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Hexagonal Binary Decision Diagram Quantum Circuit Approach
for Ultra-Low Power III-V Quantum LSIs

Hideki HASEGAWA™, Fellow, Seiya KASAI', and Taketomo SATOT, Members

SUMMARY A new approach for ultra-low-power LSIs based on quan-
tum devices is presented and its present status and critical issues are dis-
cussed with a brief background review on the semiconductor nanotechnol-
ogy. It is a hexagonal binary decision diagram (BDD) quantum logic circuit
approach suitable for realization of ultra-low-power logic/memory circuits
to be used in new applications such as intelligent quantum (IQ) chips em-
bedded in the ubiquitous network environment. The basic concept of the
approach, circuit examples showing its feasibility, growth of high density
nanostructure networks by molecular beam epitaxy (MBE) for future LSI
implementation, and the key processing issues including the device isola-
tion issue are addressed.

key words:  quantum LSI, quantum devices, binary decision diagram
(BDD), nanostructure nerwork, intelligent quantum (1Q) chip

1. Introduction

Revolutionary progress of internet and wireless technology
took place in the last ten to twenty years of the 20th century.
As a consequence and natural extension of this, a concept
of a “ubiquitous network society” is rapidly growing from
the beginning of this century where not only human beings
but also all sorts of non-human existences on the globe are
put into “petworks of networks” of various kinds to enhance
human activities based on knowledge to hitherto unprece-
dented levels.

Emergence of such a ubiquitous network society seems
to have brought about new directions for device research,
although the importance of the Si CMOS devices will still
continue along the well-known roadmap [1] based on the
scaling law. However, emerging new trends are of “off-
roadmap” nature, and include new trends (1) toward nan-
otechnology and quantum nanoelectronics, (2) toward new
materials including Si od Insulators (SOIs), SiGe, SiC, II-
V nitrides and other widegap materials such as ZnO, or-
ganic semiconductors such as pentacene, carbon nanotubes
(CNTs) and DNA and other exotic material, (3) toward so-
phisticated use of wireless communications for advanced
mobile phones, local area networks and radio frequency
identification (RFID) tag networks, (4) toward new areas
and new functions including nano-chemistry, bio-nano tech-
nology and various sensing functions and (5) toward new
and unconventional architectures such as neural networks,
stochastic schemes and diffusion-reaction architectures. To
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cope with such new directions of device research covering
wider areas of disciplines, new ideas of hardware technolo-
gies have to be developed and combined with new ideas of
system architectures and software technologies in closely
collaborative ways.

Some examples of new class of devices intended for
ubiquitous networks and reflecting above trends and being
include the smart dusts being developed at University of
California at Berkley [2], Si devices for sensor networks de-
veloped at Intel Corp. [3], Si u-chips for RFID networks be-
ing developed at Hitachi Ltd. [4] and the intelligent quantum
(IQ) chips being developed by author’s group at Hokkaido
University [5]. The basic concept of the IQ chip is shown in
Fig. 1(a) where ultra-small and high-density processors and
memories are realized by a new III-V quantum- (Q-) LSI
technology and they are combined on chip with capabilities
of wireless communication, power supply and sensing. By
fully utilizing high performance and small physical sizes of
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Fig.1  (a) Basic concept of IQ chip and (b) a ubiquitous meme-media
network incorporating IQ chips.
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quantum devices, IQ chips will perform advanced functions
of miniature-sized “ubiquitous computers™ rather than per-
forming a simple function of identification. An image of a
ubiquitous meme-media network incorporating IQ chips is
shown in Fig. 1(b). IQ chips are connected to high speed in-
ternet backbone networks through Si smart chips produced
by the System on Chip (SoC) Si technology. Such a ubiqui-
tous network will enrich the network society of tomorrow in
a revolutionary way by embedding IQ chips in all necessary
places as miniature knowledge vehicles, and forming ad hoc
networks through confederation.

In other words, the development of the IQ chip is an at-
tempt to endow “intelligence” beyond simple identification
to RFID chips so that they can be utilized as versatile tiny
“knowledge vehicles” in the coming ubiquitous network so-
ciety. Here, the most serious issue is the power consumption
of processors and memories which increases as one tries to
endow more and more intelligence into the tiny chip. Use of
Si CMOS technology for such purpose is very much limited.
To show this, power consumption levels of Intel Si CMOS
processors are shown in Fig. 2 vs. the calendar year [6]. It is
seen that the power density has remained remarkably con-
stant up to now, being in the range of several W/cm?, and
that it tends to sharply increase towards future. The reason
for a constant power density is a natural consequence of the
well-known scaling law, and the sharp increase toward fu-
ture is due to new factors such gate leakage currents by tun-
neling etc. which are not considered in the scaling law. On
the other hand, if one uses on-chip solar cell for power sup-
ply, one has to remember that the maximum solar energy is
100 mW/cm? under the AM1 condition, and becomes much
less after photovoltaic conversion. Energies achievable by
small-size rectennas by rectification of rf power are much
smaller than the solar energy case [4].

This is the reason why use of quantum devices is con-
sidered in the IQ chip. Namely, power consumption of quan-
tum devices can be reduced down to the minimum possi-
ble limit allowed by the Heisenberg’s uncertainty principle
which is still many orders of magnitude smaller than the Si
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Fig.2  Power consumption of Intel Si CMOS processors [6]. The power
consumption level at the quantum limit obtained by Eq. (2) explained later
is shown by the horizontal dashed line for the case of 100 devices/em?
with a 10 GHz clock rate.
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CMOS devices as indicated by a dashed horizontal line in
Fig. 2. However, the difficulty is that all of quantum devices
proposed up to now still remain at discrete device levels, and
there is no well established approach for large scale integra-
tion.

