Extended Abstracts of the 2013 International Conference on Solid State Devices and Materials, Fukuoka, 2013, pp718-719

D-3-3

Multi-electron Wave Packet Transport Dynamics in Nanoscale Channel

T. Shiokawa', G. Fujita', Y. Takada®, S. Konabe' ¢, M. Muraguchi* ¢, T. Yamamoto®, T. Endoh>*°, Y. Hatsugai"* and K. Shiraishi'->
! Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba, 305-8571, Japan, 2 Faculty of Engineering, Tokyo Uni-
versity of Science, Katsushika, Tokyo, 125-8585, Japan, 3 Center for Spintronics Integrated Systems, Tohoku University, Sendai,
980-8577, Japan, 4 Graduate School of Engineering, Tohoku University, Sendai, 980-8579, Japan,5 Graduate School of Engineering, Na-
goya University, Furo-cho, Chikusa, Nagoya 464-8603, Japan, ®* CREST, Japan Science and Technology Agency
Phone: +81-29-853-5600-8233 E-mail: tshiokawa@comas.frsc.tsukuba.ac.jp

Abstract

We have investigated semi-classical electron transport in a
bland-new viewpoint of “multi-electron wave packet”. Our nu-
merical calculation shows that electrons tend to transport forming
collective state with a realistic Coulomb interaction. This phe-
nomenon may cause the intrinsic current fluctuation. Recent clas-
sical transport simulation pointed out that the speed limit of Si
CMOS is around 100 GHz because of the current fluctuation that
originates from the discreteness of electrons. Our results indicate
that as scaling, this kind of current fluctuation becomes more se-
rious due to the collective motion of multi-electron wave packets.
In this paper, we propose that it is significant for the next genera-
tion of Si CMOS to be controlled the behavior of multi-electron
wave packets from viewpoints of its structure or material.

1. Introduction

With increasing miniaturization of VLSI, the channel lengths
of CMOS transistors are approaching the order of 10 nm. In such
a ballistic region, quantum effect must be considered in the
transport of electrons and electrons should be treated as waves. [1,
2] On the other hand, with nanochannel (~ 10 nm), extremely high
source-drain electric field (~ 1 MV/cm) is inevitable, when typical
voltage (~ 1 V) is applied. In such a situation, quantum waves
cannot maintain its coherence in the whole systems, so that clas-
sical particle nature of electrons will appear. [3] In short, classi-
cal-quantum (particle-wave) crossover nature governs the electron
transport in future nanodevices as schematically shown in Fig. 1.
We thus treated electrons as wave packets to describe crossover
characteristics between waves and particles. [4-6]

In this paper, we focus on multi-electron wave packet, which
is a collective state of electrons. In an unscreened channel,
long-range repulsion of electrons will be dominant to electron
transport. Once a gate voltage is applied, electrons go into the
channel form source electrode. (Fig. 2 (a)-(b)) When some elec-
trons stay in a nanochannel, the electrons form Coulomb repulsion
potential that makes the next electrons unable to enter the channel.
(Fig. 2 (c)) After that, the channel electrons move to drain elec-
trode and the source electrons enter the channel collectively. (Fig.
2(d)

Moreover, logic nanodevices are approaching its limit for
improving the performance only by the conventional scaling, Last
year, Kamioka et al. show that the speed limit of CMOS devices is
around 100 GHz because of current fluctuations that is caused by
discreteness of electrons, treating electrons as particles. (Fig. 3)
[7] In this study, we aim to investigate this current fluctuation
taking quantum effects into account and suggest a guiding princi-
ples to suppress the fluctuations in future devices.

2. Method

In this study, we employ discretized spinless effective mass

Hamiltonian with long-range Coulomb interaction. The depend-

ence of the strength of Coulomb interaction (U) has studied. In the
case of Si, U is around 0.2~0.6. To investigate the time evolution,
we approximate the long-range Coulomb interaction by
time-dependent Hartree-Fock approximation, which enables the
consideration the Pauli principle for electrons in nanochannels.
(Fig. 4) To drive current in the periodic boundary system, (in a
circular ring system), we further adopt hypothetical magnetic field
along z direction as shown in Fig. 5. Peierls phase factor repre-
sents hypothetical magnetic field.
3. Results and Discussion

