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Doping the nanowires

� The image charges increase the binding energy of the donor up to a few 
hundreds of meV in the smallest nanowires !!

Binding energy of a donor 
in a Si nanowire as a 
function of its radius.

The donor is located along 
the nanowire axis.

� P (45 meV in bulk)
� As (54 meV in bulk)
� Sb(39 meV in bulk)

Ionization energies of donor and acceptor impurities in semiconductor nanowires : importance of dielectric confinement
M. Diarra, Y. M. Niquet, C. Delerue and G. Allan, �  Phys. Rev. B 75, 045301 (2007).

The electron is  trapped around 
the donor by the impurity and its 
image charges.

<001> -oriented Si nanowires 

Binding energy in bulk Si
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The electron is  trapped around 
the donor by the impurity and its 
image charges.

The binding energy of the impurities and the doping efficiency
depend on the dielectric environment !
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Electrostatic engineering of nanowire devices !!

<001> -oriented Si nanowires 

Binding energy in bulk Si
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� Oxydes and metallic gates screen the impurity potential...
	 Decrease of the binding energy

... BUT ...
� The dielectric response of the oxydes is slow...

	 Polaronic enhancement of the binding energy !

Screening in a complex dielectric environment
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� Strong decrease of the binding energy.

� Analytical model available for any κκ
in
, κ

out
, R and R

g
	  Can easily be taken 

into account in device simulation.

Effect of an « all-around » metallic gate

Binding energy in bulk Si

P impurities in <001> -oriented Si nanowires 

in HfO
2

in SiO
2

R = 5 nm

Screening and polaronic effects induced by a metallic gate and a surrounding oxide on donor and acceptor impurities...
M. Diarra, C. Delerue, Y. M. Niquet  � and G. Allan,  J. Appl. Phys. 103, 073703 (2008).�
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Experimental evidences

Nature Nanotechnology 4, 103 (2009)
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Part II :

Transport properties of
semiconductor nanowires
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The Kubo and Landauer-Büttiker methods

� Kubo method : progagate random wavepackets along the nanowires.
� Yields the « intrinsic » transport properties of infinite, disordered nanowires 

(e.g., mean free paths and mobilities).

� Landauer-Büttiker method : Green function method.
� Yields the transmission/conductance through a nanowire connected to drain 

and source electrodes.

� The two methods are complementary and well suited to localized basis sets.

D Nanowire S

Gate

Gate
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Application : Surface roughness

z



R(
, z)

� Disorder : Random fluctuations of the radius of the nanowire, characterized by
the auto-correlation function :

Parameters :
� R

0
 : average radius.

� �R
0
 : rms fluctuations of the radius.

� L
r
 : correlation length (~ typical size)  of the fluctuations.

� How does the conductance decrease with the wire length L ?

Si ��110
 nanowires R
0
 = 1 nm, �R

0
= 1 �  

L
r
= 5.4 �

L
r
= 21.7 �

Quantum transport length scales in Silicon-based semiconducting nanowires: Surface roughness effects
A. Lherbier, M. Persson, Y. M. Niquet, F. Triozon and S. Roche, Phys. Rev. B. 77, 085301 (2008)� .
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Band structure of silicon nanowires

� The band structure of thin Si NWs is strongly dependent on their orientation :
� Conduction band valley degeneracy completely lifted in [110] Si NWs.
� Lightest hole mass and largest valence subband splittings in  [111] Si NWs.

x 4 – m* = 0.30 x 2 – m* = 0.13 x 6 – m* = 0.96 

x 2 – m* = 0.97 x 1 – m* = 0.18 x 1 – m* = 0.16 

Orientational dependence of charge transport in disordered silicon nanowires
M. Persson, A. Lherbier, Y. M. Niquet, F. Triozon and S. Roche, Nano Letters 8,  4146 (2008).
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Mobility as a function of Si NW orientation

� In agreement with the trends evidenced on the band structures,
� [111] is the best orientation for hole transport.
� [110] is the best orientation for electron transport.

Orientational dependence of charge transport in disordered silicon nanowires
M. Persson, A. Lherbier, Y. M. Niquet, F. Triozon and S. Roche, Nano Letters 8,  4146 (2008).
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Conclusions

� The electrostatics of semiconductor nanowires is very peculiar  and affects 
their properties even in the > 20 nm range where quantum confinement becomes 
negligible.

« Electrostatic » engineering of the environment of the NWs
 (e.g. to decrease donor binding energies)

� The [110]  direction is best for electron  transport in ultimate Si nanowires, while 
the [111] direction is best for hole transport. 