The purpose of the present paper is to discuss the
present status and key issues of a new approach to build
ultra-low power quantum large scale integrated circuits by
using II-V quantum devices. It is based on a new hexag-
onal binary decision diagram (BDD) quantum logic circuit
approach. The basic concept, circuit examples to show fea-
sibility of the approach, growth of high density nanostruc-
ture networks by molecular beam epitaxy, device isolation
issues and the key processing issue are addressed together
with some brief overview of semiconductor nanotechnol-
ogy.

2. A New Approach to Large Scale Integration of III-V
Quantum Devices

2.1 Artificial Nanostructures and Quantum Devices

Artificial low dimensional structures such as quantum wires
(QWRs) and quantum dots (QDs) having nanometer scale
feature sizes comparable to de Broglie wavelengths give
rise to novel rich functionalities to materials. This is be-
cause quantum confinement in these structures produces ar-
tificial quantum state spectra. It also realizes novel radia-
tive and non-radiative state transitions and linear and non-
linear quantum transport phenomena. This has opened up
possibilities of various quantum devices and circuits where
quantum-mechanical behavior of a single or a few elec-
trons and photons are controlled in various sophisticated
ways. Quantum devices so far proposed include quantum
wire transistors (QWRTrs), resonant tunneling transistors
(RTDs), single electron transistors (SETs) and various spin-
tronic devices. Basic structures of a QWRTr and a SET are
shown in Fig. 3(a) in comparison-to the classical FET. They
are based on quantum transport such as conductance quan-
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QWR transistor and a SET.
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tization in a QWR and single electron tunneling in a dou-
ble barrier structure with a QD. As schematically shown in
Fig. 3(b), the drain to source conductance is quantized to
an integer multiple of G, in a QWRTr or limited to peri-
odic peaks with a height of (1/2) G, as a function of the gate
voltage in a SET. Here, G, is the quantized conductance unit
given by

G, = 2¢*/h =77.481 uS (0

where % is the Planck’s constant. It should be noted that, in
this standard notation for G,, (1/2) G, is the conductance of
one spin-polarized mode of electron transport.

Such quantum devices may play important roles in fu-
ture information technology (IT) and multi-disciplinary nan-
otechnology. A specific example is the IQ chip mentioned
above. Namely, nanometer scale quantum devices such as
QWRTrs and SETs used as “dissipative” switches can re-
alize Boolean logic circuits at smallest possible values of
power delay product (PDP) near the quantum limit. This
limit is given by

PDP = h/r @)

where 7 is the switching time. This limit comes from the
physical fact that the action (energy multiplied by time) re-
lated to switching, where the energy AE is dissipated by a
single electron within the switching time 7, is quantized by
its minimum value of action, 4. Use of quantum transport in
transport devices provides chances to realize this quantum
[imit.

In far future, the semiconductor nanotechnology may
even realize “non-dissipative” quantum circuits where quan-
tum coherence, extending over entire circuit operation, real-
izes massively parallel quantum computation and highly so-
phisticated quantum information processing. As compared
with ion traps used for initial demonstration of qu-bit, solid-
state forms such as the well-known Si-based nuclear spin
computer {7] are much more desirable for realistic imple-
mentation. Efforts using coupled quantum wells, coupled
QDs and quantum Hall devices are being made to demon-
strate basic feasibility of quantum computation. However,
substantial progress in the technology as well as in the fun-
damental computation scheme itself is still required before
quantum computation can be practically implemented at
sufficiently high qu-bit numbers useful for practical appli-
cations. To continue such efforts, success of quantum nano-
electronics based on dissipative switching in a more short-
range time scale is desirable.

2.2 A Hexagonal Binary Decision Diagram Quantum
Logic Circuit Approach

In spite of the above bright expectations for quantum de-
vices, all of quantum devices proposed up to now still re-
main at discrete device levels or at very small scales of
integration, and there is no well established approach for
large scale integration. The major obstacles are 1) lack of a
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system architecture which is suitable for quantum devices,
2) difficulty of room temperature operation, 3) difficulty of
forming position- and size-controlled nanostructures with
small feature sizes, and 4) processing difficulty of nanos-
tructure surfaces and interfaces.

Among these, lack of a suitable system architecture
seems to be a severest one. Namely, quantum devices have
poor current driving capability and poor threshold control
due to low-current quantum transport which is extremely
structure- and charge-sensitive. Thus, they are totally un-
suitable to the “logic gate architecture” most frequently used
in Si LSIs. Unless one employs a suitable system architec-
ture, LSIs based on quantum devices seem to be hopeless,
and their use will be limited in narrow application areas such
as special high-sensitivity sensors, measurement standard
devices etc. '

To overcome this architecture related difficulty, we
have recently proposed a novel hexagonal BDD quantum
logic circuit approach [8]-[10] for quantum LSIs (Q-LSIs).
The BDD logic architecture itself was originally proposed
by Akers [11] in 1978, and has been used as a software tool
for logic design on computer. More recently, its hardware
implementation in the form of Si CMOS LSIs was proposed
and investigated by Yano et al. [12] with favorable conclu-
sions. Use of the BDD architecture in single electron cir-
cuits was proposed by Asahi et al. [13] together with its fea-
sibility study on computer. The basic concept of our ap-
proach is shown in Fig. 4. Here, gated quantum BDD node
devices are formed on a hexagonal planar QWR network.
As shown on the right hand side of Fig. 4, each node device
selects, according to gate input x;, one of exit-branches for
a single electron or a few electrons coming into the entry
branch as the information messenger. Then, the value of the
logic function, r;, is determined by whether the messenger
starting from the root terminal for r; reaches the terminal-1
or to terminal-0 after traveling down the QWR network. It is
known that any combinational logic function can be imple-
mented as a BDD circuit. For a large logic system including
feedback, the system is divided into fairly large BDD com-
binaticnal logic blocks with buffer registers so that design
can be made at register transfer level.

This approach has following features:

(1) There are no direct output-to-input cascade connec-
tions.

messenger:

root = single or a few electron
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. entry branch
gate input
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va ! switch
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Fig.4  Basic concept of the hexagonal BDD quantum logic circuit.
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(2) A hexagonal close-packed layout is used.