Figure 6 shows the charge density’s time-evolution of 5 elec-
trons under a uniform electric field of 0.2 MV/cm. With Coulomb
interaction of U=1, electrons transport collectively despite of ex-
istence of Coulomb repulsion. We call this collective state “mul-
ti-electron wave packet”. It consists of five electrons in this case.
To investigate the formation of multi-electron wave packets, we
carry out longer time-evolution in one-dimensional ring using 20
electrons. (Figs. 7-8) Though the charge densities fluctuate during
the time-evolution, electrons tend to form multi-electron wave
packets with realistic Coulomb interaction of U=0.5. To study this
tendency more quantitatively, we calculated time-average of cor-
relation functions. As is seen in Fig. 8, the stronger interaction, the
larger the peak positions shift, indicating that the number of mul-
ti-electron wave packets are changed depending on the strength of
Coulomb interaction. To summarize above calculated results, we
can propose the following concept. Electrons transport forming
multi-electron wave packets, which is essential crossover picture
between particles and quantum waves as schematically shown in
Fig. 9. However, formation of multi-electron wave packet is sup-
pressed under strong Coulomb interactions. It is noted that the
current fluctuation will depend on the number of electrons that
form each multi-electron wave packet, when electrons transport
collectively forming multi-electron wave packet. Considering the
speed limit of 100 GHz obtained by Kamioka’s particle simula-
tions, CMOS devices may reach its speed limit of the order of 10
GHz in the near future, since each multi-electron wave packet
contains typically 10 electrons (Figs. 10-11). Moreover, we can
propose a recipe to reduce fluctuations that originates from the
discreteness of multi-electron wave packets. To reduce the fluctu-
ation, suppression of multi-electron wave packet state is important.
Low-dimensional structures or small dielectric constant materials,
both cause stronger Coulomb interaction, will help the suppres-
sion of formation of multi-electron wave packet state.
4. Conclusion

We have investigated electron transport in a nanoscale chan-
nel. We have shown that electrons tend to transport collectively,
forming “multi-electron wave packet”. This will make worse the
current fluctuations that caused by the discreteness of electrons.
Moreover, we have proposed a recipe to reduce the intrinsic fluc-
tuation that originates from “multi-electron wave packet”.
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FIG. 3. (Ref. 7) Current noise caused by the dis-
creteness of electrons. When the number of elec-
trons is very small, the fluctuation of carried
charge will not be negligible.
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FIG. 6. Snapshots in the time-evolution of charge
density with Coulomb interaction of U=1 under
static electric field of 0.2 MV/cm. Electrons
transport collectively forming “multi-electron
wave packet” in spite of Coulomb repulsion.
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FIG. 9. This schematic figure shows that in the
crossover region between particles and waves,
multi-electron wave packet will be formed. In one
multi-electron wave packet, some electrons are in
quantum coherence state, while multi-electron
wave packet itself transport as a classical particle.

re (wit It

Multi-electron wave packet picture (weak Coulomb)

Source

400

400

‘I: electron mean free path ‘

Crossover picture (WAVE PACKET)

5
- 2 /// - f
@ [/
1) Particle picture Wave picture
= «—
[8) = /
@ Yt NN
ozl /e '\H/ NS
large . small
System Size
FIG. 1. Schematic illustration of electron

transport depending on system size and electric
field; particle, wave and wave packet.
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FIG. 4. We want to consider Pauli principle,
long-range Coulomb interaction and its quantum
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FIG. 2. (a) An electron goes into a channel.
(b) Electrons go into the channel one after
another. (¢) Channel electrons form Coulomb
potential and next electrons are repelled. (d)
After that, some electrons go into the channel
together forming multi-electron wave packet.
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FIG. 5. Schematic illustration of our calcula-
tion system of a circular ring. To drive cur-

dynamics. For these, time-dependent Har- rent, hypothetical static magnetic field is
tree-Fock approxima-tion is applied. applied.
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FIG. 7. Snapshots in the time-evolution of charge
density with realistic Coulomb interaction of
U=0.5 under static hypothetical magnetic field in
one-dimensional ring. There are 20 electrons in
the system but seem less than 10 wave packets.
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FIG. 10. In particle picture model, current noise
is not serious with long channel, large number of
carriers, and slow speed. But with multi-electron
wave packet picture, current noise caused by
discreteness of electrons will be serious for each
wave packet has more charges.
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FIG. 8. Snapshots of electron distribution and
correlation function S(k) at ¢ = 500 [fs] in the
case of static hypothetical magnetic field. The
number of multi-electron wave packet is
modulated by the strength of Coulomb inter-
action and the correlation functions show the
number of multi-electron wave packets.
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FIG. 11. With particle picture, the current
fluctuations are dominant noise around 100
GHz. (Ref. 7) With multi-electron wave
packet picture, however, the fluctuations will
get worse as shown in the right schematic
figure.



