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Abstract-Extremely small silicon MOS devices in a 10-nm 
scale are successfully fabricated and characterized at room 
temperature and low temperatures. In such small devices, 
quantum confinement effect and single electron charging ef- 
fect manifest themselves in device characteristics even at 
room temperature. Device modeling challenges for nano- 
scale MOSFETs are also discussed. 

I .  INTRODUCTION 

The MOS devices in VLSI chips have been drastically 
scaled in these thirty years for higher performance and 
higher integration. The device size will become in the or- 
der of 10 nm in fifteen years when the scaling trend is 
simply extrapolated. It is well known that in such devices 
with extremely small dimension, the carriers are confined 
and quantum effects play an important role even in silicon 
devices. It has been observed that the direct tunneling cur- 
rent flows[l] when the gate oxide thickness is thin (less than 
3 nm) and that the threshold voltage increases by surface 
quantization in the inversion layer in bulk MOSFETs with 
high impurity concentration[2]. Although these quantum 
effects have been well modeled, more quantum effects will 
take place if devices are smaller. 

Besides the quantum effects that originate from the 
wave-like nature of electrons, the number of electrons in 
a device significantly decreases as the device shrinks, re- 
sulting in the single electron charging effect[3]. When the 
devices size is less than 10 nm, the Coulomb blockade is 
clearly observed even a t  room temperature [4], [5], [6]. 
Therefore, both quantum effect and single electron effect 
should be precisely modeled in 10-nm scale devices for fu- 
ture VLSI chips. 

In this study, extremely small MOSFETs in less than 
10 nm are successfully fabricated using VLSI-compatible 
process and their characteristics are extensively investi- 
gated at  room temperature and low temperatures. It is 
found that in devices with extremely narrow channel, the 
quantum confinement effect is enhanced by lateral con- 
finement that leads to  large threshold voltage increase at  
room temperature [7], [8]. When these devices are cooled 
down; the single electron charging effect also becomes dom- 
inant. It is shown that device characteristics are largely dis- 
tributed by slight potential fluctuations in the small chan- 
nels even if the geometrical size is the same. Device model- 
ing challenges for nano-scale MOSFETs are also discussed. 
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Fig. 1. Fabrication steps of ultra-narrow channel MOSFETs on a 
(100) SO1 wafer. (a) A narrow channel pattern is formed by 
EB lithography. (b) The pattern is transferred to very thin 
SO1 layer by ME.  (c) Gate oxidation is performed (34 nm). 
(d) A normal process is used for MOSFET fabrication. The 
final SO1 thickness is 7 nm. 

Fig. 2. Top views of fabricated ultra-narrow channel MOSFETs. 
(a) The whole test pattern with four devices. (b) SEM image 
of a narrow channel. The channel width is 10 nm. 
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11. EXTREMELY NARROW CHANNEL MOSFETs 

A .  Fabrication 

Nano-scale MOSFETs with extremely narrow channels 
are fabricated on an extremely thin silicon-on-insulator 
(SOI) wafer by electron-beam (EB) lithography and reac- 
tive ion etching (RIE). Fig. 1 shows the fabrication steps 
of the ultra-narrow channel MOSFET. The channel is ori- 
ented along the (110) direction. The final thickness of SO1 
layer is 7 nm. Fig. 2 shows the top views of fabricated 
MOSFETs. A scanning-electron-microscope (SEM) image 
is shown in Fig. 2 (b). The channel width is 10 nm in this 
particular device. The channel is not fluctuated along the 
channel. In order to  investigate the width dependence of 
device characteristics, the channel widths are widely varied 
from almost 0 nm to 45 nm. The standard deviation of the 
channel width distribution is less than 2 nm. 