(3) Switching is carried out by gate controlled quantum
transport.

(4) Node devices are interconnected by QWRs without
source/drain contacts.

(5) Node switches operate as classical switches at high
temperatures.

Because of the feature (1), a large voltage gain, pre-
cise input-output voltage matching, large fan-in and fan-out
numbers, tight threshold control and large current drivabil-
ity, which are the requirements for Si CMOS transistors, are
not required any more. High-density integration is achieved
by the feature (2), because the node device has a three-fold
symmetry. Very low power operation of the circuit is ex-
pected, since each node device realizes the smallest possible
PDP values near the quantum limit. The feature (4) avoids
the well-known serious contact problem in Si LSIs. Inter-
connection length and levels are reduced due to absence of
cascade connections, use of ungated nanowires as intercon-
nects and regular circuit layouts. Due to the feature (5),
BDD circuits operate over a wide temperature range be-
cause operation mode continuously changes with tempera-
ture from the single electron quantum regime, to a few elec-
tron quantum regime, and finally to the many electron clas-
sical regime.

2.3 Examples of GaAs-Based Hexagonal BDD Circuits
and Speed-Power Performances

The hexagonal BDD quantum logic circuit approach is a
general one, being applicable to SOI structures, organic
molecular wire networks, carbon nanotubes etc. If fact,
quantum wire transistors (QWRTrs) and single electron
transistors, based on SOI, III-V and CNT materials, have
been demonstrated, at discrete device levels, and they are
thus potential candidates for BDD implementation. How-
ever, for large scale integration of BDD circuits, the material
should allow formation of high density hexagonal networks
with nearly ideal quantum transport. Technologies for SOI
materials, organic semiconductors and CNTs do not seem to
be mature enough to form high density of networks of quan-
tum structures. On the other hand, attempts to form artifi-
cial solid-state quantum structures such as QWRs and QDs
appeared for the first time in 1II-V semiconductor research
community in late 1980s, and have been intensively contin-
ued. [I-V nanostructures still seem to remain at the most
advanced status of art as compared with other approaches of
nanotechnology appeared later. For example, as explained
in the next section, the minimum QWR size obtainable by
our selective MBE for III-V materials is several nanometers,
approaching the size of CNTs. These wires are totally em-
bedded in, and well supported by, the barrier material with
superb heterointerfaces, and the resultant structure is still
pseudo-planar, being suitable for further metallization by a
standard LSI processing. Thus, we believe that the III-V
material is the best candidate for the purpose.

IEICE TRANS. ELECTRON., VOL.E87-C, NO.11 NOVEMBER 2004
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Fig.5 GaAs-based implementation of BDD quantum node devices. (a)
Circuit implementation by hexagonal nanowire network controlled by
WPG, (b) basic structure of WPG and (c) WPG-based quantum BDD node
devices.

Examples of our GaAs-based implementation of the
hexagonal BDD approach are shown in Figs. 5(a)-(c). The
circuit is based on nanometer scale Schottky gate control
of a hexagonal network as shown in Fig. 5(a). Here, the
network can be produced either by electron beam litho-
graphy and chemical etching (etched QWRs) or by selec-
tively grown by MBE process as explained in the next sec-
tion (SG QWRs). For gate control, the Schottky wrap gate
(WPQG) developed by our group [14] is used as shown in
Fig. 5(b) where a short metal gate is wrapped around an
etched OWR segment or a selectively grown (SG) QWR
segment. It produces a pseudo-planar structure with a tight
potential control over the superb AlGaAs/GaAs heterointer-
face. Three kinds of BDD node devices using this technol-
ogy are shown in Fig.5(c). In the first QWRtype device,
switching between O-th and 1st conductance quantization
steps is performed in a complementary fashion between left
and right branches for path switching at a PDP value near
the quantum limit. In the second single electron (SE) type
device, two short WPG finger gates on each exit branch pro-
duce two tunneling barriers with a QD in between, and the
first conductance peak due to single electron resonant tun-
neling is used again in a complementary fashion between
left and right branches for path switching. In the third SE
type device, three finger gates produce three tunneling bar-
riers with a QD at the central node point, and switching is
carried out in a similar way.

By using GaAs etched QWR networks, QWR-type and
SE-type BDD node devices and simple integrated circuits
such as AND, OR, XOR, and two-bit and four-bit quan-
tum adders have been successfully fabricated [15]. An SEM
photograph of a QWR-type BDD node device and observed
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Fig.6  (a) An SEM photograph of a QWR type BDD node device, (b)
observed branch switch behavior of QWR- and SE-type BDD node devices
and (c) path switching behavior of QWR-type node device at 1.7K and
room temperature.

branch and path switching behavior of QWR- and SE-type
BDD node devices are shown in Figs. 6(a), (b) and (c), re-
spectively. As shown in Fig. 6(b), branches of both types
device clearly showed quantum transport behavior. The con-
ductance behavior of the SE-type may look more complex
than the simple picture shown in Fig. 3(b). This is because
the behavior shown in Fig. 3(b) applies for metal QDs where
quantum confinement energy is usually negligible as com-
pared with charging energy due to very short de Broglie
wavelengths. In semiconductor QDs, both of charging and
quantum confinement energies become comparable, and be-
havior becomes more complex. A more detailed analysis of
conductance peak height and width as a function of tempera-
ture has confirmed that the observed peaks seen in Fig. 6(b)
are indeed due to single electron resonant tunneling [16].
Data in Fig. 6(c) also shows that fabricated QWR-type BDD
node devices show expected path switching behavior not
only at low temperatuares, but also at room temperature. SE-
type BDD node devices also have shown path switching be-
havior from low temperature up to room temperature. This
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Fig.7  Fabricated QWR-type BDD 2 bit adder with its circuit diagram.

confirms the feature (5) of the present BDD approach men-
tioned above. As an example of a small scale integrated cir-
cuit, a SEM micrograph of a 2-bit BDD adder using QWR-
type node devices is shown in Fig. 7 together with its BDD
graph. Here, 14 BDD node devices were integrated and a
correct operation was obtained [15]. A circuit diagram and
layout of a 2-bit nanoprocessor which we are in the process
of fabrication is shown in Fig. 8. Here, the entire circuit is
laid out on a hexagonal QWR network with 4526 hexagons
without any wire cross-overs. If the hexagon pitch can be
made 100nm, the total area of the processor will be very
small occupying only 4.5 x 2.6 um®.

