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Demonstration of Schottky Barrier NMOS
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and Silicon Nanowire Channel
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Dong Zhi Chi, Yoke King Chin, Keat Mun Hoe, Guangda Cui, and Pooi See Lee, Member, IEEE

Abstract—We have fabricated silicon nanowire N-MOSFETs
using erbium disilicide (ErSi2−x ) in a Schottky source/drain
back-gated architecture. Although the subthreshold swing
(∼180 mV/dec) and drain-induced barrier lowering (∼500 mV/V)
are high due thick BOX as gate oxide, the fabricated
Schottky transistors show acceptable drive current ∼900 μA/μm
and high Ion /Ioﬀ ratio (∼105 ). This is attributed to the improved carrier injection as a result of low Schottky barrier height
(Φb ) of ErSi2−x /n − Si(∼0.3 eV) and the nanometer-sized
(∼8 nm) Schottky junction. The carrier transport is found to be
dominated by the metal–semiconductor interface instead of the
channel body speculated from the channel length independent
behavior of the devices. Furthermore, the transistors exhibit
ambipolar characteristics, which are modeled using thermionic/
thermionic-field emission for positive and thermionic-field
emission for negative gate biases.
Index Terms—Erbium silicide, Schottky source/drain (S/D)
MOSFET (SSDMOS), silicon nanowire (SiNW).

I. I NTRODUCTION

M

OSFETs are reaching the scaling limit as confined by
the physical laws of nature including higher subthreshold leakage current due to reduced threshold voltage, etc. [1].
An alternative MOSFET design is the Schottky source/drain
(S/D) MOSFET (SSDMOS) which has enhanced scaling
properties (i.e., reduced parasitic resistances) [2]. Erbium
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Fig. 1. (a) Tilted view SEM of two SiNWs immediately after the dry oxidation
without gate oxide and silicon nitride dummy gate. The Lch is approximately
500 nm. (b) SIMS depth profile of the S/D pad. (c) SEM micrograph of a
completed ErSi2−x N-SSDNWMOS with Lch = 300 nm. (d) Cross-sectional
TEM of the SiNW channel showing a 8-nm-wide nanowire.

mation temperatures (∼350 ◦ C) and low Schottky barrier height
(Φbn ) to n − Si ∼ 0.27−0.36 eV [3]. FinFETs and gate-allaround (GAA) silicon nanowire (SiNW) transistors gain performance advantages by enhancing transistor gate-to-channel
coupling, thus achieving reduced short channel effect (SCE)
and improved drive currents [4], [5]. Using “top-down” CMOS
processes, SSDMOSs incorporating YbSi1.8 and various midgap silicides (CoSi2 , NiSi) for the S/D metal have been demonstrated [6]–[9].
In this letter, we utilized a “top-down” method to fabricate
ErSi2−x SSDMOS using SiNW as the channel with much
smaller dimensions (∼8 nm width) than the previously reported
devices [3]. The devices are evaluated in back-gated configuration. Despite the thick BOX as gate dielectric, the performance
of the transistors is good.

II. D EVICE F ABRICATION
The device fabrication steps up to SiNW formation, shown
in Fig. 1(a) as a SEM image, have been described in [5]. In

Fig. 2. (a) Id –Vg and (b) Id –Vd characteristics of an ErSi2−x
N-SSDNWMOS with Lch = 500 nm. The dashed lines in (a) clearly shows
the sequential SS. The inset of (a) shows the band diagram for both low and
high positive Vg s. The current was normalized by using the width of the SiNW
channel.

addition, boron with 60-keV energy, at a dose of 4 × 1015 cm−2
was implanted on the Si wafer backside, followed by furnace
activation for 30 min at 950 ◦ C.
In this letter, the top nanowire was removed by a plasma
dry etch process. It was followed by the formation of a silicon
nitride dummy gate which serves to isolate the source and drain
from the channel during the subsequent silicidation process.
Erbium and capping layers of TiN/Ti were sequentially sputter
deposited using a physical vapor deposition system followed
by a rapid thermal annealing process at 450 ◦ C for 60 s. The
TiN/Ti and unreacted Er were removed by wet etching using a
sulfuric peroxide mixture (H2 SO4 : H2 O2 ∼ 1 : 1) for 5 min.
The silicide composition and thickness were confirmed using
secondary ion mass spectrometry (SIMS) analysis on the S/D
pads, as shown in Fig. 1(b). The entire active Si pads were
fully consumed as indicated by the SIMS profile, leading to the
formation of ErSi2−x /SiNW Schottky barrier at the two ends of
the SiNW channel. The final ErSi2−x N-SSDMOS using SiNW
as the channel body (N-SSDNWMOS) is shown in Fig. 1(c). A
cross-sectional TEM micrograph of the SiNW channel shows
that the nanowire is triangular in shape with a base of ∼8 nm,
as shown in Fig. 1(d).
III. R ESULTS AND D ISCUSSION
Fig. 2(a) shows the Id –Vg characteristics of an ErSi2−x backgated N-SSDNWMOS with a channel length (Lch ) = 500 nm.
The drive current is 900 μA/μm (measured at Vg = Vt + 5 V,
where Vt = 3.4 V, Vd = 1.2 V) while the Ion /Ioﬀ ratio is ∼105 .
Note that the gate oxide capacitance using a 145-nm-thick gate
dielectric (i.e., the BOX layer for the back-gated configuration)
requires Vg ∼ 4.5 V to induce the same charge as a 6-nm-thick
gate dielectric biased at Vg = 1.2 V [10]. The thick BOX layer,
coupled with the voltage drop across the gate electrode, results
in an increased gate voltage required to induce the same charge
when compared with a conventional top-gated MOSFET.
The large drive current observed is a result of the superior
electrostatics of a thin bodied SiNW structure [5], [20]–[22]
and Schottky barrier thinning in a scaled nanosized metal
semiconductor junction [13], [14]. The drain-induced barrier
lowering (DIBL) and subthreshold swing (SS) are large, at
∼500 mV/V and ∼180mV/dec, respectively, and is a result
of the thick gate dielectric [10]–[12]. However, the drain cur-

