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Size Dependence of the Transport Properties of Silicon Nanostructures
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Silicon devices involving various p-type silicon nanostructures with a fixed length 20 µm and
thickness 40 nm, but with varying width in the range from ∼ 100 nm to 20 µm, were prepared by
using the top-down method in order to systematically study the width dependence of their intrinsic
transport property. Based on the Id -Vg characteristic measurements, the hole mobility (µh ) and
concentration (nh ) were extracted for all nanostructures. For structures of large widths (w > 1.0
µm, nanoribbon-type), nh decreases from 5.5 to 2.4 × 1017 cm−3 while µh increases from 160 to
380 cm2 V−1 s−1 as the width narrows down from 20 to 1.0 µm. Interestingly, however, nh and µh
are found to be correlated such that their product remains nearly constant for this width region,
the origin of which is unclear. For structures of small widths (w ≤ 500 nm, nanowire-type), nh
remains more or less constant at about 2.4 × 1017 cm−3 while µh decreases steadily from 340
to 240 cm2 V−1 s−1 as the width narrows down from 500 to 96 nm. This behavior of mobility
degradation with width narrowing in the nanowire region is likely to originate from the enhanced
surface scattering effect, but a detailed microscopic theory should be developed to explain this effect
quantitatively.
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I. INTRODUCTION

The low dimensional effect on the electrical conductivity has been a subject of considerable physical interest
for decades [1–3]. Recently, semiconductor nanostructures have drawn tremendous attention for their possible applications in sensor technology [4–6]. This sensor
operation is basically based on the fact that the conductivity of nanostructures is modulated by chemical surface modifications. Particularly, devices involving silicon
nanowires (SiNWs) and configured as field-effect transistors (FETs) have been recently demonstrated to be ultrasensitive sensors for biological and chemical reagents [4].
Since mobility determines the change in conductivity per
surface charge, and hence the sensitivity of such devices,
the detailed physics of the intrinsic transport property
of SiNWs emerges as an urgent issue to be elucidated for
further progress in this field.
In most previous works, SiNWs were prepared by using the bottom-up process: the vapor-liquid-solid chemical vapor deposition (CVD) method [7, 8]. Generally
speaking, it is reasonable to expect the conductivity to be
smaller in SiNWs due to surface scattering. However, experimental reports have yielded conflicting results, which
has not been well accounted for so far. For example, Cui
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et al. reported hole mobility values of SiNWs substantially higher than the bulk value [9] while in other cases,
the mobility has been reduced to be orders of magnitude
lower. Since CVD-grown single-crystal SiNWs are usually prepared under growth conditions that cannot offer
high purity and known bulk properties, it is difficult to
perform a systematic study of SiNWs. In an attempt
to circumvent this problem, Jie et al. [10] developed a
new method of etching a Si wafer to prepare SiNWs of
diameters 20 ∼ 300 nm having the same bulk properties
as those of the original Si. From the transport data of
air-exposed p-type SiNWs thus prepared, they analyzed
the size dependence of the conductivity to estimate the
surface ion density. However, the degree of fluctuations
in their mobility data was too severe to look into further
details of the intrinsic transport properties.
Recently, it was further demonstrated that FET
biosensors involving SiNWs prepared by using the topdown method were also capable of antigen detection at
concentrations as low as 30 aM, orders of magnitude
lower than the detectable concentrations previously reported [11]. This top-down method is attractive from
a technological point of view because it offers a wellestablished fabrication process for mass production and
integration. Also, it provides a good opportunity to
study the intrinsic transport property of SiNWs because
it offers SiNWs with precise control of their dimensions,
surface state, and bulk property. In this work, multiple
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devices involving silicon nanostructures of various widths
were prepared by using this top-down method, and the
width dependences of the mobility and the carrier concentration of the silicon nanostructures were systematically studied to probe their intrinsic transport properties,
which are vital to devise optimal-performance nanowirebased sensors because the sensitivity critically depends
on a nanowire’s width.