The speed and PDP values of the BDD branch switch
can be roughly estimated by the following simple equations
using the device capacitance, C, and conductance, G.

r=C/G (32)
and
PDP = C(AVg)? (3b)

where AV is the gate voltage swing required to cause path
switching. When G = (1/2)G, (single mode propaga-
tion) and AV is due to single electron charging, satisfying
CAVg = e, Eq. (3b) reduces to the quantum limit given by
Eq. (2).

Experimentally, measurement of G is straightforward
from the gated /-V characteristics. However, direct mea-
surement of C is rather difficult, since its value is usually
small and there is a tendency that it is buried in the stray ca-
pacitances. Our approaches to estimate the value of C were
the following. In the case of the QWR-type switch, the de-
vice capacitance can be estimated by the following formula.
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where n;p is the line density of electrons in the QWR, and
Lg is the WPG length. The value of np can be deter-
mined by gate-dependent Shubnikov - de Haas (SdH) mea-
surements under application of strong magnetic fields and
subsequent analysis of Landau plots, using harmonic poten-
tial approximations [17]. In the case of the SE-type device,
the effective capacitance can be determined from a Coulomb
diamond chart of the switch [10],[18]. Estimates of the
switching time, 7 along the lines explained here have in-
dicated that GHz clock operation should be possible in both
of QWR-type and SE-type devices fabricated on QWR seg-
ments with the wire width of several hundred nanometers.

Direct measurement of speed of quantum devices is
again not easy, since quantum devices are high impedance
devices with small capacitances, and do not fit to 50-ohm
measurement systems. To overcome this difficulty, special
integrated devices which have many QWR switches in par-
allel as shown in Fig. 9(a) have been prepared recently, and
their switching properties have been measured at room tem-
perature by an Agilent vector network analyzer (8510C) and
direct on-chip probing. An example of gain plots for a de-
vice with 90 QWRs and L = 110 nm is shown in Fig. 9(b)
which gives fr = 2.5GHz and fyax = 9 GHz. It shows that
GHz clock operation is possible even in the classical opera-
tion mode. The result is expected to improve at low tempera-
tures due to better transport, although such rf-measurements
require more sophisticated set-up.

The PDP values estimated using Eq. (3b) are summa-
rized for various QWR- and SE-devices in Table 1 together
with the data reported for latest nano-scale Si CMOS de-
vices [19]. As seen in Table 1, PDP values of the present
BDD node devices are smaller than those of nano-scale
Si CMOS devices, particularly being about 1/10000 of the
CMOS device in the case of the SE-type BDD device.
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Fig.9  (a) Special integrated devices which have many QWR switches in
parallel and (b) gain plots for a device with 90 QWRs and Lg = 110nm.

Table 1  Estimated PDP values of QWR- and SET-type switches com-
pared with those of the latest Si MOSFET.
Lo PDP value
WPG etched QWR switch (1.6 K) 630 nm 1020 4
65 nm 10214
WPG SG QWR switch (1.6 K) 400 nm 10718
WPG SET switch (1.6 K) 30 nm 1022 J
Lab. level Si CMOS Tr.(300 K)* 20 nm 1017 J

(SG QWR = selectively grown quantum wire)
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3. Preparation of High Density Nanostructure Net-
works

3.1 Major Approaches for Semiconductor Nanostructure
Fabrication

For higher density of integration and operation at room tem-
perature, a suitable semiconductor nanotechnology should
be established which allow substantial reduction of the
hexagon pitch and QWR width than those achievable by
the combination of the electron beam lithography and etch-
ing used in the above feasibility study. For this purpose,
many approaches are available for nanostructure formation,
reflecting recent strong interests in nanotechnology. Major
approaches for semiconductor nanostructures include;

(1) Direct Si nanostructure fabrication on silicon or
silicon-on-insulator (SOI) wafers by Si ULSI technolo-
gies including electron (EB) lithography, dry etching, ox-
idation etc.

(2) Direct nanostructure fabrication on HI-V multi-layer
epitaxial wafers by EB lithography and etching.

(3) Use of imprint lithography [20] instead of EB litho-
graphy in (1) and (2).

(4) Selective depletion of two-dimensional electron gas
(2DEG) in III-V wafers by Schottky split gates.

(5) Selective MBE or MOVPE growth of III-V QWRs and
QDs on patterned or masked substrates or on specially
prepared templates such as anodized aluminum film.

(6) Self-assembled or self-organized formation of QDs
and QWRs by Stranski-Krastanow (S-K) mode in MBE
and MOCVD, or by other self-organization mechanisms.
(7) Formation of ultra-fine structures such as Si-dots or
carbon nanotubes by CVD processes and various molec-
ular reactions.

(8) Direct fabrication of nanostructures by scanned probe-
induced atom manipulation and surface reaction.

These approaches have their own advantages and dis-
advantages, depending on applications. For integration of
quantum transport devices, the method should be capable of
forming networks of nanostructures with sufficiently high
densities and small enough feature sizes so that quantum
effects can be utilized at room temperature at device densi-
ties much larger than those of projected Si CMOS deunsities.
Roughly speaking, feature sizes should be reduced down to
sub-10 nm range with a pitch of nanostructures also in the
nanometer range. Other critical factors include position and
size controllability, smooth and defect-free structures and
turnaround time of nanostructure fabrication.

