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I. INTRODUCTION 
Silicon nanowires (NWs) are among the most promising building 
blocks for emerging devices and novel applications in 
nanoelectronics1,2. Although reconfigurable transistors that 
explicitly avoid the use of dopants have been demonstrated3, the 
modulation of the conductivity by impurity doping is still the most 
common design strategy for Si NW based devices. Dopants in 
NWs are a very special class of impurities: they are added on 
purpose to provide free carriers that allow tailoring the 
conductivity, but at the same time they act as scattering centers, 
decreasing the mobility. Besides the intrinsic difficulty in 
obtaining radially4 and axially5 uniform doping profiles, ultrathin 
NWs pose a fundamental problem related to the variability of the 
performances of the resulting devices6,7. 
In bulk Si, all lattice sites are equivalent. In a NW, this is true only 
when moving along the wire axis and lattice sites are radially 
inequivalent, i.e., substitution of an impurity at a site in the 
innermost part of the wire results, in principle, in different 
energetics and properties from substitution at a site close to the 
surface. 
Several studies have already shown that dopant impurities exhibit 
a mild to strong tendency (depending on surface defects) to 
surface segregation8,9 and that the scattering induced by an 
impurity depends strongly on its exact (radial) position10,11. 
Clearly, this is a serious problem from the design viewpoint. Due 
to their reduced diameter, achieving a doping concentration of 
1018 cm-3 means having one dopant every 50 nm in a NW with a 5 
nm diameter, which amounts to 196 impurities in a 10 μm-long 
NW. 
Infinitely long NW tends to some average properties, because in 
the limit of many dopants all the possible impurity configurations 
are sampled. However, in many cases, it is desirable to have NW-
based devices operating in the ballistic regime, a condition 
fulfilled by NWs shorter than the phonon mean free path.  

 

II. RESULTS 
In this talk I will present the results obtained in our group on the 
conductance fluctuations in Si nanowires studied from first-
principles electronic structure methods. 
We combine the ideas of scaling theory and universal conductance 
fluctuations with density-functional theory to analyze the 
conductance properties of doped Si nanowires12. Specifically, we 
study the crossover from ballistic to diffusive transport in boron or 
phosphorus doped Si nanowires by computing the mean free path, 
sample-averaged conductance <G>, and sample-to-sample 
variations std(G) as a function of energy, doping density, wire 

length, and the radial dopant profile. Our main findings are (i) the 
main trends can be predicted quantitatively based on the scattering 
properties of single dopants, and (ii) the sample-to-sample 
fluctuations depend on energy but not on doping density, thereby 
displaying a degree of universality. 
We use this approach to calculate the conductance distribution of 
up to 200 nm long SiNWs with different distributions of 
impurities, showing that that the radial distribution of the dopants 
influences the conductance properties significantly: surface doped 
wires have longer mean-free paths and smaller sample-to-sample 
fluctuations in the cross-over from ballistic to diffusive 
transport14. 
These findings can be quantitatively predicted in terms of the 
scattering properties of the single dopant atoms [see Fig.(1)], 
implying that relatively simple calculations are sufficient in 
practical device modeling. 

 
FIG.1. Ballistic conductance of some selected single-dopant 
configurations. All the point defects studied, nine bulk 
substitutionals (S1–S9), three subsurface substitutionals (SS1–
SS3), and two interstitials (I1–I2), are shown in the inset (from 
Ref.15). 
 
We further exploit these ideas to study how the variability of the 
conductance associated with single-dopant configurations affects 
the overall conductivity of long, realistic ultrathin Si nanowires 
(NW)15. In particular, we quantify the doping dose threshold at 
which ultrathin nanowires like those investigated here acquire 
some kind of average properties for lengths L> 15 μm, though at 
lower dopant concentration, variability of the conductivity 
persists, and is significant, up to 50 μm. 
At larger diameters, the fluctuations are expected to decrease, 
because there will be a much larger fraction of the allowed dopant 
configurations that yield very similar scattering resistances. For 
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such thicker wires, it might be possible to suppress the most 
significant conductance fluctuations and stay within the length 
limit of ballistic transport, without needing to go to extremely 
high dopant doses. Yet, variability induced by conductance 
fluctuations will have to be monitored and is likely to be among 
the factors that limit the performances of devices based on Si NW 
with diameters thinner than 10–20 nm. Even a few interstitial 
defects would significantly degrade the overall conductance, but 
luckily their expected concentration is negligible and they can be 
disregarded. 
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