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In this work, we have successfully demonstrated the feasibility of a method, which relies solely on I-line-based lithography, for fabricating sub-
100 nm tri-gated junctionless (JL) poly-Si nanowire (NW) transistors. This method employs sidewall spacer etching and photoresist (PR) trimming
techniques to shrink the channel length and width, respectively. With this approach, channel length and width down to 90 and 93nm, respectively,
are achieved in this work. The fabricated devices exhibit superior device characteristics with low subthreshold swing of 285mV/dec and on/off
current ratio larger than 107. © 2014 The Japan Society of Applied Physics

1. Introduction

Scaling of the gate length in conventional metal–oxide–
semiconductor field effect transistor (MOSFET) demands
ultra-shallow and abrupt source/drain (S/D) junctions1) in
order to boost the immunity against short-channel effects.2,3)

The reduction in gate length weakens the gate controllability
over the channel potential. To circumvent this issue, new
device architectures employing a multi-gated configuration
together with ultra-thin or nanowire (NW) channels4–10) have
been proposed and widely explored. Recently, junctionless
(JL) transistors11–13) emerged as another feasible approach
in nanometer-scale device applications. The JL scheme
can reduce parasitic series resistance and eliminate issues
associated with junction formation process encountered in the
fabrication of extremely down-scaled MOSFETs14) and three-
dimensional (3D) stackable electronics.15–17) The JL scheme
is especially beneficial for the fabrication of NAND Flash
memory devices with 3D architecture,18) whose S/D doping
process is difficult to accomplish with the conventional
implantation technique. For the 3D architecture, JL devices
are often built with poly-Si materials.19–21) Taking the
advantage of mature low-pressure chemical vapor deposition
(LPCVD) and in situ doping technique, poly-Si-based JL
transistors exhibit great potential for construction of future
3D electronics. To realize the device technology, the study of
the nanometer-scale JL devices, like short-channel effects,
reliability, and noise characteristics, is important.

As compared with traditional inversion-mode (IM) and
accumulation-mode (AM) devices, the JL device is quite
different in terms of architecture and conduction mechanism.
For the IM device, an inversion layer is formed near the
surface of the channel region as it is turned on, while in the
JL device the conduction is mainly through the inner channel.
The AM transistor bears some resemblance to the JL device
in that the doping type of the substrate is the same as that of
S/D in both cases. Nonetheless, the doping concentration is
typically in the order of 1017 cm¹3 which is much less than
that of the S/D. As the AM device is turned on, the
conduction is through a surface accumulation layer, rather
than the inner channel as the JL device does.

Owing to the high carrier concentration (>1019 cm¹3) in
the channel of JL devices, adoption of NW channels is
essential to achieve good switching behavior as the channel
length of the JL devices is scaled into the nanometer regime.
For this purpose, costly deep UV14) or e-beam writers22) were

usually employed in the device fabrication. For academic
studies conducted on campuses, patterning of sub-100 nm
dimensions usually relies on e-beam lithography with an
extremely low throughput. In this work, based solely on
I-line-based lithography, we proposed a method which
employs spacer etching23) and photoresist (PR) trimming
techniques to shrink the channel length and width, respec-
tively, of the JL devices down below 100 nm. The approach
provides a useful alternative which is far more efficient
than the conventional e-beam scheme for fabrication of nano-
scale devices.

2. Device structure and fabrication

The main process steps for fabricating the short-channel tri-
gated JL NW transistors are illustrated in Figs. 1(a)–1(d).
First, a 200-nm-thick buried oxide layer was grown on the
Si wafer. Next, a 180-nm-thick in situ doped n+ amorphous
Si layer was deposited by LPCVD system, followed by
patterning with I-line-based lithography and subsequent
anisotropic etching to form two isolated islands, as shown
in Fig. 1(a). Afterwards another 150-nm-thick in situ phos-
phorus-doped n+ amorphous Si layer was deposited and
etched anisotropically to form sidewall spacers abutting the
islands. After this step, the upside-down bowl-shaped studs
(island plus spacer) were formed and later served as source
and drain regions, as shown in Fig. 1(b), while a shrunk
channel length (defined as the distance between the two
studs) well below the limit of the lithography (³0.35 µm)
could be readily achieved. Afterwards, an 11-nm-thick in situ
doped n+ amorphous Si layer was deposited to serve as the