Traditionally, III-V quantum transport devices have
been made by the above approaches, (2) and (4), using EB
lithography and wet chemical etching on MBE/MOCVD
2DEG wafers. In fact, we used the approach (2) for the fea-
sibility study mentioned above. These techniques are sim-
ple and straightforward. However, the achievable sizes are
rather large, giving feature sizes of several ten to several
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hundrednm. Furthermore, lithography size fluctuation di-
rectly affects geometrical uniformity. Another well-known
approach (6} of S-K mode growth of QDs provides small-
est feature sizes and highest densities for III-V materials
within very short turnaround times. It gave impressive re-
sults for QD laser applications. However, for transport de-
vices, control of position and size, as well as the method
of post-growth wiring, remain to be difficult problems. The
scanned probe approach (8) provides the highest spatial res-
olution in atomic scale. However, turnaround time is too
long. From such considerations, the approach (6) of selec-
tive MBE or MOVPE growth of III-V QWRs and QDs on
patterned or masked substrates [21]-[25] seems to be best
suited for the present purpose.

3.2 Selective MBE Growth of High Density Quantum
Wire Networks

From the reasons mentioned above, we have decided to em-
ploy the selective MBE growth on pre-patterned substrates
[22]-[24] for denser networks. As compared with other ap-
proaches, this approach has the following advantages;

(1) Sizes smaller than lithography sizes can be achieved.
(2) Nanostructure boundaries are defined by crystalline
facets and independent of lithography fluctuations.

(3) Position and size are controlled.

(4) Interfaces are defect-free high quality hetero-
interfaces with steep and high potential barriers.

(5) Growth process is compatible with UHV-based pro-
cessing and characterization.

The basic principle of our selective MBE approach is
shown in Figs. 10(a)—(c). Patterns consisting of mesa stripes
with suitable orientations and side facets are formed by EB
lithography and etching, as shown in Fig. 10(a). So far

substrate patterns

linear array hexagonal array
(a)

MBE growth of QWR
facet
boundary
< planes

MBE growth of QWR

ridge structure  barrier

pattern sub.

(b) | (©

Fig. 10  Basic principle of selective MBE approach for growth of
quantum wire networks.
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(b)

Fig.11  Examples of high density of QWR networks by selective MBE
growth.

(001) and (111)B GaAs, (001) InP and (0001) GaN sub-
strates have been used. After cleaning and removal of sur-
face oxide, ridge structures are grown by MBE on mesa-
stripes as shown in Fig. 10(b). For pre-growth oxide re-
moval [26] as well as during ridge growth, irradiation of
atomic hydrogen (H*) [27] has been found extremely pow-
erful in improving the facet morphology and uniformity of
the ridge structures. Then, by growing a triple-layered struc-
ture on the ridge structures by MBE, embedded nanowires
with an arrow-headed or flat-top wire cross-section shown
in Fig. 10(c) are formed in a self organized way due to built-
in selective growth mechanism. GaAs and InGaAs wire
arrays thus grown show intense and narrow photolumines-
cence (PL) peaks with a very large blue shift of several hun-
dred meV [26].

In spite of apparent simplicity of the growth method,
the actual growth process on non-planar substrates is com-
plicated due to simultaneous involvement of various high-
index facets and related kinetic processes. Thus, proper un-
derstanding of the growth mechanism is required for pre-
cise control of the shape, feature size and density of nanos-
tructures. A detailed study [28] has shown that the bound-
aries of two neighboring facets on both sides of the QWR
form two continuous facet boundary planes within the bar-
rier layer crystal as schematically shown in Fig. 10. Sur-
prisingly, these boundary planes do not correspond to any
of high index facets. A detailed experimental study as well
as a detailed computer simulation study [29] have shown
that their evolution is the result of difference in the migra-
tion and the atom incorporation rates between two neigh-
boring facets. The lateral wire width, W, and the vertical
wire height, H, are given by following equations referring
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Fig. 12 Node densities of nanostructures achieved by selective MBE
growth approach compared with reported Si CMOS transistor densities in
Intel processors [31].

to Fig. 10(c).

w Grop
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where g, is the vertical growth rate of the top facet
and ¢ is the growth time. Based on this understand-
ing, the position and size of the present QWR can now
be kinetically controlled precisely down to sub-10nm re-
gion. Examples of GaAs-based and InP-based high den-
sity hexagonal nanowire networks grown by selective MBE
are given in Figs. 11(a) and (b), respectively, where hexag-
onal node densities in the range of 10° per cm? have been
achieved [30]. Node densities of nanostructures achieved
by MBE/MOVPE selective growth approaches are plotted
vs. calendar year in Fig. 12, and compared with reported Si
CMOS transistor densities in Intel processors [31].

4. Key Processing Issues
4.1 Control of Nanostructure Surfaces

In many of quantum devices including our BDD node de-
vices, nano-scale Schottky gates are used to control quan-
tum confinements and quantum transport. It has been found
recently [32] that current transport and depletion width con-
trol in such contacts are very much affected by Fermi level
pinning on the surrounding free surfaces. Particularly, un-
der reverse bias, depletion width becomes deeper and its
change with bias becomes less efficient due to depletion in
the surrounding region. Examples of calculation are shown
in Figs. 13(a) and (b) for the cases of strongly pinned and
unpinned surfaces, respectively. Characteristics are totally
different between two cases, and the gate on the pinned sur-
face shows only small variations of depletion layer edge
with bias. The expected adverse effects of surface states and
Fermi level pinning include the following:

(1) Gate conirol characteristics of quantum devices be-
come much poorer.

(2) Strong Fermi level pinning tends to deplete all the
near-surface nanostructures, even if they are ungated.
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(3) Electron exchange between quantum confined states
of near-surface nanostructures and surface states hinders
device operation, generates surface off-set charge and
raises reliability issues.