II. EXPERIMENTALS
Ultrathin silicon-on-insulator (SOI) wafers were used
as a starting material and were composed of a 40-nmthick top silicon layer, a 200-nm-thick buried oxide layer,
and bulk silicon (p-doped, ρ = 5 ∼ 10 Ωcm). After
boron-ion implantation at a dose of 1 × 1013 cm−2 at 8
keV and subsequent dopant activation annealing, device
patterns involving various silicon nanostructures were
defined by using photolithography with a KrF excimer
laser (λ = 248 nm) and plasma etching. Then, source and
drain electrodes were formed by selective heavy boron
doping with Ohmic processes involving Al/Cr/Au metallization. Finally, the surface of a SiNW is coated with
CVD oxide for passivation purposes. To gain statistical
significance, six chips, each of which contained silicon
nanostructure of different widths, were prepared under
equal processing conditions. The completed device structure represents a FET, with a silicon nanostructure as
a channel, highly-doped silicon leads as a source and a
drain, and the silicon substrate as a back-gate, which
permits surface potential in the channel to be adjusted.
Data were collected for the source-drain current as a
function of the gate voltage, Vg = 0 ∼ 2 V, measured
with a fixed drain bias of 10 mV in the two-probe configuration by using a Keithley 2636 dual source meter, and
whole measurements were done under dark conditions at
room temperature. Throughout this paper, we use the
convention that the gate voltage, Vg , is positive when
the back-gate substrate is positively biased with respect
to a nanostructure channel and vice versa.

III. RESULTS AND DISCUSSION
The schematic diagram of the devices used in this
experiment are shown in Fig. 1(a). Also shown are
high- and low-magnified top view scanning electron micrograph (SEM) images of one representative device having a uniform silicon channel of 20 µm in length and 170
nm (physical) in width. Fig. 2 displays typical characteristic curves of the drain current versus gate voltage
(Id -Vg ) for 20-µm-long nanowires of different widths: 96,
140, 190, 290, 500, 1000, 2000, 5000, 10000, 20000 nm,
where ‘width’ refers to the electrical width, which is different from the physical width for the three narrowest

Fig. 1. (a). Device schematic (not to scale) with geometrical parameters. (b). Top view SEM images of one device
involving a silicon nanowire with following dimensions: length
= 20 µm and physical width = 170 nm.

Fig. 2. Drain currents, Id’s, for silicon nanostructures of
different widths are displayed as a function of back-gate voltage, Vg . Here, Id’s are normalized to Id (Vg = 0) for viewing
convenience.

nanowires, 96, 140, and 190 nm, due to process-induced
sidewall damage. These electrical widths were predetermined from previous work [12] and are listed with their
physical widths in Table 1 for comparison. The drain
currents were corrected for the series resistance, 11.17
kΩ of the source/drain leads and was then normalized
to the value at Vg = 0 for viewing convenience. As for
the source-drain voltage bias, Vd , 10 mV was applied because the low-field behavior in the linear region is of our
primary interest both for the intrinsic transport property
and for biosensor applications [4,11].
The overall feature indicates that the conduction
mechanism is through holes in a depletion mode with
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Table 1. Comparison of electrical widths used in this study
with their physical widths.
Electrical width (nm)
Physical width (nm)

190
210

140
170

96
130

increasing Vg , as expected for a p-type channel. A good
linear relation is exhibited for the curves of nanostructures wider than 2.0 µm for Vg = 0 ∼ 2 V. However,
as the width decreases below 1.0 µm, the linear region
seems to be confined near zero Vg , and a sublinear feature appears as Vg increases further. This behavior suggests the significant dependence of the capacitance on
Vg , which could be understood in terms of a surface depletion yielding a smaller capacitance as Vg increases.
It is clear from Fig. 3 that the initial negative slope
of the curves, -dId /dVg , at Vg = 0 systematically increases as the width decreases. If a threshold voltage,
VT , is defined as a back-gate voltage determined by linearly extrapolating the initial slope line to zero current,
then VT is also seen to systematically decrease as the
width decreases. Two parameters, the negative slope,
(-dId /dVg )Vg =0 and the threshold voltage, VT , were extracted from each curve for further analysis.
In terms of the above two parameters, the hole mobility, µh , and the hole concentration, nh , can be calculated
in the linear region [13]:


L2ef f
dId
µh =
,
(1)
−
CVd
dVg Vg =0
nh =

1
CVT
,
wtLef f e

(2)

where w, t, Lef f , C, e, and VT are the electrical width,
thickness, (effective) length, and capacitance of a silicon nanostructure, and an elementary charge, and the
threshold voltage, respectively. Here; the negative slope
at Vg = 0 in Eq. (1) is used because we are interested in
the intrinsic property of the silicon nanostructures. Note
that in Eq. (2), the electrical width is used instead of
the physical width for the three narrowest wires in order to take into account the dead layers at the sidewalls,
which were caused by the plasma etch process, as previously mentioned. Two important parameters, C and
Lef f , should be determined in order to calculate the mobility and the carrier concentration by using Eqs. (1)
and (2).
The first parameter concerns the capacitance, C, between the silicon nanostructure and the substrate acting
as a ground plane, which is quite different from that of
a parallel capacitor. Fig. 3 shows a schematic depicting
a typical cross-sectional geometry of our device structure, where there is a rectangular nanowire over a ground
plane. Because of the finite width of a nanowire, there
exists an additional capacitance between the wire’s sidewalls and the substrate, called the fringing capacitance.

Fig. 3. Schematic diagram depicting a cross-sectional view
of a SiNW over a ground plane with electric field lines.

Since there exists no analytical solution to the associated
Poisson’s equation, the semi-empirical formula given by
Wong et al. [14] is used:
 0.232
t
w
CL
= + 2.977
(3)
εox
h
h
where CL and εox are the capacitance per unit length
of a wire and the permittivity of SiO2 , and w, t, and
h are the width, thickness, and height of the nanowire,
respectively as indicated in Fig. 3. The first term on
the right hand side of Eq. (3) corresponds to a parallelplate capacitance, and the second term corresponds to
a fringing capacitance accounting for the electric field
from the sidewall to the ground plane. If we substitute
numbers for t = 40 nm and h = 200 nm for our wires,
the above equation can be rearranged as
CL
wef f
w + 410
=
≡
,
εox
h
h

(4)

where w, wef f , and h are expressed in nm. Since wef f
is the equivalent width of a parallel-plate capacitor, the
nanowire’s capacitance deviates significantly from that
of a parallel-plate capacitor unless the nanowire’s width
is sufficiently larger than 410 nm. This equation implies
that the fringe capacitance is an essential component to
be considered for the calculation of the capacitance of
nanowires.
The other point to consider is the effective nanowire
length, Lef f , which includes the contribution of the
trapezoidal regions at both ends of the nanowire connecting the source and drain electrodes. A schematic depicting the nanowire device geometry is provided in Fig. 1(a)
to illustrate this point, where a trapezoid of height H and
two parallel segments of w and W are shown between a
nanowire and a electrode. The resistance of trapezoidal
sections, Rtr , can be easily calculated in terms of the
sheet resistance, Rsq [12]:
 
H
W
∆L
ln
≡
Rsq ,
(5)
Rtr = Rsq
W −w
w
w
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Fig. 4. Plots of hole mobility (filled circles, left axis)
and concentration (open squares, right axis) versus electrical width.

Fig. 5. Plot of resistivity versus electrical width of silicon
nanostructures.

where ∆L is defined as the additional length of a
nanowire being equivalent to the trapezoidal sections.
The geometrical factors H, W, and w were carefully measured for each device to calculate the Ls’, which turned
out to be in the range of 0.7 ∼ 1.7 µm for silicon nanostructures with widths of 105 ∼ 292 nm. This ∆L serves
as a correction factor to be added to the nanowire length,
L, resulting in the effective nanowire length, Lef f , which,
in turn, is substituted into Eqs. (1) and (2) to calculate
the mobility and the carrier concentration.
By
having
deduced
the
capacitance
C
(=εox Lef f wef f /h) and effective nanowire length
Lef f (= L + ∆L), the hole mobility and concentration
were obtained from Eqs. (1) and (2) for each device,
and the results are plotted against the electrical width
of the silicon nanostructures in Fig. 4. Also, shown
in Fig. 5 is a plot of the resistivity vs. electrical
width for comparison purposes because the resistivity
is proportional to the inverse of the product of hole
mobility times concentration: ρ = 1/nh eµh . Here,
each data point represents the averaged value with the
standard error bar over a group of six devices having

