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Metal—oxide—semiconductor field-effect transisto(MIOSFETS$ with a wire-channel and
wrap-around-gaté/VW) structure were fabricated using electron beam lithography and reactive ion
etching. The smallest devices have a 35 nm channel width, a 50 nm channel thickness, and a 70 nm
channel length. Measurements showed that as the channel width of WW MOSFETs decreased from
75 to 35 nm short channel effects were significantly reduced: the subthreshold slope decreased from
356 to 80 mV/dec and the drain-induced barrier lowering decreased from 988 to 129 mV.
Furthermore, the reduction of channel width increases the drive current per unit channel width. A
multichannel WW MOSFET with a high current driving capability is discussed.1997 American
Vacuum Society.S0734-211X97)16806-8

[. INTRODUCTION where® is the electron potential ard, is the concentration
of acceptor atoms inside the channel. Since SCEs can be
reduced by increasing the height of the potential barrier be-
tween the source and the drdifig. 1(a)], which is equiva-
Qnt to increasing ?®/dx?), it is traditionally accomplished
by increasing the channel doping concentratid). In
a'ouble-gate and SOI DELTA structures, SCEs are reduced
y increasing either (9?®/ay?) or —(6°®/9z%) but not
oth. However, in the WW structure, optimum control of
"SECs can be achieved by increasing betfy?®/ay?) and
—(6?®/9z%). In this article, we present an experimental
) o study of WW MOSFETs. We have observed a significant
a top gate and a bottom gate sandwich a thin silicon Iayerr’eduction of SCEs as the channel width is narrowed. A sub-
giving b_etter gate control over the channel potential than Fhreshold slope of 90 mV/dec has been achieved in a 70 nm
gonventlongl MOSFET' The SOI DELTA structure is €SSeNchannel length MOSFET with a 35 nm channel width and a
tially a vertical version of the double-gate structure, wher

the sili h h Il sh ith tw ¢ 50 nm channel thickness. Moreover, a narrow channel width
€ stlicon channethas a harrow wall shape wi 0 gates aliq, jncreases the drive current per unit channel width.
both sides of the wall. Using these structures, near long

channel behavior has been achieved in a transistor of 0.15
um channel lengtf.

However, to further reduce the SCEs, both the channe|
width and the channel thickness need to be reduced. Thellé DEVICE FABRICATION
will allow the gate to wrap around the channel and control The WW MOSFETs were fabricated on a separation by
the channel potential from all four surfaces, which leads tdmplanted oxygeSIMOX) SOI wafer with an 85-nm-thick
an optimum structure of reducing SCEs—a wire-channetop silicon layer[Fig. 2@@]. The first level electron beam
wrap-around-gatgWW) structure, shown in Fig. 1. This lithography (EBL) and chlorine-based reactive ion etching
structure has been theoretically studied by Miyaetal,®  (RIE) were used to define the wire channel, the source and
who suggested that a smaller channel cross section shouifle drain contact pad&ig. 2(b)]. Then, a rounding-off oxide
yield better subthreshold characteristics. Recently, the worlvas grown to reduce the sharpness of the wire efidels,
done by Auth and Plummealso predicted that a WW struc- lowed by boron channel implantation to reach a final channel
ture can scale down the channel length 30% more than th@oping of 5< 10*” cm2 [Fig. 2(c)]. The rounding-off oxide
double-gate structure. The advantage of the WW structurgras removed by HF. The undercut due to the HF etching
also can be easily understood by the three-dimensi@l  makes the silicon wire free standing, suspended between the

When the size of conventional metal-oxide—
semiconductor field-effect transistafid OSFETS is reduced
to the deep submicron regime, the transistors usually suff
severe short channel effedSCES. One of the effects is a
large subthreshold slope, which leads to a large leakage cu
rent. Another effect is a large drain-induced barrier lowering
(DIBL), which causes an undesirable threshold voltage shi
as the drain voltage changes. Double-gate and silicon on i
sulator(SOI) DELTA MOSFETs have previously been pro-
posed to suppress the SCES.In the double-gate structure,

Poisson equation: source and the drain contact pdé#&g. 2(d)]. Then a 11-nm-
) ) 5 thick gate oxide was grown and an undoped polysilicon gate
P eNy 90 P ) of 226 nm thickness was deposited using low pressure

X2 eq oy2 9%’ chemical vapor depositiofLPCVD) [Fig. 2(e)]. Since the
film deposited by LPCVD conforms to the sample topology,

dpresent address: IBM, Hopewell Junction, NY. the polysilicon gate wraps around the channel. Next, the
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Fic. 1. WW MOSFET.(a) Electron potential profile between source and
drain; (b) schematic of WW MOSFET(c) in the WW structure, current
flows along four surfaces of the channel.

Fic. 3. SEM picture of a silicon wire channel fabricated by EBiefore
oxidation.

the channel thickness is 50 nm; the channel width varies

second EBL and RIE were used to pattern the gate, followeffom 35 to 75 nm, and the channel length varies from 70 to
by a self-aligned arsenic implantation of the source and th&30 nm.
drain, and a 1000 °C rapid thermal annealiRJ A) process
[Fig. 2f)]. After contact metallization, all the devices were
sintered in a hydrogen and nitrogen forming gas at 425 °d”' DEVICE CHARACTERISTICS
for 30 min. For fabrication simplicity, instead of varying the  Figure 4 shows thé—V characteristics of a device with
channel cross section, only the channel width was varie®5 nm channel width and 70 nm channel length. At 1.55 V
while the final channel thickness was fixed at 50 nm. drain bias, the subthreshold slope is only 90 mV/dec. The

Figure 3 shows a scanning electron microscdS¥M)  drain output conductance is also small for the 70 nm channel
picture of a silicon wire channel fabricated using EBL beforelength. Considering the fact that the gate oxide of this device
oxidation. The wire width was 70 nm, but was reduced to 35s rather thick(11 nm), the device behavior is very remark-
nm after the two oxidation processes. able.

