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Novel Method for Fabrication of Tri-Gated Poly-Si
Nanowire Field-Effect Transistors With
Sublithographic Channel Dimensions

Ko-Hui Lee, Horng-Chih Lin, Senior Member, IEEE, and Tiao-Yuan Huang, Fellow, IEEE

Abstract— A high-performance short-channel tri-gated
polycrystalline-silicon nanowire (NW) field-effect transistor
is developed by using simple sidewall spacer and lateral
etching techniques without employing costly lithographic tools.
Channel length of 120 nm and NW thickness of 25 nm can be
easily formed by the self-aligned process. The device exhibits
superior electrical characteristics because of the strong gate
controllability: a subthreshold swing of 102 mV/dec, drain
induced barrier lowing of 744 mV/V, and extremely high
Ion/Iory ratio of 4.4 x 108(Vd = 1 V) are obtained.

Index Terms— Nanowire,
self-aligned, short channel.

polycrystalline-silicon (poly-Si),

I. INTRODUCTION

OLYCRYSTALLINE-silicon (Poly-Si) nanowire (NW)

field-effect transistors (FETs) are promising for the devel-
opment of 3-D stackable devices/circuits because of low fab-
rication temperatures and mature processes [1], [2]. The NW
configuration can further alleviate the severe short-channel
effects encountered in the scaling of planar structures because
of the enhanced gate controllability [3]. Previously, we pre-
sented several innovative top-down approaches for defining
the poly-Si NW channels with NW feature size down to
8-20 nm using conventional G-line- or I-line-based lithog-
raphy [4]-[6]. However, in those works the channel length
(L) of the devices is larger than 400 nm as limited by
the capability of the employed lithography technology. For
fabricating NW devices with L of around or smaller than
100 nm, deep UV steppers or e-beam writers are usu-
ally employed [7], [8]. In this letter, we propose a sim-
ple method that combines the sidewall spacer and lateral
etching techniques to fabricate tri-gated (TG) poly-Si NW
FETs with sublithographic L. Devices of superior performance
with L of 120 nm are demonstrated with an I-linebased
photolithography.
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Fig. 1. Stereo views for the main fabrication steps of the short-channel
TG-NW FET. (a) Deposition and patterning of an n™ poly-Si layer to form
the S/D studs. (b) Formation of the nt poly-Si spacers abutting the studs.
(c) Deposition of an oxide/nitride stack. (d) Patterning of the oxide/nitride
stack. (e) Formation of the poly-Si NW channels. (f) Gate oxide and gate
electrode are formed to complete the device.

II. DEVICE FABRICATION

Fig. 1(a)-(f) shows the main fabrication steps for the
fabrication of short-channel TG-NW FETs. First, a 180-nm
thick n* poly-Si layer is deposited on a thermally oxidized Si
wafer. Then a photolithography process with an i-line stepper
and an anisotropic dry etching are performed to form two
isolated n™ poly-Si studs [Fig. 1(a)]. Next, a 150-nm-thick n™
poly-Si layer is deposited and then anisotropically etched to
form spacers abutting the n* poly-Si studs. The two upside-
down bowl-shaped n* poly-Si plateaus are used as source and
drain (S/D) regions [Fig. 1(b)]. Note that the distance between
the S/D determines the channel length, which can be easily
shortened to a sublithographic dimension with the formation
of poly-Si spacers. The subsequent steps [Fig. 1(c) and (d)]
are employed for the formation of the twin NW channels
and the flow, as further shown in Fig. 2(a)-(d), is similar
to that presented in our previous paper [6]. In the figures,
the illustrations are the cross-sectional structures perpendicular
to the source-to-drain direction formed after each individual
step. Tetraethoxysilane (TEOS) oxide (30 nm)/nitride (30 nm)
(O/N) stacked layers are deposited sequentially [Fig. 1(c)].
A dummy structure connecting S/D regions is then patterned
[Figs. 1(d) and 2(a)]. A diluted HF solution is subsequently
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Fig. 2. Detailed lateral etching processes for the formation of the twin
NW channels. (a) Anisotropic etching of the oxide/nitride stack. (b) Selective
etching of the TEOS oxide with HF. (c) Deposition of a poly-Si layer,
following by an anisotropic etching to define the NW channels. (d) Removal
of the TEOS oxide/nitride stack.
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Fig. 3. (a) Layout of the TG-NW FET. (b) Cross-sectional TEM image of
a fabricated device along A-B line in (a). (c) Top view SEM image of the
device taken before the formation of the gate electrode. The channel length
(L) is determined to be 120 nm.

used to etch the TEOS oxide laterally to create undercuts
beneath the nitride [Fig. 2(b)]. Then an amorphous silicon
(a-Si) layer is deposited to refill the undercuts [Fig. 2(c)],
followed by a solid phase crystallization process (SPC at
600 °C in N ambient for 24 h). Twin NW channels are defined
by dry etching with the top nitride as hard mask. The O/N
dummy structure is then removed by wet etching, as shown in
Figs. 1(e) and 2(d). Finally, gate oxide (12 nm) and n™ poly-Si
electrode are formed to complete the device [Fig. 1(f)].