B. Room temperature characteristics 

Figures 3 and 4 show the gate voltage dependence of 
drain current in a linear scale and in a logarithmic scale, re- 
spectively, a t  room temperature. Good subthreshold swing 
(S - 100 mV/dec) is obtained even though the width is 
10-nm scale. Drain current is not proportional to  channel 
width because the source and drain resistance is quite high 
due to thin SO1 layer. Fig. 5 shows the channel width de- 
pendence of threshold voltage. Threshold voltage increases 
as the channel becomes narrower, particularly below 10 nm. 

C. Calculation of threshold voltage shift 

To investigate the origin of the threshold voltage increase 
in narrow channel MOSFETs, energy states in conduction 
band are calculated solving the two-dimensional steady 
state Schrodinger equation with effective mass approxima- 
tion by the finite element method[7], [8]. Anisotropic ef- 
fective mass of electrons in silicon and electron penetration 
into SiOz are taken into account. The threshold voltage 
shift is derived from the lowest state energy. Fig. 5 also 
shows the calculation results. The experimental da ta  and 
calculation results are in good agreement, indicating that 
the threshold voltage increase is caused by the quantum 
confinement. 

The threshold voltage increase has been also observed in 
extremely thin SO1 MOSFETs with relatively wide chan- 
ne1[9] when the SO1 thickness is less than 6 nm. Since the 
channel is not only thin but also narrow in our devices, the 
device size a t  which the threshold voltage increases (10 nm) 
is larger. The enhancement of threshold voltage increase 
in narrow and thin channel MOSFET is also confirmed by 
the calculation[7], [8]. These results indicate that more 
quantum confinement effects are expected when the device 
shrinks in both lateral and depth directions. 
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Fig. 3. Ids-Vga characteristics of the fabricated ultra-narrow 
MOSFETs in a linear scale at room temperature. 

I O n y  
h 

S I n  
c1 c 
g1 oop 
5 .- c 10P 

2 I p  

1 OOf 
0 1 i 

Gate Voltage (V) 
Fig. 4. Id,-Vg, characteristics of the fabricatcd ultra-narrow 

MOSFETs in a logarithmic scale at room temperature. 

S0.8 

g0.6 

0.4 
0 

p! 

v 

a, 

CI - 

0 
5 0.2 

E o  

. . . .  

. Simulation 

Room Temperature 

I (1 10) oriented channel 2 .  
I 

0 5 10 15 20 25 30 35 40 45 
Channel width (nm) 

Fig. 5. Channel width dependence of threshold voltagc. Thc cx- 
perimental data and calculation results are compared. Thcy 
are in good agreement, indicating that threshold voltage shift 
in narrow channel is caused by the quantum confinement ef- 
fect. 
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D. Low temperature characteristics 

Figure 6 shows the low temperature characteristics of 
ultra-narrow MOSFETs whose room temperature charac- 
teristics are shown in Figs. 3 and 4. When the tempera- 
ture decreases, aperiodic random oscillations are observed 
in Ids-Vg3 characteristics. The oscillations are enhanced 
as the temperature decreases and the channel width de- 
creases. This phenomenon is called as Coulomb blockade 
caused by the single electron charging effect in a multi- 
ple dot system [SI. Due to the channel width fluctuations 
and discrete fixed charges, the potential in the channel is 
fluctuated that leads to  several potential barriers and is- 
lands in the channel[lO]. These results suggest that not 
only quantum confinement effect but also single electron 
charging effect is dominant in transport in extremely small 
devices. 

111. EXTREMELY NARROW AND SHORT CHANNEL 
MOSFET 

Devices in the previous section have very narrow chan- 
nel but the channel length is relatively long. Then, the 
characteristics are averaged along the channel. In this sec- 
tion, characteristics of devices with narrow and short chan- 
nel are shown, where averaging effect is negligible and the 
characteristics vary depending on samples even when the 
geometrical shape and size is the same. 