The key parameters of the devices are as follows. The Figure 5 shows how the subthreshold slope and DIBL
gate oxide is 11 nm on the top and bottom surfaces of thelepend on the channel width. The subthreshold slope of 120
channel, and is estimated to be 14 nm at the two sidewallsym channel length devices decreases from 356 to 80 mV/dec

30 nm Oxide
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Gate Oxide
Buried Oxide
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Fic. 2. WW MOSFET fabrication proces&) starting SOI wafer(b) channel definition(c) rounding-off oxide growth and channel implantatidd) removal
of rounding-off oxide;(e) gate oxidation and polysilicon gate depositidf);gate definition and source/drain implantation.

J. Vac. Sci. Technol. B, Vol. 15, No. 6, Nov/Dec 1997



2793 Leobandung et al.: Wire-channel and wrap-around-gate MOSFETs 2793

. 108 o LA
a 3 \
g ° s ' --0--S (W=35 nm;
< E 100 ) --#&--S (W=50 nm
= 108 = E
9_) (2] - 1
5 s [
5 L
o 0
1Y re) '
() e [}
@ 102 A
1012 A s - - o E O 0. e
15 -1 05 0 05 1 £ SRR RS S 3
Gate Bias (Volt) S T
w PR VOV TR (NN N TN W U SN TR TR NN TN W
(@) 0 200 400 600 800
0.5 Channel Length (nm)
204 | Vg=025V (a)
=
€ 0.3L
e
= 1000~
302t 2
< 500
g r
S0.1t R C
V=05V 2 400 :
0.0 : - o E -
0 0.5 1 1.5 2 - 3001
Drain Bias (Volt) g .
- 200F
= C
(b) < -
100 F
Fic. 4. WW MOSFET with 35 nm channel width and 70 nm channel length: o
(a) subthreshold characteristicéy) drain current as a function of drain 0
voltage with a gate bias step of 0.25 V. 0 200 400 600 800
Channel Length (nm)
when the channel width is reduced from 75 to 35 nm. The (b)

improvement is almost a factor of 5, implying that to achieve

the same leakage current, the narrow channel MOSFETic. 6. Effects of channel width on the behavior of devices with different
needs only one-fifth the gate switching voltage required forchannel lengthsta) subthreshold slope arith) DIBL.

the wider device. A smaller gate switching voltage implies a

smaller power supply and less power consumption. The

DIBL is also dramatically reduced as the channel is narnm width, the DIBL is 988 mV. But at 35 nm, the DIBL is
rowed. The DIBL is represented by the difference of theonly 129 mV. The difference is more than sevenfold.
threshold voltage at drain biases of 0.05 and 1.55 V. At 75 We have also studied how the channel width affects the
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Fic. 5. Dependence of SCEs on channel width.

JVST B - Microelectronics and Nanometer Structures

behavior of MOSFETs with different channel lengths. Both
Figs. §a) and Gb) show that, when the channel length is
longer than 200 nm, the effect of channel width is very
small. However, when the channel length is less than 200
nm, the devices with 35 nm channel width have significantly
smaller subthreshold slopes than those with 50 nm channel
width [Fig. 6(@)]. At a 70 nm gate length, the device with a
50 nm channel width has a subthreshold slope of about 2000
mV/dec and can hardly be turned off. On the other hand, the
device with a 35 nm channel width has a subthreshold slope
of only 90 mV/dec. The DIBLs are also much smaller in the
narrower devices than in the wider devices when the channel
length is less than 200 nifFig. 6b)]. At 70 nm channel
length, for a 35-nm-wide device, the DIBL is 240 mV; for a
50-nm-wide device, the DIBL is almost 1000 mV.

Both Fig. 5 and 6 clearly show that in the WW structure
SCEs can be significantly reduced by narrowing the channel
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Fic. 7. Drive current per unit channel width as a function of channel width: 25 P i
(a) simulation andb) experimental results. 882968 S.0K _X180K _l66na

Fic. 8. Proposed multichannel WW MOSFET.

width due to better gate control over the channel potential.
Another advantage of the WW structure is that it can in- Moreover, in order to maintain the total current driving
crease the current drive per unit channel width. The reason f&apability of a WW MOSFET, parallel channels should be
that in the WW structure current flows along four surfaces ofused. To alleviate lithography constraints, this can be
the channel instead of only one as in a conventional MOS&chieved using nanoimprint lithography, as shown in Fig. 8.
FET [Fig. 1(c)]. A simple derivation gives us

IV. SUMMARY
I Kot ; P
lg= KW Koty = ig= —d:K1+ 2 SI, (2 We h_ave fabricated a WW MOSFET 35 nm in width, _50
W W nm in thickness, and 70 nm in length. A significant reduction

whereW is the channel widthtg; is the channel thickness, of the SCEs was observed by decreasing the channel width

andK, andK, are constants. Equatiaf2) shows that the from 75 to 35 nm. The subthreshold slope decreased from
current per unit width has a term that is inversely propor-3°6 {0 80 mV/dec and the DIBL decreased from 988 to 129

tional to the channel width. The smaller the channel widthMV- The WW structure can give a high current drive per unit
the larger the current per unit width. Simulation usingchannel width, and the multichannel WW MOSFET is pro-
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