III. RESULTS AND DISCUSSION

Fig. 3(a) shows the schematic top view of the device.
Transmission electron microscopy and scanning electron

10+
10

€ 10°

E

< 107

=

(=

£

=]

‘é’ S.S. = 102 mVidec (@ V,= 0.1V)
s DIBL =74.4mVIV (@1,=1x 10 V)
o V,=-017V(@1,=1x10°V)

lowllors = 4.4 X 10° (@ V,=1V, V,=4V)

-0.5 0.0 0.5 1.0 1.5 2.0
Gate Voltage (V)
Fig. 4. Transfer characteristics of a fabricated TG-NW FET with L =
120 nm.
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Fig. 5. Output characteristics of the fabricated TG-NW FET.

microscopy (SEM) are employed to check the completed
device structure and the preliminary results are shown
in Fig. 3(b) and (c), respectively. Fig. 3(b) shows the
cross-sectional images of one of the formed NW channels
along the A-B direction shown in Fig. 3(a). The NW thickness
is ~25 nm and the gated width of the fin is ~120 nm.
Fig. 3(c) shows the top-down SEM image of the TG-NW
FET, and L is determined to be 120 nm, about a third of the
resolution capability (~350 nm) of the i-line stepper.
Transfer characteristics of a fabricated TG-NW FET (L =
120 nm and effective width (W) = 240 nm (two NW channels)
are shown in Fig. 4. The threshold voltage (Vi), defined as
the Vs when the drain current reaches (W/L) x 10 nA at
Va = 0.1 V, is —0.17 V. Superior device performance with
high Ion/Iorr ratio (> 108), good S.S. (102 mV/dec) and low
drain induced barrier lowing (DIBL) (74.4 mV/V) is recorded
in the figure. Fig. 5 shows the output characteristics of the
TG-NW FET. The driving current at V,—Vip = 3 V and
Va = 1 V reaches 40 uA/um. Device characteristics are
expected to improve with additional plasma treatment [7].
We compare the extracted parameters of the TG-NW FET
with state-of-the-art NW devices in Table I [8]-[11]. The
tiny body of NW channels reduces the leakage path and
suppresses the leakage current. Therefore, in Table I, our
work shows an extremely high Ion/Iopr ratio. Also, the strong
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TABLE 1
COMPARISON OF KEY DEVICE PARAMETERS OF NW-CHANNEL
FETSs IN THIS LETTER AND OTHER STUDIES

This
Paper Ref. [8] | Ref. [9] | Ref.[10]| Ref. [11]
Tri- Tri-
Type gated gated DG GAA GAA
Lithography i-line e-beam i-line e-beam e-beam
Method + DUV
Crystallization| SPC NA SPC SPC NA
NH3 plasma W/O0 W/O0 W/0 N W/0
W/L 240 45 300 90 90
(nm/nm) /120 /100 /1000 /30 /100
T(SiOZ) (nm) 12 1.7 20 25 4.5
S.S. (V/dec) 0.102 0.087 0.073 0.224 0.1
DIBL(V/V) 0.074 0.078 0.012 0.895 0.060
Ton/Iott > 108 > 10% > 109 > 107 > 107
(VgiF Vg=1V|V;=1V| V=05V | V;=1V|Vqg=12V
Ion@Vy) Ve =2V | Ve=1V| Vo =3V | Vg=4V| Vg =2V

gate controllability effectively enhances the S.S. of the device.
Noteworthy in the table is the use of the mature I-line-based
technique demonstrated in our paper for the fabrication of
small-scale devices with throughput greatly surpassing that of
e-beam writers and overall process cost significantly lower
than that using DUV steppers. With further refinement in
process conditions, fabrication of devices with L down to
100 nm or less would be feasible using the proposed method.
In addition, the operation voltage could be lowered as the
equivalent oxide thickness of the gate dielectric is further
thinned down.

IV. CONCLUSION

In this letter, a novel scheme for fabricating TG poly-Si NW
FET with sublithographic L was proposed and demonstrated.
This scheme adopted sidewall-spacer etching to shorten L and
lateral etching to define the NW channels. With an I-line-based
lithography, a fabricated device with L of 120 nm and NW
thickness of 25 nm showed excellent electrical performance
in terms of good S.S., small DIBL, and high Ioy/Iorr ratio.
This flexible approach was feasible for fabricating test devices
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for probing the nanoscale phenomena and manufacturing of
future 3-D stackable devices/circuits.
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