Fig. 3. Extracted transistor characteristics from Id –Vg of the ErSi2−x
N-SSDNWMOSs. (a) SS extracted from thermionic emission region (--)
and SS extracted from thermionic-field emission region (-Δ-) against Lch
measured at Vd = 0.2 V and (b) DIBL against Lch .

rent is extremely responsive to Vg when compared with other
reported back-gated devices [11], [12]. This responsiveness
is attributed in part to the compensating effect of the fully
depleted nanometer-sized channel [5], as well as improved
carrier injection as silicon channel thickness is reduced [13].
The Id –Vg characteristics exhibit a two-slope SS (∼180
and ∼450 mV/dec) with increasingly positive Vg , indicating
thermionic emission of electrons from the source, followed by
a thermionic-field emission [14]. However, with increasingly
negative Vg , there is a single SS (∼660 mV/dec), indicating
thermionic-field emission of holes from the drain without
the prior occurrence of thermionic emission. This is due to
the large Schottky barrier height (Φbp ) of ErSi2−x to p-Si
∼0.76–0.85 eV [3].
The current conduction is illustrated in the band diagram
[see inset of Fig. 2(a)]. At low Vg values, thermionic current
dominates, and only carriers with energy greater than Φbn + Ψc
contribute to the current. Ψc is the channel conduction band
potential which is modulated by Vg . In this Vg region, the
SSDMOS behaves like a conventional MOSFET with SS ≈
ln 10 (kT/q).
At higher Vg values, thermionic-field current dominates the
current flow as the Schottky barrier is thinned. The SS of a thin
body SSDMOS device in this region can be expressed as SS ≈
ln 10 (kT/q)(1 − exp(−d/(εsi tsi tox /εox )1/2 ))−1 where d is the
thickness of the Schottky barrier beyond which tunneling can be
neglected, εsi and εox are the Si and SiO2 dielectric constants,
respectively, and tsi and tox are the Si and SiO2 thicknesses,
respectively [13]. Thus, SS in the thermionic-field region will
be larger than in the thermionic region.
Fig. 2(b) shows the Id –Vd characteristics of the same ErSi2−x
N-SSDNWMOS. The characteristics show that the device does
not exhibit any upwardly sloping sublinear curves for Vg ≤ 3 V,
which is typical of a Schottky barrier transistor and is the
signature of a nonzero Φbn at the drain [15]. The absence of the
sublinear slope of the ErSi2−x N-SSDNWMOS, as compared
to reported SSDMOS [3], is likely to be due to the improved
carrier injection to the nanometer-sized SiNW channel.
Fig. 3 examines the ErSi2−x N-SSDNWMOSs’ Lch dependence on SS and DIBL. In MOSFETs, a reduction in Lch causes
a decrease in source barrier height. This causes the injection
of extra carriers, thereby increasing the OFF-state leakage current leading to increased SS and DIBL which occurs even at
long Lch [16]. Fig. 3(a) shows the ErSi2−x N-SSDNWMOSs

characteristics because of the low Φbn of ErSi2−x /n-Si and
the improved carrier injection to the nanometer-sized SiNW
channel.
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Fig. 4. (a) Ion /Ioﬀ versus Lch , and (b) Ion /Ioﬀ characteristics under
Vd = 0.2 V and 1.2 V bias of the ErSi2−x N-SSDNWMOSs with various
Lch . For Vd = 0.2 V: Ioﬀ measured at Vg = Vt − 1.5 V, Ion measured at
Vg = Vt + 3.5 V. For Vd = 1.2 V: Ioﬀ measured at Vg = Vt − 2 V, Ion
measured at Vg = Vt + 3 V. “X” indicates planar bulk/SOI SSDMOS [3]. “∗”
indicates FinFET SSDMOS [6], [8], [19]. “+” indicates GAA SiNW doped
S/D MOSFET [5], [20]–[22].
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as the channel body and ErSi2−x as the S/D metal silicide.
The devices exhibited a sequential thermionic/thermionic-field
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is mainly determined by the metal–semiconductor interface
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