(4) Charged surface states near the metal electrode periph-
ery enhance edge fields and cause surface leakage current
by tunneling injection of electrons.

These problems become severer and severer as the gate
dimension is reduced. However, removal of surface states in
I[1-V materials is a well known difficult problem, and even
on MBE-grown clean III-V surfaces, Fermi level is usually
firmly pinned near a characteristic energy due to high den-
sity surface states except for carefully cleaved (110) sur-
faces. In order to overcome this problem, we have been
making intensive efforts to understand and control surface
states on (001)-oriented GaAs, InP and GaN, using various
techniques including UHV STM/STS, contactless C-V, PL
and XPS techniques.

Traditionally, As-stabilized GaAs (001) surfaces, either
by MBE or by MOVPE, have been technologically most
important ones for initiation of device processing, and not
much attention has been paid to Ga-rich surfaces. Here, an
example of the filled state STM image recently taken on
(4 x 6) reconstructed (001) surface is shown in Fig. 14(a).
The STS spectra of the same surface are shown in Fig. 14(b)
without and with deposition of monolayer level Si layer.
Without Si, the spectra shows an anomalously large conduc-
tance gap rather than showing GaAs band gap as expected.
Similar phenomena were observed in the past on (2x 4) and
c{4x 4) reconstructed (001) surfaces of GaAs. We explained
this anomaly in terms of tip-induced localized charging of
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Fig. 14  (a) Filled state STM image taken on (4 x 6) reconstructed GaAs

(001) surface and (b) STS spectra of the GaAs surfaces before and after
deposition of a monolayer level Si layer.

surface states [33].

On the other hand, deposition of one ML of Si led to
appearance of normal STS conductance gaps [34] as also
shown in Fig. 14(b). Here, the ML level Si is transparent
in STS measurements since its effective band gap is much
larger than that of GaAs due to strain. Similarly, a cubic
GaN ICL formed by direct nitridation of GaAs {35] was
found to be effective. It was also found that formation of
Si ICL and GaN ICL on Ga-rich (4 x 6) surface is much
more effective than that on the traditionally As-rich (2 x 4)
and c(4 x 4) surfaces in reducing surface states. We be-
lieve that this is due to the fact that termination by non-
volatile Ga atoms is more ordered and more robust than As-
stabilized surfaces. Metal-insulator-semiconductor (MIS)
structures having Si and GaN ICLs between GaAs and an
outer Si based dielectric film showed complete unpinning of
the Fermi level over the entire band gap according to mea-
sured MIS C-V curves [35].

4.2 Device Isolation Issue

One of specific processing related critical issues for large
scale integration of quantum devices which none of previ-
ous studies has addressed so far, is the device isolation is-
sue related to possible interference between two neighbor-
ing quantum devices which limits the achievable packing
density.

In order to study the device isolation behavior of GaAs
QWR-type BDD switches, QWR transistor test structures
having a Schottky wrap gate and a Schottky side gate were
fabricated by EB lithography and wet chemical etching
[361,[37]. The structure of the device is shown in Fig. 15.
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Fig.16  (a) Side gate effect in quantum regime at low temperature and
(b) side gate transconductance as a function of ds,.

Important parameters for the experiment were the distance,
dy,, between the side gate and the QWR and the mesa etch-
ing depth for device isolation, f,, as indicated in Fig. 15.

The devices showed clear conductance quantization at
low temperatures, as shown in Fig. 16(a). It was also ob-
served that gate voltage values for conductance steps shifted
with the side gate voltage. Thus, side gating takes place in
the QWR transistors.

In order to understand the mechanism of side gating,
detailed study was carried out in the large amplitude FET
mode operation of the QWR transistor over a wide tempera-
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ture range of 1.6-300 K. Devices showed different side gat-
ing behavior, depending on the values of ¢, and d,, as sum-
marized in Fig. 16(b) in terms of the side gate transconduc-
tance, gmsg, which is defined by

Imsg = d[ds/dvsg (Vg» Vas = const.) 6)

Here Iy, Vis, V, and V; are the drain current, drain voltage,
gate voltage and side gate voltage, respectively. There ex-
ist three Regions A, B and C of side gating characteristics.
Region A, observed only on the side gate formed on the Al-
GaAs surface, exhibited anomalously large side gating with
a strong dg,-dependence. On the -V curves, the side gate in
Region A acted almost like the main gate, causing current
reduction and pinch-off. On the other hand, Regions B and
C exhibited weaker and weakly d,,-dependent side gating.
On I-V curves, side gating caused weak shits of threshold
voltage.

By a detailed computer analysis of potential distribu-
tion, using our SOR analysis program, the observed weak
side gating in Regions B and C could be explained quanti-
tatively in terms of electrostatic sideway depletion into the
lower barrier region of the device which weakly modulates
the potential from underneath of the quantum wire. How-
ever, such a model could not explain the large side-gating
in Region A. It was found that the relevant mechanism is
related to the adverse effect of surface states (4) mentioned
above. Namely, strong Fermi level pinning near the side
gate edge produce leakage current by the tunneling mech-
anism, when d,, becomes small, and this leakage current
flows into the quantum wire, modulating the occupancy of
traps in the AlGaAs lower barrier, and leading to large side-
gating. In Region C with side gate on GaAs surface, leakage
current flows, but it does not flow into the quantum wire due
to presence of GaAs/AlGaAs heterointerface barrier.

Thus, side-gating can be suppressed by suitable design
of device structure and careful control of surfaces.

