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Abstract — This paper describes our recent research work on
emerging nanoscale silicon devices using new physical phenomena
in nanostructures. It is shown that there are three stages in the
research of the silicon nanodevices. Special emphasis will be
placed on the first and second stages where new physical
phenomena in silicon nanostructures are positively utilized in
CMOS-based devices and circuits.

1. Introduction

The silicon MOSFET for VLSI has been scaled down for
more than thirty years for higher integration and higher
performance. Recently, the miniaturization rate is even
accelerated, and the gate length is now less than 40 nm.
The silicon devices are certainly in the nanometer regime.
Further miniaturization of silicon MOSFETs into nano
CMOS will have great impact on the advancement of future
information technology. It is predicted in the International
Technology Roadmap of Semiconductors (ITRS) [1] that
the gate length will become less than 10 nm in 2016 in
production. In the research level, a 5 nm CMOS device has
already been reported [2]. However, there still are a lot of
technical barriers to realize sub-10nm CMOS devices.

The silicon devices will certainly be miniaturized. Then,
new physical phenomena, such as quantum effect and
single-electron charging effect, will take place even at room
temperature in silicon devices. The VLSI device designers
have avoided these new physical phenomena in nano-scale
structures  because these effects sometimes cause
unfavorable leakage current and device characteristic
fluctuations.  However, new physics will definitely take
place in future nanodevices. Moreover, new physics have a
huge potential for new information processing or data
storage, and these new effects in nano-scale structures
should be intensively studied and positively utilized for
future integrated devices.

In this paper, new physics in silicon nanostructures and
potential applications to nanoscale silicon devices are
discussed [3].

2. Three Stages of Silicon Nanodevices

Fig. 1 summarizes the future research topics of nanoscale
information processing devices. In the author’s opinion,
there are three stages in silicon nanodevices.

(1) First stage: CMOS extension. The basic operation
principle is conventional CMOS, but new physics in
nanodevices enhance the performance of nano CMOS.
(2) Second stage: New functions added to CMOS. New
function appears in nanodevices by new physics, and the
devices are merged into CMOS circuits (still CMOS-based).
(3) Third stage: Beyond CMOS. Nanodevices operate by
new physics, and these devices operating by new principle
are integrated to form new circuits (not CMOS any more).

Enormous research work has been done and will
continue at three stages simultaneously throughout the
world. However, the natures of the three stages are very
different. Especially, the time scale when the new devices
are realized in VLSI products will largely depends on the
stage in which these devices are classified. Please note that
we are discussing the nanoscale devices for integration,
instead of a discrete device. We also focus on the
mainstream information processing device technologies
including memories, instead of some specific devices for
niche applications.
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Fig. 1. Future research topics of nanoscale information processing
devices and the three stages in the research of nanoscale devices.

The first stage enhances the performance of CMOS by
new physics, new structures, and new materials in
nanodevices. Since there is no need to change the present
CMOS platform for system design and manufacturing, the
first stage will come in the nearest future. A paradigm shift



may take place in the middle of the first stage: from the top-
down type nanodevices to the bottom-up type nanodevices.
If the new fabrication process using, for example, self-
assembly that does not depends on lithography is realized,
the devices will have higher performance and higher
integration level. If the operation principle of a device by
the bottom-up process is the same as the conventional
CMOS, then this device is classified into the second half of
the first stage as shown in Fig. 1.

At the second stage, new devices are merged into CMOS
and new functionalities are added. New devices include
MEMS devices, sensors, and optical devices. These devices
have special features that are not realized in CMOS. Please
note that the type of devices that are merged into CMOS
will largely depend on applications. The research at the

second stage will be driven by application-oriented research.

The first stage and the second stage will overlap in time,
and they will compete for the developments of future
integrated devices. At both the first and second stages, the
life of CMOS will be prolonged and they will have great
impact on future developments of CMOS and all the
information technologies.

At the third stage, however, the circuits are not CMOS
any more and completely new types of nanoscale devices,
such as spin transistors, will be integrated. Then, the
system architecture will not be the same as the conventional
one. Therefore, in the present author’s opinion, the third
stage will be realized as a mainstream device technology
only in far future. Although some devices will be realized
soon for discrete devices or for applications that are not
mainstream technologies, these devices are not discussed in
this paper.

3. First Stage: Nano CMOS

When new physics can enhance the performance of
CMOS, it will break the performance limit and scaling limit
of CMOS. A good example of the first stage is the
performance improvement due to quantum confinement
effect. The threshold voltage control has been demonstrated
experimentally in nanowire channel MOSFETs due to
guantum confinement [4]. The higher mobility is also
predicted by simulation in nanowire channel MOSFETS [5].
This performance enhancement is scalable, because when
the device becomes smaller, more quantum confinement
takes place and mobility is more enhanced.

