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ABSTRACT

Silicon nanowire (SiNW) field effect transistors (FETs) with channel widths down to 20 nm have been fabricated by a conventional “top-down”
approach by using electron-beam lithography. The SiNW device shows higher inversion channel current density than the control devices. The
extracted electron inversion mobility of the 20 nm width nanowire channel ( ≈1000 cm2/Vs) is found to be 2 times higher than that of the
reference MOSFET ( ≈480 cm2/Vs) of large dimension ( W g 1 µm). We attribute this mobility increase to strain-induced changes in the band
structure of the SiNW after oxidation.

Recently, semiconductor nanowire (NW) field-effect tran-
sistors (FETs) have drawn considerable attention as building
blocks for highly downscaled electronic devices with superior
performance. FETs have been formed from various semi-
conducting NWs by both “bottom-up” (assembly) and “top-
down” (lithography) approaches. For the case of the bottom-
up approach, extensive effort has been devoted to single-
walled carbon nanotube FETs1 and silicon nanowire (SiNW)
FETs,2 which have shown transistor performance exceeding
that of FETs fabricated in single-crystalline bulk silicon. For
example, carrier mobility values of 20 000 cm2/Vs and 1350
cm2/Vs at room temperature have been reported for single-
walled carbon nanotubes1 and silicon SiNWs2, respectively.
In particular, the performance of SiNW FETs is potentially
important for mainstream silicon technology as device
dimensions approach 10 nm. However, most of the reported
mobility values are not for an inversion channel but are bulk
channel values in depletion-mode NW FETs. Furthermore,
ohmic contact formation is hard to attain in NW structures,
and the inversion layer mobility of SiNW still remains poorly
understood. To investigate the transport properties of the
inversion channel of SiNWs, it is highly desirable to measure
NW FETs with n-p-n doping and good ohmic contacts.3,4 In
this work, the inversion channel transport properties of SiNW

FETs made by using conventional semiconductor fabrication
techniques have been systematically studied and compared
to those of reference metal-oxide-semiconductor (MOS) FET
channels. The results show that the inversion channel
mobility of SiNWs is 1.3 to 2.2 times higher than that
extracted from larger dimension reference devices.

The devices used in this study are n-channel SiNW FETs
fabricated from a p-type silicon-on-insulator (SOI) wafer with
n+ source and drain. Figure 1 shows a schematic top-view
of a SiNW FET, which has a [110]-oriented channel on (001)
wafer. The FETs have been fabricated by the conventional
MOSFET process, where the thickness of the SiNW can be
controlled to the nanometer scale.5,6 The NW channels have
been defined by electron beam lithography, and phosphorus-
doped polycrystalline Si has been used as the top gate. Al
has been used as metal electrodes for the source, drain, gate,
and backside gate contacts.

To determine the exact dimensions of the nanowire
channels, cross-sectional transmission electron microscopy
(TEM) has been used. Figure 1C shows a TEM image of
the cross section of the SiNW channel along the lineB-B′.
The SiNW channel is thinner (WS4 ≈ 12 nm) than the center
of the SOI bulk channel layer region (WS1,2,3 ≈ 28 nm)
because of the enhancement of oxidation near the pattern
edge.5 The gate oxide over the Si wire is approximately 40
nm thick. Figure 2A-D shows the top-view layout of the
fabricated FETs with different channel geometries, and the
cross-sectional view of the channel region is shown in Figure
2E. The channel widthW4 of the SiNW is 20 or 34 nm, and
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the lengthL4 is 100 nm.7 SOI channels with various widths
(W3 ) 100, 200, and 400 nm) are serially connected to the
SiNW channel. All the devices studied in this work are
basically SOI FETs with different channel geometries (see
Table 1).

Figure 3 shows the measured drain currentID as a function
of gate voltageVG for a SiNW FET and reference FETs at
a drain voltageVD of 50 mV at room temperature. From
these curves the extracted subthreshold slopesS ) dVG/
d(log(ID)) were about 65 mV/dec, indicating good interface
properties between the oxide and Si substrate.8 A negative
back gate biasVBG efficiently changesVth for all the devices
to the positive direction, and the double hump behavior is
due to the difference inVth in the edge parts of the 30µm
wide channel. On the other hand, for positiveVBG, the
negative shift inVth of the NW channel is less compared to
that of the reference FETs. Since the top gate covers the
SiNW not only from the top surfaces but also from the both

sidewalls of the channel, theVBG has less effect on the SiNW
devices than on the control devices. For analyzing the
mobility, VBG was chosen to be 0 V in order to have the
same threshold voltage for both the NW channels and the
reference channels.