(a) (b)

(c) (d)

Fig. 1. (Color online) Illustration of process flow for fabricating the JL
devices.
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channel layer, as shown in Fig. 1(c), followed by a solid
phase crystallization process at 600 °C in N2 ambient for 24 h
to transform the amorphous Si into poly-Si. Next, in order to
narrow the channel width, PR trimming method was
employed to shrink the width of the channel. As illustrated
in Fig. 2(a), with an intentional over-exposure, the original
width of the narrowest PR pattern generated with an I-line
based stepper was 0.25 µm. The PR patterns were further
slimmed down with an O2 plasma, and the resultant pattern is
shown in Fig. 2(b). Note that the combination of this
technique with the aforementioned spacer etching makes it
feasible to realize sub-lithographic channel dimensions. After
the channel patterning, an 11-nm-thick tetraethoxysilane
(TEOS) oxide layer was deposited by LPCVD to serve as the
gate oxide, followed by the deposition of a 150-nm-thick
in situ doped n+ amorphous Si layer and then patterned to
form the gate electrode. A 300-nm-thick TEOS oxide layer
was then deposited to passivate the devices, as shown in
Fig. 1(d). Next, after forming the contact holes through the
passivation oxide, standard metallization steps were per-
formed to form the test pads.

3. Results and discussion

3.1 Inspection of the resultant patterns
Figure 3 displays the channel length (L) measured by in-line
scanning electron microscopy (SEM) after sidewall spacer
formation as a function of the nominal channel length
designed in the mask (Lmask). The measured channel length of
the JL device is defined as the distance between the source
and the drain studs. The inset in Fig. 3 is the SEM image
showing a device with L of 90 nm. These measured results
are obtained from 32 devices located in different dies
distributed on a six-inch wafer. A linear relation between L
and Lmask is observed, and Lmask designed in the mask can be
shrunk averagely by 0.32 µm in the fabricated devices.
Moreover, it is confirmed that L can be easily scaled down to
90 nm with good uniformity by the sidewall spacer technique.

Next, the formation of the trimmed channel is explored.
Figures 4(a) and 4(b) show the top SEM images of devices
with PR pattern of the channel before and after trimming
treatment. Note that the designed channel width in this case is
0.4 µm. An intentional overexposure condition was per-

formed to downsize the PR pattern to 0.25 µm [Fig. 4(a)],
and then the PR trimming was employed to further shrink the
dimension to around 90 nm [Fig. 4(b)]. Although the PR is
attacked and etched off in an O2 plasma environment during
the trimming treatment, the resultant pattern remains sharp
and in good shape. Figures 5(a) and 5(b) show top-view
SEM images of devices with L of 90 nm and 0.5 µm,
respectively, taken after anisotropic poly-Si etching and
stripping-off of the PR. The horizontal AB line shown in
Fig. 5(b) illustrates the direction perpendicular to the
channel. As shown in the SEM images, the planar width
(W) of the etched poly-Si channels is 93 nm, which is
basically the same as that of the trimmed PR.

(a) (b)

Fig. 2. (Color online) Illustration of the PR pattern (a) before, and
(b) after PR trimming.

Fig. 3. (Color online) Measured channel length (L) after formation of
sidewall spacers as a function of the designed length (Lmask) in the mask. The
inset shows the SEM image of a JL transistor with L of 90 nm.

Fig. 4. (Color online) Top view of SEM image of a PR channel pattern
(a) before and (b) after the trimming treatment. L of the device is 90 nm.

Fig. 5. (Color online) Top-view SEM images of NW channels connecting
between source and drain regions with channel length of (a) 90 nm and
(b) 0.5 µm. The PR patterns have been stripped off and the planar widths of
the NW are 93 nm.
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3.2 Electrical characteristics
Transfer characteristics of the fabricated JL transistors with
W of 93 nm, and L of 90 nm and 0.5 µm, respectively, are
displayed in Figs. 6(a) and 6(b). With the nanowire-scale
channel achieved by the PR trimming technique, acceptable
subthreshold characteristics can be retained even as the
channel length is scaled to the nanometer regime. Figures 7(a)
and 7(b) show the output characteristics of the JL devices
with channel length of 90 nm and 0.5 µm, respectively. From
the figures it is reasonable to see that the drain current
increases as L is reduced. However, as L is downscaled to
90 nm, the large S/D resistances significantly affect the
characteristics of the device, as shown in Fig. 7(a), despite
the use of raised S/D structure in the present scheme. One of
the reasons responsible for the high series resistance is the
existence of a native oxide layer between different deposited
poly-Si layers.24) Further refinement and modification in S/D
formation process, like the implementation of silicidation, can
be adopted to address and resolve this issue.25)