A .  Characteristic distribution 

Figure 7 shows schematics of a point-contact MOSFET 
that has an extremely constricted channel. Since the length 
of the constricted region is very small, the number of po- 
tential islands is expected to  be one or two. Fig. 8 shows 
room temperature Ids-vgs characteristics of point-contact 
MOSFETs that are fabricated in a very uniform manner by 
anisotropic etching technique[ll]. The width of the point- 
contact channel is less than 30 nm. The drain current dis- 
tribution is less than &lo%, which is small enough consid- 
ering the width is extremely narrow. 

At low temperature, however, the characteristics are very 
different as shown in Fig. 9. Some devices show normal 
characteristics, while some devices show small or large 
Coulomb blockade oscillations. When the number of po- 
tential island dots is one, the oscillations are periodic as 
shown in the figure. The large characteristic distribution 
at  low temperature is caused by the slight potential distri- 
bution in small channel even when the geometrical shape 
and size are the same. 

B. Large Coulomb blockade at room temperature 

Figure 10 shows the Ids-Vgs curve at room temperature 
in a device with an extremely small dot (less than 5 nm). 
Large Coulomb blockade oscillations can be observed when 
the dot size is extremely small. When the dot size is in a 5- 
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Fig. 6. Ids-vgs characteristics of ultra-narrow MOSFETs at low 
temperatures. The devices are the same as those shown in 
Figs. 3 and 4. (a) W = 1.25 nm. (b) W = 8.75 nm. (c) Ref- 
erence device with W = 5 pn. 
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Fig. 7. A schematic bird-eye view and a cross section of a point- 

contact MOSFET. The channel is extremely constricted at 
one point. 
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Fig. 8. rd,-vg, characteristics of point-contact MOSFETs at room 
temperature. The distribution of drain current is less than f 
10%. 
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Fig. 9. rd,-vg, characteristics of point-contact MOSFETs at 21 K. 
8. The The devices are the same as those shown in Fig. 

characteristics largely distribute. 
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Fig. 10. Characteristics of a point-contact MOSFET with an 
extremely small dot (less than 5 nm) at  room temperature. 
Large Coulomb blockade oscillations are observed. 
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Fig. 11. Aperiodic Coulomb blockade oscillations in point-contact 
MOSFETs with dots smaller than 10 nm. Derived charging 
energy ( E c )  is shown. 

nm scale, the electron energy states in the dot are separated 
and the Coulomb blockade oscillations become aperiodic 
[6], as shown in Fig. 11. These results indicate that even 
a t  room temperature the slight potential fluctuations af- 
fect characteristics of nano-scale devices and that the large 
characteristics distribution observed in Fig.10 could also be 
observed at room temperature. 

IV. DEVICE MODELING CHALLENGES 

All the experimental da ta  shown above indicate that 
quantum confinement effect and single electron charging 
effect should be precisely included in the simulation for the 
future nano-scale MOSFETs. When the geometrical device 
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shape and size are given, the quantum states, tunneling 
rates, and master equations can be solved and the device 
characteristics can be basically calculated. However, one of 
the most difficult issues is to  derive the potentials within 
a device that is easily affected by random distribution of 
fixed charges, interface states, and dopant atoms. 

It is well known that threshold voltage fluctuations are 
caused by the statistical distribution of impurity atoms[l2], 
[13]. In nano-scale devices, the statistical fluctuations are 
largely enhanced because the quantum effect and single 
electron charging effect are very sensitive to  slight poten- 
tial distribution. The main challenges for future device 
modeling are not only the incorporation of quantum and 
single electron effects, but also the exact modeling and in- 
corporation of statistical nature of atoms and electrons. 

V. CONCLUSION 

Extremely small silicon MOS devices in a 10-nm scale are 
successfully fabricated and characterized at  room tempera- 
ture and low temperatures. In such small devices, quantum 
confinement effect and single electron charging effect play 
important roles in device characteristics even at  room tem- 
perature. The incorporation of statistical nature of atoms 
would be the main challenges for device modeling of nano- 
scale MOSFETs. 
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