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We discuss the scattering of electrons and holes by charged dopant impurities in h001i; h110i, and
h111i gate-all-around silicon nanowires (Si NWs) with diameters in the 2-8 nm range. We show
that the mobility of minority carriers follows simple trends resulting from band-structure effects. In
the inversion mode, the h110i and h001i [respectively, h111i and h110i] Si NWs are the best n-type
[resp. p-type] channels. The choice of a high-j gate oxide is critical to achieve large mobilities in
ultimate Si NWs. The mobility of majority carriers is found to increase with decreasing NW
diameter and is more weakly dependent on the orientation. We also discuss the variability of single
C 2012
impurity resistances as a function of the structural parameters and nature of the carriers. V
American Institute of Physics. [http://dx.doi.org/10.1063/1.4704174]
Silicon nanowires (Si NWs, either etched or grown)
have attracted much interest as promising building blocks for
ultimate microelectronics devices. In particular, gate-allaround Si NWs transistors shall show improved gate control,
hence reduced short-channel effects.1 Si NWs with diameters
below 10 nm have now been synthesized and electrically
characterized.2–7 The data on such small NWs are, however,
still scattered and not well understood. It is notably difficult
to disentangle the effects of different scattering mechanisms,
in a range of dimensions where quantum confinement shapes
the electronic structure of the materials. This calls for
quantum-mechanical simulations able to sort out the physics
of the devices.8–21
The need for quantum-mechanical atomistic modeling is
particularly evident for impurity scattering. Previous studies
have indeed pointed out the limitations of semi-classical
approximations,20 as the current through an impurity may
involve a tunneling component or display Fano resonances.16
However, quantum Green’s functions calculations have been
mostly limited to very small NWs, with no systematic exploration of the dependence of the transport properties on size
and orientation.15–19,21 In Ref. 20, we have investigated the
mobilities of electrons in P and B doped gate-all-around
h110i Si NWs within an atomistic Green’s functions framework. In this letter, we elaborate on this work and discuss the
scattering of electrons and holes by charged dopant impurities in h001i; h110i, and h111i Si NWs with different gate
oxides. We give quantitative trends for the mobility of minority and majority carriers, and for the variability of single
impurity resistances in the whole d ¼ 2–8 nm diameter range.
We discuss the physics behind these trends and the implications for the design of ultimate devices.
We consider cylindrical Si NWs in a gate-all-around
geometry with a 2 nm thick SiO2 or HfO2 gate oxide. The
electronic structure of the NWs is computed with a sp3 d 5 s
tight-binding model22 which is accurate down to the smallest
NWs (Ref. 23) and treats all conduction band valleys of silia)
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con at once, hence allowing for inter-valleys scattering. The
potential of single, charged impurities (P or B) randomly distributed in the cross section of the NW is first calculated
using semi-analytical Fourier-Bessel series.24 This potential
is further screened by the free carriers in the conduction or
valence band of the NWs within a self-consistent linear
response approximation.20 The impurity-limited mobility
limp is then calculated from the spatial average hRimp i of the
resistances of at least 16 impurities as
limp ¼

1
;
enimp nS2 hRimp i

(1)

where nimp is the impurity concentration (per unit volume), n
is the free carrier density, e is the elementary charge, and
S ¼ pd 2 =4 is the cross-sectional area of the NW. The resistance of each individual impurity is obtained with the
Landauer-Büttiker formula,25,26 using a “knitting” algorithm27 to compute the Green’s function and transmission
through the NW. Details can be found in Ref. 20. Equation
(1) neglects coherent multiple scattering by more than one
impurity and is therefore valid only at low nimp or in the
presence of strong enough inelastic scattering (see discussion
at the end of the letter). The data presented in this paper
have been computed at room-temperature28 and for nimp ¼ n
¼ 1018 cm3.
We first discuss NWs in the inversion regime (transport
of “minority” carriers, i.e., electrons in B-doped and holes in
P-doped NWs). As discussed in Refs. 16 and 20, charged
impurities appear as tunnel barriers for minority carriers and
can therefore strongly hinder their flow. The mobility of
electrons in B-doped NWs is plotted as a function of diameter in Fig. 1(a), for the three NW orientations and for both
SiO2 and HfO2 gate oxides. The mobility of holes in Pdoped NWs is likewise shown in Fig. 1(b). These figures
clearly emphasize (i) the importance of NW orientation and
(ii) the need for high-j oxides in ultimate devices to limit
charged impurity scattering.
As to electrons, the h110i, then h001i Si NWs (above
d ¼ 5 nm) show the best intrinsic mobilities, while the h111i
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FIG. 1. Impurity-limited mobility of (a) electrons in B doped Si NWs and
(b) holes in P doped Si NWs, as a function of diameter d, for different orientations. The NWs are surrounded by a 2 nm thick HfO2 or SiO2 oxide and a
metallic gate (gate-all-around geometry). The carrier density and impurity
concentrations are n ¼ nimp ¼ 1018 cm3.

