate ?
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Coupled Quantum Dots as Q-bit

Theoretical Challenges



Realisation of a Q-bit by 2 coupled Q-Dots

Vo4 Q-bit = 2-level System:
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Q-bit Realization: 2 coupled GaAs Qantum Dots

Split-gate Technique: Q-dot within 2DEG

AlGaAs/GaAs 2DEG-Mesa
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T. Hayshi, T. Fujisawa, H.D. Cheong, Y.H. Yeong, Y. Hirayama: Phys. Rev. Lett. 95, 090502-1 (2005)



Q-bit Realization: 2 coupled Si Qantum Dots in SO

Manipulation in time domain

Pulse sequence: ;L

1) Preparation of | R> m;

(b) R
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J. Gorman, D.G. Hasko, and D.A. Williams : Phys. Rev. Lett. 95, 090502-1 (2005)



Theoretical Challenges

— Decay of Superposition State (Q-bit)
e Coupling of 2-state System to Environment (E) ?
e Dephasing time 7 ?

— General Description by Density Matrix %
Q-bit: Superposition State («|g)+ S|e))

Time Development (Q unitary) of Q-bit imbedded in Environment | E>
leads to Entangled State:

(e|g)+8|e)|E) — Q—»a| 9)|E, >+,B|e>|Elz

~
p=lof’ |9){a||Eo)(Bo|+|Af'|e)(el| &) (Ei[ +aB° | 0)(el| & )(E,|+ for [€) (9| E)(E|

Only Q-bit is interesting: 3 1B ‘0:\2 of (E|E,)
| po (E[E)  |Af

Environment develops according to: (E|E)=1 —U —»(E,|E)=0

— Q-bit decays according to (Ey|E,)e<€™"




CONCLUSIONS

The great theoretical Challenges:

— Preparation, Doping and Electronic Bands
— Nano-Surface(Edge) Science

— Electronic (Qantum) Transport incl. Spin

— Dephasing of Superposition States
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