5. Conclusion

A new hexagonal binary decision diagram (BDD) quantum
logic circuit approach for ultra-low-power LSIs based on
[I-V quantum devices is presented and its present status
and critical issues are discussed with a brief background re-
view on the semiconductor nanotechnology. Such an ap-
proach seems to be suitable for realization of ultra-low-
power logic/memory circuits to be used in new applica-
tions such as intelligent quantum (IQ) chips embedded in the
ubiquitous network environment. On the basis of the advan-
tageous features of the approach, circuit examples demon-
strating feasibility of the approach and successful growth of
high density nanostructure networks by selective MBE pro-
cess, it can be concluded that the approach is a very promis-
ing one, and provides a realistic hope for future quantum
LSIs for the first time. The obvious next key step is to
construct larger BDD circuits on MBE-grown nanowire net-
works with reduced QWR sizes and hexagon pitches where
the key processing issue of control of nanostructure surface

S
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for better gate control and better device isolation will be-
come more and more important. A promising approach for
surface control was also mentioned, and it may turn out to
be a key technology there.

Acknowledgment

The present work is supported in part by 21st Century Cen-
ter of Excellence (COE) Program at Hokkaido University
on “Meme-media technology approach to the R&D of next-
generation information technologies” from MEXT, Japan.

References

[1]
[2]
3]

[4]

{51
(6]

(71

(8]

(9

(10]

(1]

[12]

[13]

{14]

(7]

International Technology Roadmap for Semiconductors:
public.itrs.net/

UC Berkeley web site:
SmartDust/

Intel web site: http://www.intel.co.jp/research/exploratory/wireless
-sensors.htm

M. Usami and M. Ohki, “The u-chip: An ultra-small 2.45 GHz RFID
chip for ubiquitous recognition application,” IEICE Trans. Electron.,
vol.E86-C, no.4, pp.521-528, April 2003.

IQ chip in 2lst Century COE program of Hokkaido Univ.:
http://www.rcige.hokudai.ac.jp

P. Gelsigner, “Microprocessors for the new millennium: Challenges,
opportunities, and new frontiers,” Tech. Dig. 2001 ISSCC, pp.22~-
25,2001, Web site: http://www.intel.com/research/silicon/micron.htm
B.E. Kane, “A silicon-based nuclear spin quantum computer,” Na-
ture, vol.393, pp.133-137, 1998.

S. Kasai, Y. Amemiya, and H. Hasegawa, “GaAs Schottky wrap-
gate binary-decision-diagram devices for realization of novel single
electron logic architecture,” Tech. Dig. 2000 IEDM, pp.585-588,
2000.

H. Hasegawa and S. Kasai, “Hexagonal binary decision diagram
quantum logic circuits using Schottky in-plane and wrap-gate con-
trol of GaAs and InGaAs nanowires,” Physica E, vol.11, pp.149-
154, 2001.

S. Kasai and H. Hasegawa, “A single electron binary-decision-
diagram quantum logic circuit based on Schottky wrap gate control
of a GaAs nanowire hexagon,” IEEE Electron Device Lett., vol.23,
no.8, pp.446-448, 2002.

S.B. Akers, “Binary decision diagrams,” IEEE Trans. Comput,
vol.C-27, no.6, pp.509-516, 1978.

K. Yano, Y. Sasaki, K. Rikino, and K. Seki, “Top-down pass-
transistor logic design,” IEEE J. Solid-State Circuits, vol.31, no.6,
pp.792-803, 1996.

N. Asahi, M. Akazawa, and Y. Amemiya, “Binary-decision-diagram
device,” IEEE Trans. Electron Devices, vol.44, no.7, pp.1109-1116,
1997.

S. Kasai, K. Jinushi, H. Tomozawa, and H. Haseegawa, “Fabrica-
tion and characterization of GaAs single electron devices having
single and multiple dots based on Schottky in-plane-gate and wrap-
gate control of two-dimensional electron gas,” Jpn. J. Appl. Phys. 1,
vol.36, pp.1678-1685, 1997.

S. Kasai, M. Yumoto, and H. Hasegawa, “Fabrication of GaAs-based
integrated half and full adders by novel hexagonal BDD quantum
circuit approach,” Solid State Electron., vol.47, pp.199-204, 2003.
S. Kasai and H. Hasegawa, “Gate controlled conductance oscilla-
tions in GaAs Schottky wrap-gate single electron transistors,” Proc.
25th International Conference on the Physics of Semiconductors
Part 11, Springer Proceedings in Physics 87, N. Miura and T. Ando,
ed., pp.1817-1818, Springer- Verlag, Berlin, 2001.

M. Yumoto, S. Kasai, and H. Hasegawa, “Graph-based quantum
logic circuits and their realization by novel GaAs multiple quantum

http://

http://robotics.eecs.berkeley.edu/ pister/

(18]

(19]
(201

[21]

[24]

[25]

[26]

{27]

[28]

(29]

{30]

(31]

{32}

[34]

{35]

1767

wire branch switches utilizing Schottky wrap gates,” Micro-electron.
Eng., vol.63, pp.287-291, 2002.

S. Kasai and H. Hasegawa, “GaAs and InGaAs single electron-
hexagonal nanowire circuits based on binary decision diagram logic
architecture,” Physica E, vol.13, pp.925-929, 2002.

R. Chau, “30 nm and 20 nm physical gate length CMOS transistors,”
2001 Silicon Nanoelectronics Workshop, Kyoto, Japan, June 2001.

S.Y. Chou, PR. Krauss, and P.J. Renstrom, “Nanoimprint litho-
graphy,” J. Vac. Sci. Technol. B, vol.14, pp.4129-4133, 1996.

X.-L. Wang, M. Ogura, and H. Matsuhata, “Flow rate modulation
epitaxy of AlGaAs/GaAs quantum wires on nonplanar substrate,”
Appl. Phys. Lett., vol.66, pp.1506-1508, 1995.

H. Hasegawa, H. Fujikura, and H. Okada, “Molecular beam epitaxy
and device applications of III-V semiconductor nanowires,” MRS
Bulletin, vol.24, pp.25-30, 1999.

T. Sato, I. Tamai, C. Jiang, and H. Hasegawa, “Selective MBE
growth of GaAs/AlGaAs nanowires on patterned GaAs (001) sub-
strates and its application to hexagonal nanowire network forma-
tion,” Institute of Physics Conference Series, vol.170, pp.325-330,
2002.