As compared with the device of 0.5 µm in channel length
[Fig. 6(b)], it is seen that the subthreshold swing and drain-
induced barrier lowering (DIBL) of the short-channel device
[Fig. 6(a)] are degraded as a result of short-channel effects.
That is, the penetration of electric field from the drain side
into the channel has drawn an impact on the gate controlla-
bility. However, the JL device with L of 90 nm still shows
good device performance with high Ion/Ioff ratio (>107) and
acceptable subthreshold swing (285mV/dec).18,26) In the
devices, W (93 nm) and the channel thickness (11 nm) are
both in the nanometer regime and thus the channel potential
can be more tightly controlled by the gate bias. To highlight
this point, Fig. 8 shows and compares the transfer character-
istics of JL device with W of 93 nm, 0.2 µm, and 0.5 µm. In
the figure, the drain current has been normalized to the
effective channel width (Weff ), i.e., W plus two times of the
film thickness of the channel. From the comparison it is
obvious that the degradations in subthreshold swing and
DIBL become more noticeable with increasing W. Shrinkage
of the channel width transforms the gated configuration from
planar-like to tri-gated scheme, thus the immunity to short-
channel effects is promoted.27)

Another interesting observation in Fig. 8 is that the off-
state leakage as the gate voltage is smaller than ¹3.5V is
essentially independent of the channel width. Since the

channel formation is done after the S/D spacer formation in
the proposed scheme, the spacer etching would not damage
the channel. From the above observation, it is further
confirmed that the channel etching process indeed induces
negligible damages on the sidewalls of the channel. Figure 9
shows the threshold voltage and subthreshold swing as a
function of planar width at a drain bias of 0.1V. Noteworthy
is that the subthreshold swings of these devices are improved
with smaller channel width, owing to better gate controlla-
bility. With a reduction in channel width, the shrinkage of
the cross-sectional area through which the carriers transport
facilitates complete carriers depletion in the channel by the
gate to turn off the device. The threshold voltage is defined
as the gate voltage when the drain current reaches (Weff/L) ©
10¹9 (A). It can be seen in the figure that the threshold

(a) (b)

Fig. 6. (Color online) Transfer curves of JL devices with L of (a) 90 nm,
and (b) 0.5 µm.

(a)

(b)

Fig. 7. (Color online) Output curves of JL devices with planar width of
93 nm and L of (a) 90 nm, and (b) 0.5 µm.
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voltage shifts positively and significantly as W is downscaled
from 0.2 µm to 93 nm. In other words, the reduction in
the channel width effectively helps the threshold voltages
become more positive and serve as a well-behaved switching
voltage. The scheme of tri-gated NW substantially promotes
the device characteristics as compared with the planar
transistors. Figure 10 shows the DIBL as a function of
planar width for JL devices. It is observed that the DIBL
effect is relieved with decreasing channel width. Especially
for the device with channel width of 93 nm, the DIBL is
significantly improved. This is again attributed to the
enhancement of strong electrostatic gate controllability from
the gate electrode as the channel width is reduced.

4. Conclusion

In this work, a simple method based solely on I-line-based
lithography is proposed and has been successfully developed
for fabricating short-channel tri-gated JL poly-Si NW
transistors. This scheme employs the sidewall spacer etching
to shrink the channel length of the tri-gated JL NW devices.
PR trimming technique is subsequently implemented to
narrow down the channel width of the devices. In situ doped
n+ amorphous Si layers deposited by LPCVD were employed
in the construction of the devices. This work demonstrates
that W and L of the fabricated JL devices can be readily
scaled down to 93 and 90 nm, respectively, with good
uniformity. With the aggressively narrowed channel width,
the immunity to the short-channel effects for the nanometer-
scale JL devices can be effectively promoted. Although the

process conditions are not optimized yet, the fabricated
devices exhibit good electrical characteristics in terms of
acceptable subthreshold slope and high on/off current ratio.
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