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Band	engineering	



Heteroepitaxy	of	III-V	

GaAs	(dark	regions)	AlAs	(lighter	regions)	superlaBce:	
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Molecular	beam	epitaxy	
(MBE)	

Metal organic vapor  
phase epitaxy (MOVPE)	
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How	nanowires	grow…	
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Wagner and Ellis, APL, 1964 

Different	semiconductor	classes:	
• 	IV:	Si,	Ge	
• 	III-V:	GaAs,	InP,	etc.	
• 	II-VI:	ZnO,	CdSe,	etc.	

Nature Nanotechnology  2, 541 (2007) 
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GaP	



InSb	Zinc	Blende	nanowires,	growth	along	[111]	
length		~2-3	µm,	diameter	~100	nm	

InSb 

InAs 
stem 

Plissard,	Bakkers	et	al.,	Nanoleaers	(2012)	



Nanowire	Epi	
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ΣΗΑΔΟΩ ΓΡΟΩΤΗ

Balk et al 2016 



Results	from	Peter	Krogstrup	(Growth	in	Copenhagen)		and		
David	van	Woekom,	ABla	Gersdi	&	John	Watson	(Device	fab	in	Delc)	
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CONTACTS	



1D quantum wire


•  discrete modes


•  ballis/c transport


=   quan/zed conductance


quan/zed conductance in 1D requires transparent contacts


2D	 1D	



Au contact


dielectric layer

Si substrate


InSb nanowire


FEI microscopy


surface treatment/oxide removal
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how to extract mobility
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V

model	
experiment	

hap://arxiv.org/pdf/1411.7285.pdf	



how to extract mobility


hap://arxiv.org/pdf/1411.7285.pdf	
	
Note:	Extracted	field	effect	mobility	is	not	the	same	as	mobility	and	mean-free-path	used		
by	theorists	in	e.g.	laBce	models!	
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Ballistic one-dimensional nanowire 
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Ballistic one-dimensional nanowire 
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•  Subband spacing~15meV 
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quan/zed conductance at zero field


Ballistic one-dimensional nanowire 
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1D magneto-subbands 
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Orbital	effect	
•  Orbital	effects	dominate	sub-band	dispersion	
•  B-field	orienta>on	important	
•  Orbital	sub-band	degeneracies	possible	

arXiv:1603.03751	
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1D	subbands	with	Rashba		
spin-orbit	interac>on	è	helical	liquid	
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SPIN	ORBIT	INTERACTION	(SOI)	



SPIN	ORBIT	INTERACTION	(SOI)	
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SOI	+	Magne>sm	

B	<	B	cri>cal		 B	=	B	cri>cal		 B	>	B	cri>cal		

EF	



SOI	+	Magne>sm	

B	<	B	cri>cal		 B	=	B	cri>cal		 B	>	B	cri>cal		

EF	

TOPOLOGICALLY	DISTINCT	
Number	of	crossing	different	in	parity	

	







Spin-orbit interac/on, helical gap


Spin-orbit	coupling	from	helical	gap	:	
​𝐸↓𝑆𝑂 =1…4 𝑚𝑒𝑉=10…40 𝐾	on	multiple	devices	

dI/dV	



Spin-orbit interac/on, helical gap


Spin-orbit	coupling	from	helical	gap	:	
​𝐸↓𝑆𝑂 =1…4 𝑚𝑒𝑉=10…40 𝐾	on	multiple	devices	

theory	and	simulation	by	Michael	Wimmer,	
preliminary	data	



VBG (V) 
0 0.3 0.6 

0

1

2

3

4

5

6

B(T) 

1 2 3 

G (2e2/h) 

6T 

0.3 0.6 

0.5 

1.0 

0.9 

G
 (2

e2
/h

) 

4.5T 

0.3 0.6 

0.5 

1.0 

G
 (2

e2
/h

) 

0.3 0.6 

0.5 

1.0 
3T 

G
 (2

e2
/h

) 

VBG (V) 



-10° 

-15° 

0 0.3 0.6 
VBG (V) 

0° 

4° 

-4° 

10° 

15° 

1 

2 

3 

G 
(2e2/h) 

B 

BSO 

0 0.3 0.6 
VBG (V) 

-17° 
1 

2 

G
 (2

e2
/h

) 

0° 
1 

2 

0 0.3 0.6 

G
 (2

e2
/h

) 

+20° 
1 

2 

0 0.3 0.6 
G

 (2
e2

/h
) 

B=3.6T 



topgate	

nanowire	

backgate	



Spin-orbit interac/on, W(A)L data


Spin-orbit	coupling	from	magnetoconductance:	
​𝐸↓𝑆𝑂 =0.25…1 𝑚𝑒𝑉=3𝐾…10𝐾	



Strength	spin-orbit	interac>on	

	
Eso	~	EZ		@	1T	~	10	Kelvin				
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ANDREEV	
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dI/dV	=	2e2/h	

single	1D	subband	and	T	=	1:	
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enhancement & hard-gap
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Beenakker PRB (1992)


​𝐺↓𝑠 = ​4​𝑒↑2 /ℎ ​​​𝐺↓𝑛 ↑2 /​
(2− ​𝐺↓𝑛 )↑2   theory:




simula/on
experiment


Comparison to numerics (Michal Nowak, KWANT) 

le ~ few micron => ballistic Andreev transport 



​𝐺↓𝑠 = ​4​𝑒↑2 /ℎ ​​​𝐺↓𝑛 ↑2 /​
(2− ​𝐺↓𝑛 )↑2   



SNS,	Jo-FET	&	
ABS	



On-chip microwave spectroscopy of  
semiconductor nanowire Josephson junctions 
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Superconductor-Semiconductor-Superconductor  
Josephson junctions 
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•  InAs nanowires 
•  Ti/Al superconducting contacts 
•  Spacing ~< 800 nm  
   → supercurrent 
 

Review Nature Nano 2010 

DC Josephson effect: Is= IC sin(φ2- φ1) 

Δeiφ1 Δeiφ2 

Science 309, 272 (2005) 

Nature 442, 667 (2006) 
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SNS Josephson junc/on


Doh	et	al,	Science,	309,	272	(2005)	
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SNS Josephson junc/on


Doh	et	al,	Science,	309,	272	(2005)	

​𝐸↓𝐴𝐵𝑆 	
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SNS Josephson junc/on


Doh	et	al,	Science,	309,	272	(2005)	

​𝐸↓𝐴𝐵𝑆 =±∆√⁠1−𝜏​𝑠𝑖𝑛↑2 ​​𝜑/2    	

​𝐸↓𝐴𝐵𝑆 	
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SNS Josephson junc/on


​𝐸↓𝐴𝐵𝑆 	

​𝐸↓𝐴𝐵𝑆 =±∆√⁠1−𝜏​𝑠𝑖𝑛↑2 ​​𝜑/2    	

Doh	et	al,	Science,	309,	272	(2005)	
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SNS Josephson junc/on


Doh	et	al,	Science,	309,	272	(2005)	

​𝐼↓𝑠 ~ ​𝜕​𝐸↓𝐴𝐵𝑆 /𝜕𝜑 	​𝐸↓𝐴𝐵𝑆 =±∆√⁠1−𝜏​𝑠𝑖𝑛↑2 ​​𝜑/2    	

​𝐸↓𝐴𝐵𝑆 	