Figure 4 shows the measured drain currentID at VG ) 5
V, as a function of the channel geometryW/L for NWFETs
and reference FETs, in which the inversion channel has been
formed by the top gate atVD ) 50 mV. The threshold voltage
Vth was-0.1 V for both NW channels and reference channels
at VBG ) 0 V. In a FET, the channel conductancegD is
proportional toW/L. Thus the total channel conductance is
related in a reciprocal manner to the individual channel
regions that are serially connected. The nominalW/L ratio
of a transistor that has a non-rectangular channel (such as in
Figure 2) can be given as

Figure 1. (A) Schematic top view of the silicon nanowire (SiNW)
FET. (B) Schematic cross section of the device along lineA-A′.
(C) Transmission-electron microscopy of the cross section along
line B-B′.

Figure 2. (A-D) Layout of the channel geometries for the different
devices (E) Cross-sectional schematic of the silicon channel region.
(A) L1 ) 30 µm, (B) L2 ) 6 µm, (C) L3 ) 2.2 µm, (D) L4 ) 100
nm, (E) t4 ) 48 nm,t ) 40 nm,tS ) 20 nm,WS4 ) 12 nm,W4 )
20 nm.
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where n is the number of different rectangular-shaped
channels connected in series.

However, as the poly-silicon gate and the gate oxide fully
cover both top and sidewall of the nanowire channels, the
contribution from the sidewall of the channel to the effective
W/L may become significant. To take this into account, we
have used a modified value of effectiveW/L, which considers
both the channel top surface and the sidewalls as the width
of a SiNW channel. For example, for the channel width of
W4, the effectiveW/L can be obtained by substitutingW4 in
eq 1 withWeff,4, which is given by

where ts, t4, and t are the gate oxide thicknesses on the
sidewall, over the channel, and over the control device,

respectively, andWS4 is the thickness of the SiNW channel
along the sidewall. Accordingly, the effective channel width
values can be obtained for other channels such asWeff,1, Weff,2,
and Weff,3 in each device. In eq 2, the denominators of
thickness are included in order to account for the difference
in the induced surface field due to the variation in the gate
oxide thickness. The nominal and effective values ofW/L
for the FETs studied in the work are summarized in Table
1. The difference between the nominal and effective values
increases for smallerW.

The measured drain currentID of a FET is given asID )
µ(W/L)Qinv‚VD, whereQinv is the inversion layer charge.9 ID

should be proportional to the effective channel width and
length ratioW/L for all the devices. It is, however, clearly
seen in Figure 4 that the SiNW FETs with smallW/L (<0.2)
show higher currentID than expected from the line extrapo-
lated from the control FETs with largeW/L (>0.2). The
results imply that the channels with narrow width (0.2>
W/L and thusW < 400 nm) have higher conductances per
channel width and thus higher mobilities compared to the
control channels (W g 1 µm). To investigate the high
inversion conductance in SiNW FETs, we extracted the
mobilities for different channel widths in the following way.
The effective mobility for each device was calculated by
usingµ ) gD/[(W/L)Qinv]. For sufficiently largeVG, Qinv is
given by Qinv ) Cox(VG - Vth), whereVth and Cox are the
threshold voltage and the gate capacitance, respectively.
Cox has been estimated by using the gate oxide thick-
nesses measured from TEM for both the top and the side-
wall of each device.Cox values for device A that were
separately measured by a capacitance-voltage (C-V) tech-
nique confirmed that the calculated capacitance values are
reasonable. As the conductance of a serial connection adds
inversely, the conductance for device A (gA) can be used
for calculating the conductance for the channelW2 (gW2)