We have experimentally demonstrated the hole mobility
enhancement in an ultra-thin FD SOl MOSFET due to
quantum confinement [6]. This is one of the best examples
of the first stage. Fig. 2 shows a schematic structure of
fabricated SOI pMOS devices. The crystal orientation of
SOl is (110) and the channel direction is <110>. The SOI
thickness is in the range of 3nm. The TEM images of the
fabricated devices are also shown in Fig. 2. Fig. 3 shows
measured hole mobility as a function of SOI thickness at

room temperature. As the SOl becomes thinner, the
mobility decreases due to increased acoustic phonon
scattering. However, a clear mobility enhancement is
observed at 3.4 and 3.6 nm. This phenomenon is explained
by the suppression of inter-subband phonon scattering
assisted by optical phonon absorption that is the transition
between two lowest-lying heavy-hole subbands [6]. Note
that the hole mobility increase is observed only in (110)
ultra-thin body pMOS, not in (100), due to the high degree
of degeneracy of heavy- and light-hole.

Moreover, we have also observed the electron mobility
enhancement in a (110) double-gate ultra-thin FD SOI
NMOSFET [7]. The mobility enhancement is due to the
volume inversion and is observed in the region of high
inversion carrier density, where the mobility enhancement is
not observed in conventional (100) devices. We have also
proposed a FinFET structure with (110) side channel (on
conventional (100) substrate) is suitable for CMOS
applications [7].
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Fig. 2. (a) A schematic of (110)-oriented ultra-thin body SOI
pMOS devices. (b) TEM images of measured ultra-thin body
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Fig. 3. Measured hole mobility as a function of SOI thickness at
room temperature in (110) pMOSFETS.
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Fig. 4. Measured electron mobility as a function of SOI thickness
at room temperature in double-gate (SG) and single-gate (DG)
NMOSFETSs.
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Fig. 5. Silicon nanocrystal memories with different channel
structures.
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Fig. 6. Coulomb blockade oscillations of a single-hole transistor at
room temperature. PVCR is as high as 395.

4. Second Stage: Nanocrystal Memories

The best example of the second stage is a memory. In a
new memory device, nano-structures can be adopted only
the memory cell and new function can be utilized, while the

peripheral circuits are composed of conventional CMOS
devices. We have demonstrated a new function in silicon
nanocrystal memories, where silicon nanocrystals are
embedded in gate oxide and act as charge storages.
Physical separation of nanocrystals can improve the
retention time by limiting the lateral flow of charges. The
new function that appears in silicon nanocrystal memory
cell is the two-bit-per-cell operation [8]. The electrons are
locally injected only near drain and/or source by hot carrier
injection and there are four states depending on where the
electrons are injected. Distinct four threshold voltages are
experimentally observed that can be read out [8].

We have also investigated the channel structure
dependence of memory properties of silicon nanocrystal
memory (Fig. 5). The enhancement of memory window
and retention time has been observed in double-gate and
FinFET type channel due to the interactions of electrons in
both gate electrodes.

5. Second Stage: Analog Applications of SETs

A single-electron transistor (SET) is one of the most well
known nanodevices and is recognized as a basic device
element for future ultra-low power integrated circuits.
Although many circuit applications of SETs have been
proposed so far, these applications are classified into the
third stage where new devices operating new principle are
integrated to form new circuits. If SET is in the second
stage, there is more potential to be realized as a new
functional device in near future. Here, a new application of
SET in the second stage is shown.

Our single-electron/hole transistors are in the form of a
point contact MOSFET. The silicon quantum dot is
naturally formed in the very narrow channel and the device
acts as a single-electron/hole transistor [9]. Great efforts
have been made to raise the operation temperature. Fig. 6
shows |-V characteristics at room temperature [10].
Recently, we observed even larger Coulomb blockade
oscillations with peak-to-valley current ratio (PVCR) of 480,
which is the largest oscillations in a single-dot system ever
reported [11]. The estimated dot size is as small as 2nm.

Then, further great efforts have been made to integrate
room-temperature operating single-electron/hole transistor.
Fig. 7 shows Coulomb blockade oscillations of three
integrated single-hole transistors on a chip [12]. This is the
first integration of the room-temperature operating single-
electron/hole transistors. Moreover, each single-hole
transistor has silicon nanocrystals embedded in the gate
oxide and acts as a non-volatile memory. Therefore, the
peak position of Coulomb blockade oscillations can be
controlled by programming [12].

The bell-shaped I-V characteristics can be utilized for the
analog pattern matching circuits [13]. The Coulomb
blockade oscillations have certainly the bell-shaped I-V
characteristics, so we apply them to the analog pattern



matching. In this application, the matching is performed by
the single-hole transistors and other calculations are done by
CMOS circuits.  Therefore, this is a new architecture
utilizing single electron/hole transistors in the second stage.

The three integrated single-hole transistors shown in Fig.
7 correspond to three elements of a vector. For simplicity,
the three elements are fitted to the three basic elements of
colors (RGB).  Then, color “orange” is stored by
programming and various other colors are input. The
results are shown in Fig. 8. Largest current is clearly
obtained by input of “orange”, indicating that “orange” is
successfully read out [12].
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Fig. 7. 1-V characteristics of integrated three single-hole transistors
operating at room temperature. “Orange” is stored by shifting the
peak positions by programming.
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Fig. 8. Measured total current of three integrated single-hole

transistors. “Orange” is successfully read out.

7. Conclusion

Our recent work on silicon nanodevices is presented. It
is shown that there are three stages in the nanoscale silicon
devices and that the positive utilization of new physics in
nano-structures will be essential. These new technologies
will break the performance and scaling limit of CMOS, and
CMOS will continue to be a mainstream device for VVLSI.
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