identical dimensions prepared in six different chips.
Statistical variations of resistivity do not exceed 10%
for all widths, except for 96 nm. Considering the high
aspect ratios of silicon nanostructures of width less than
0.5 µm, the statistical variations are reasonably small,
indicating a reliable fabrication process.
It is observed from Fig. 4 that the hole concentration
data exhibit monotonous behavior: it has the highest
value of 5.5 × 1017 cm−3 for w = 20 µm, but decreases
continually to ∼2.5 × 1017 cm−3 for w = 1.0 µm and
nearly saturates at ∼2.4 × 1017 cm−3 for smaller widths.
This maximum value is in reasonable agreement with the
bulk value ∼6 × 1017 cm−3 obtained independently from
the secondary ion mass spectrometry (SIMS) data. On
the other hand, the mobility data show a broad peakshape feature with a maximum value of 380 cm2 V−1 s−1
at w = 1.0 µm, which is high as compared to the bulk
value, 450 cm2 V−1 s−1 [13]. For the region of w ≥ 1.0 µm,
in which the structure is rather a nanoribbon, the hole
mobility and concentration exhibit considerable width
dependences, contrary to general expectations, but, surprisingly, they are correlated to have an inverse relation
such that their product is kept constant, as can be seen
in Fig. 5. Although it is reasonable to observe a constant
resistivity in this region, it is difficult to understand the
considerable, but correlated, changes in both the hole
mobility and concentration with respect to the width in
this region. This phenomenon has never been reported
before, and extrinsic effects, such as mobile charges in a
gate oxide, is speculated to be the origin, but should be
further studied.
For the other region of w < 1.0 µm, a different feature is observed: the hole concentration remains constant
while the hole mobility decreases as the width narrows,
resulting in a gradual increase of resistivity (Fig. 5).
At first glance, it looks reasonable to observe this behavior because of the additional surface scattering. In
view of the fact that the roughly-estimated mean free
path of holes is quite small, ∼8 nm, compared to the
nanowire’s width, however, the change in mobility from
340 to 240 cm2 V−1 s−1 (∼30% decrease) with respect to
the width narrowing from 290 to 96 nm seems to be quite
significant. A microscopic theory to explain this behavior of the intrinsic mobility is still lacking. For the case
of smaller diameter nanowires (d ≤ 15 nm), Kotlyar et
al. [15] predicted a mobility degradation behavior due
to an enhanced electron-phonon scattering as a result of
increased electron-phonon wavefunction overlap in a confined space. However, it is not clear to what extent this
quantum mechanical behavior accounts for our result for
SiNWs having widths larger than ∼100 nm. As for GaN
nanowires, more severe degradation of the mobility with
decreasing size of nanowires has been reported by Motayed et al. [16] They explained their result qualitatively
by using a ‘continuous surface’ model for small diameter nanowires (d ≤ 120 nm) which may have a bearing
on our result. This model is based on two assumptions:
there exists a surface layer of finite width in which the
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relaxation time is considerably smaller than that in the
interior of the wire and the carrier concentration in this
surface layer is nearly the same as that in the interior.
This model seems plausible to explain the qualitative feature of the mobility degradation with narrowing width,
but it has a problem in the validity of the second assumption because the carrier concentration in the surface layer
should be much smaller than that in the interior if the
origin of the surface layer is surface depletion and/or surface defects. Further studies are necessary to elucidate
the mechanism of the mobility degradation in narrower
silicon nanowires.

IV. CONCLUSION
In summary, the top-down method was employed to
prepare multiple FET-type devices involving various ptype silicon nanostructures with a fixed length of 20 µm
and thickness of 40 nm, but with varying widths in the
range from ∼100 nm to 20 µm, in order to systematically
study the width dependence of their intrinsic transport
property. Based on Id -Vg characteristic measurements,
the hole mobility (µh ) and concentration (nh ) were extracted for all nanostructures with length corrections, capacitance calculations involving fringe capacitance, and
width corrections for narrow wires to take into account
the process-induced sidewall damage. For structures of
large widths (w > 1.0 µm, nanoribbon-type), nh decreases from 5.5 to 2.4 × 1017 cm−3 while µh increases
from 160 to 380 cm2 V−1 s−1 as the width narrows down
from 20 to 1.0 µm. Interestingly, however, nh and µh
are found to be correlated such that their product remains constant for this width region, the origin of which
is unclear. For the nanowire region (w ≤ 500 nm), nh
remains more or less constant at about 2.4 × 1017 cm−3
while µh decreases steadily from 340 to 240 cm2 V−1 s−1
as the width narrows down from 500 to 96 nm. This behavior of mobility degradation with width narrowing is
likely to originate from the enhanced surface scattering
effect, but a more detailed microscopic theory should be
worked out in the future. These results are believed to
be useful to devise optimal-performance nanowire-based
sensors, in which the sensitivity critically depends on a
nanowire’s width.
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