Table 1. Summary of FETs with Different Channel
Geometriesa

device channel width
nominal

W/L
effective

W/L

A W1 ) 30 µm 2.143 2.1 × 100

B W2 ) 10 µm 1.071 1.1 × 100

C1 W3 ) 1 µm 0.343 3.6 × 10-1

C2 W3 ) 400 nm 0.161 1.8 × 10-1

C3 W3 ) 200 nm 0.085 1.1 × 10-1

C4 W3 ) 100 nm 0.044 6.2 × 10-2

D1 W4 ) 34 nm (W3 ) 400 nm) 0.112 1.5 × 10-1

D2 W4 ) 34 nm (W3 ) 200 nm) 0.071 1.3 × 10-1

D3 W4 ) 34 nm (W3 ) 100 nm) 0.041 9.5 × 10-2

D4 W4 ) 20 nm (W3 ) 400 nm) 0.091 8.7 × 10-2

D5 W4 ) 20 nm (W3 ) 200 nm) 0.062 5.9 × 10-2

D6 W4 ) 20 nm (W3 ) 100 nm) 0.037 5.6 × 10-2

a The nominal values are numerical calculations based on the mask
dimension. The effective values have been calculated based on the top and
the sidewall TEM measurements. Only 2 significant digits are shown. The
uncertainty in the measurements of dimensions from TEM is on the order
of (0.5 nm or less, which leads to an uncertainty on theW/L of (0.001
for the nominally smallest device D6.

Figure 3. Drain current (ID) versus gate voltage (VG) characteristics
of reference FETs and NW FETs.
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Figure 4. Measured drain current (IDS) as a function of the channel
geometry factor (W/L). Inset shows the conductance normalized to
the geometry (gD/(W/L)). Open circles show nominal values while
solid circles are effective values ofW/L. The dashed lines are a
guide to the eyes and the slope of the line at largeW/L is 1.
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in device B as

wheregB andgW1 are the conductances for device B and for
channelW1 in Figure 2, respectively, andL1 and L1′ are
lengths forW1 in devices A and B, respectively. In the same
way, the conductance for the different channel widths ofW3

and W4 in Figure 2 can be determined, and therefore the
mobility values for each channel width can be extracted as
well. Note that it is assumed that the conductivity is uniform
in each channel of the same channel width. The electron
mobility values that were extracted as a function of channel
widths at an effective vertical field10 Eeff of 0.2 MV/cm are
shown in Figure 5. The inset in Figure 5 shows the effective
mobility versus Eeff curves for different channels. The
theoretical calculation for the control device9 follows the
slope of the measurements, which provides further indication
that the mobility extraction is correct. As the channel width
decreases, the inversion layer mobility of the SiNW increases
up to approximately twice the mobility (≈1000 cm2/Vs) of
the larger channel-width control FETs (≈480 cm2/Vs for W
>1 µm). Note that there exist uncertainties in the determi-
nation of the capacitance in the channel, and the precise
calculated values ofµ may vary slightly depending on the
assumptions. However, they should not influence the relative
comparison of the mobility values among the samples.
Although the charge-voltage relationship in the SiNW is
not clearly understood, the observed enhancement may be

attributed to strain in the SiNW after the oxidation process.
It has been reported in previous work11-13 that large
mechanical stress is induced in the oxide during the oxidation
process to form the SiNW, which consequently affects the
electronic states of the SiNW. For example, the band gap is
known to decrease by about 130 meV with a 1% oxidation-
induced strain.14-16 The strain can induce an energy splitting
between the 2-fold and 4-fold valley associated with the
crystal asymmetry of Si and suppress inter-valley phonon
scattering, which can cause mobility enhancement of the
strained Si channel.17,18For example, a typical value of peak
electron mobility in a strained Si/Si1-xGx FET can be as high
as 1010 cm2/Vs,19 and up to 2.4 times enhancement over
control Si FETs has also been reported.20 While additional
studies are required for further understanding of the mobility
enhancement mechanism in SiNW, the results demonstrate
that SiNW FETs fabricated by a standard top-down approach
exhibit substantially enhanced transport performance similar
to that observed by Cui et al. in CVD-grown SiNWs.2

In summary, the inversion electron transport properties of
SiNW with different channel geometries have been system-
atically studied by considering wider SOI channels in
reference MOSFETs. The extracted average inversion chan-
nel mobility of a 20 nm-width nanowire channel was found
to be approximately twice as large as that of the reference
MOSFETs. The enhancement is attributed to the possible
suppression of inter-valley phonon scattering due to strain
in SiNW caused by the oxidation process. The results suggest
that SiNW FETs, which are compatible with Si ULSI
technology, can bring about significant performance benefits
in nanoscale electronics.
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