Si NWs perform significantly worse. This strong orientational dependence results from the anisotropy of the band
structure of silicon.29 The confinement indeed lifts the
degeneracy between the six conduction band valleys of silicon. The low-energy valleys are only twofold degenerate in
h110i Si NWs and feature a low effective mass m ranging
from .0:13m0 for d < 3 nm to mt ¼ 0:19m0 for large d’s.
This increases the carrier velocity and limits inter-valleys
scattering, thereby enhancing the mobility. The situation is
less favorable in small h001i Si NWs (fourfold degenerate
low-energy valleys with m ranging from Z0:3m0 for d < 3
nm to mt for large d’s), and in h111i Si NWs (sixfold degenerate valleys with m ranging from Z1m0 for d < 3 nm to
0:43m0 for large d’s). The spread between the different orientations however decreases with increasing d as the transport becomes markedly multi-subband. As for holes, the
h111i and h110i Si NWs show the best intrinsic mobilities.
Indeed, the lateral confinement tends to promote a nondegenerate light-hole band in these orientations. The effective mass of the holes can actually be as low as ’0:13m0 in
h111i Si NWs and ’0:18m0 in h110i Si NWs, while the
splitting between the two topmost valence bands is, respectively, 60 and 37 meV at d ¼ 3 nm. These trends in the band
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FIG. 2. Relative standard deviation of (a) the electron resistances of single
B impurities and (b) the hole resistances of single P impurities, as a function
of the Si NW diameter d (same parameters as in Fig. 1). The inset in (b) is
the resistance of individual P impurities in a h111i Si NW with diameter
d ¼ 5 nm (embedded in HfO2), as a function of their radial position. This
particular Si NW is marked with an arrow in the main figure. The horizontal
line and the shaded area in the inset are, respectively, the average resistance
hRimp i and the hRimp i6hDR2imp i1=2 interval.

structure again increase the average velocity of carriers and
help suppress intersubband scattering. On the opposite, the
topmost valence bands are almost twofold degenerate and
heavy (m ’ m0 ) in h001i Si NWs, which explains the comparatively lower mobilities found for this orientation.
Fig. 1 also clearly emphasizes the importance of the
gate dielectrics. While the mobility is not much limited by
impurities in high-j gate oxides such as HfO2, and can even
be enhanced in small Si NWs, it is far more degraded in
SiO2. The impurities can really hinder the flow of electrons
in ultimate h111i and h001i Si NWs, and the flow of holes in
h001i Si NWs embedded in SiO2. Indeed, the electrons and
holes have little opportunities to bypass the impurities and
must therefore tunnel through the barrier. At low energy, the
transmission decreases exponentially (in a simple WentzelKramers-Brillouin (WKB) approximation30) with the square
root of the mass (part of the above orientational dependence), with the square root of the height of the barrier, and
with its range. The latter are controlled by the gate oxide material and thickness, and possibly by the free carriers which
screen the impurities. The thinner the oxide (i.e., the closer
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FIG. 3. Impurity-limited mobility of (a) electrons in P doped Si NWs and
(b) holes in B doped Si NWs, as a function of diameter d, for different orientations. The NWs are surrounded by a 2 nm thick HfO2 oxide and a metallic
gate (gate-all-around geometry). The carrier density and impurity concentrations are n ¼ nimp ¼ 1018 cm3.

the gate), the faster the decrease of the impurity potential;
and the larger its dielectric constant, the lower the barrier,
especially close to the Si/oxide interface. The impuritylimited mobility is expected to increase with carrier density
as the free electrons or holes will further reduce the height
and range of the barrier, as discussed in Ref. 20. Such an
increase of the mobility in the “ON” state might improve the
switching performances (e.g., ION =IOFF ratio, subthreshold
slope, etc) of Si NWs transistors.
The variability of ultimate devices is a major concern in
microelectronics. Impurities are actually expected to be a
major source of variability in Si NWs transistors. Not only
the number of impurities can vary from one device to the
other but also the resistance of each single impurity is dependent on its radial position in the NW. We have systematically investigated the statistics of individual impurity
resistances in all NW orientations. The relative standard
deviation rimp ¼ hDR2imp i1=2 =hRimp i of the impurity resistances is plotted in Fig. 2 as a function of NW diameter, orientation and gate oxide material, for minority carriers. As
expected, rimp decreases with increasing NW diameter (for
d > 5 nm), and is slightly larger in HfO2 than in SiO2 (due
to the enhanced screening of near-surface dopants). The

Appl. Phys. Lett. 100, 153119 (2012)

FIG. 4. Relative standard deviation of (a) the electron resistances of single
P impurities and (b) the hole resistances of single B impurities, as a function
of the Si NW diameter d (same parameters as in Fig. 3). The inset in (b) is
the resistance of individual B impurities in a h111i Si NW with diameter
d ¼ 5 nm (embedded in HfO2), as a function of their radial position. This
particular Si NW is marked with an arrow in the main figure. The horizontal
line and the shaded area in the inset are the average resistance hRimp i and the
hRimp i6hDR2imp i1=2 standard deviation interval, respectively.

holes also show slightly less variability than the electrons,
except in the least favorable h100i orientation. The resistances of single impurities can span more than one order of
magnitude from the center to the surface of the NW in the
worst scenarios (see inset of Fig. 2(b)). These data pinpoint
possible issues with the reproducibility of the characteristics
of (even non-intentionally doped) ultimate NW devices.
We now discuss the impurity-limited mobility in the
accumulation regime (transport of “majority” carriers, i.e.,
electrons in P-doped and holes in B-doped NWs). The mobility of electrons in P doped NWs and the mobility of holes in
B doped NWs are plotted as a function of diameter d in
Fig. 3 for the HfO2 gate oxide. Interestingly, the mobility
typically increases with decreasing d. The orientational dependence of the mobility is also much weaker and most often
opposite to the inversion regime. Actually, the carriers now
see the impurities as quantum wells. The transmission just
above a quantum well embedded in a waveguide depends in
a complex manner on its shape and does not necessarily
increase when it gets thinner and shallow (that is, when the
impurity is better screened), or when the mass of the carriers
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decreases.31 As a matter of fact, the same trends have been
obtained for a SiO2 gate oxide,20 but with sometimes even
larger mobilities. The coupling between the impurity well
and the lateral confinement also gives rise to Fano resonances at the energies of the quasi-bound states of the higher
subbands,16,20,31 which can be responsible for a nonmonotonous dependence of the impurity resistances on their
radial position and on NW diameter.20 The standard deviation of the single impurity resistances (Fig. 4) is actually
smaller than for the minority carriers but shows more complex trends.
The above results suggest that there might be significant
interactions between impurities as well as a complex interplay between impurity and phonon scattering (which is
known to be strong in NWs (Refs. 12–14)). Phonons will
indeed break phase coherence in multiple impurity scattering
processes and mediate inelastic capture/release of carriers by
the impurities.32,33 This is, however, an open question which
is beyond the scope of this paper.
To conclude, we have systematically investigated the
impurity-limited electron and hole mobilities in gate-allaround Si NWs with different orientations and gate oxides. In
the inversion regime, the h110i and h001i Si NWs show the
best electron mobilities, while the h110i and h111i Si NWs
show the best hole mobilities, as expected from simple band
structure arguments. Achieving large minority carriers mobility however calls for high-j oxides which can efficiently
screen the barriers introduced by the impurities. The variability of single impurity resistances in small NWs is very significant in the sub-10 nm regime, whatever the orientation. The
mobility of majority carriers is found to increase with decreasing NW diameter as a result of the complex interplay between
the lateral confinement and the impurity well.
This work was supported by the French National
Research Agency (ANR) projects QUASANOVA and
SIMPSSON. The calculations were run at the GENCI-CCRT
and GENCI-CINES supercomputing centers.
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