E. Kapon, M.C. Tamargo, and D.M. Hwang, “Molecular beam epi-
taxy of GaAs/AlGaAs superlattice heterostructures on nonplanar
substrates,” Appl. Phys. Lett., vol.50, pp.347-349, 1987.

K. Kumakura, J. Motohisa, and T. Fukui, “Formation and character-
ization of coupled quantum dots (CQDs) by selective area metalor-
ganic vapor phase epitaxy,” J. Crys. Growth, vol.170, pp.700-704,
1997.

C. Jiang and H. Hasegawa, “Molecular beam epitaxy growth of high-
quality linear arrays of InGaAs ridge quantum wires with nanometer
wire widths and submicron wire pitches on patterned InP substrates,”
Jpn. J. Appl. Phy., vol.41, pp.972-976, 2002.

A. Tto, T. Muranaka, C. Jiang, and H. Hasegawa, “Formation of
high-density hexagonal networks of InGaAs ridge quantum wires by
atomic hydrogen-assisted selective molecular beam epitaxy,” Appl.
Surf. Sci., vol.190, pp.231-235, 2002.

T. Sato, 1. Tamai, S. Yoshida, and H. Hasegawa, “Control of het-
erointerface cross-sections of GaAs ridge quantum wires by selec-
tive molecular beam epitaxy,” 9th International Conference on the
Formation of Semiconductor Interfaces (ICFSI-9), Madrid, Spain,
Sept. 2003.

T. Sato, 1. Tamai, and H. Hasegawa, “Mechanism of selective
growth of GaAs ridge quantum wires on non-planar substrates dur-
ing molecular beam epitaxy,” Conference on The Physics and Chem-
istry of Semiconductor Interfaces (PCSI-31), Hawaii, USA, Jan.
2004.

T. Fukushi, T. Muranaka, and H. Hasegawa, “Atomic hydrogen-
assisted selective MBE growth of hexagonal InGaAs ridge quantum
wire networks having a high density of Giga-Nodes/cmz,” Sth In-
ternational Conference on Indium Phosphide and Related Materials
(IPRM 2003), Santa Barbara, USA, May 2003.

M.T. Bohr, “Nanotechnology goals and challenges for electronic ap-
plications,” IEEE Trans. Nanotech., vol.1, no.1, pp.56-62, 2002.
Also see, http://www.intel.com/research/silicon/mooreslaw.htm

T. Sato, S. Kasai, and H. Hasegawa, “Current transport and
capacitance-voltage characteristics of GaAs and InP nanometer-
sized schottky contacts formed by in situ electrochemical process,”
Appl. Surf. Sci., vol.175/176, pp.181-186, 2001.

H. Hasegawa, N. Negoro, S. Kasai, Y. Ishikawa, and H. Fujikura,
“Effects of gap states on scanning tunneling spectra observed on
(110)- and (001)-oriented clean surfaces and ultrathin Si layer cov-
ered surfaces of GaAs prepared by molecular beam epitaxy,” J. Vac.
Sci. Technol. B, vol.18, pp.2100-2108, 2000.

N. Negoro, S. Anantathanasarn, and H. Hasegawa, “Effects of Si
deposition on the properties of Ga-rich (4 x 6) GaAs (001) surfaces,”
J. Vac. Sci. Tech. B, vol.21, pp.1945-1952, 2003.

S. Anantathanasarn and H. Hasegawa, “Pinning-free GaAs MIS
structures with Si interface control layers formed on (4 x 6) recon-



1768

structed (001) surface,” Appl. Surf. Sci., vol.216, pp.275-282, 2003.

[36] R. Jia, S. Kasai, and H. Hasegawa, “Side gating phenomenon in
GaAs quantum wire transistors,” Extended Abstracts of 2003 Inter-
national Conference on Solid State Devices and Materials, pp.588-
589, 2003.

{371 R.Jia, S. Kasai, and H. Hasegawa, “Device isolation issue for high
density integration of GaAs quantum wire transistors,” 16th Interna-
tional Vacuum Congress, Venice, Italy, June—July 2004.

Hideki Hasegawa was born in Tokyo in
June, 1941. He received B.E., MLE. and Ph.D.
degrees in electronic engineering from Univer-
sity of Tokyo, Tokyo, Japan, in 1964, 1966 and
1970, respectively. He became Lecturer, Asso-
ciate Professor and Professor in the Department
of Electrical Engineering, Hokkaido University
in 1970, 1971 and 1980, respectively. Currently,
he has been Professor in Graduate School of In-
formation Science and Technology, Hokkaido
University. Since 1991, he has been serving as
Director of Research Center for Interface Quantum Electronics that was re-
organized as Research Center for Integrated Quantum Electronics (RCIQE)
in 2001, Hokkaido University. His research interests include III-V com-
pound semiconductor-based quantum nanostructure formation, characteri-
zation, processing of and quantum devices and their integrations. He has
authored or co-authored more than 400 publications in major technical jour-
nals. He received the Journal Paper Award from the Japan Society of Ap-
plied Physics in 1982, the Max-Planck Research Award from Max-Planck
Society in 1991, Michael Runn Award from International Conference on
Indium Phosphide and Related Materials (IPRM) in 2003, respectively. He
is a member of the Institute of Electrical and Electronics Engineers (1IEEE),
Japan Society of Applied Physics (JSAP) and other academic societies.

Seiya Kasai was born in Hokkaido in April,
1969. He received B.E., M.E. and Ph.D. de-
grees in electrical engineering from Hokkaido
University, Hokkaido, Japan, in 1992, 1994 and
1997, respectively. He joined Optoelectronics
and High Frequency Device Research Labora-
tories, NEC, Japan, in 1997. In 1999, he moved
to Graduate School of Electronics and Infor-
mation Engineering, Hokkaido University, as a
Research Associate and he has been an Asso-
ciate Professor since 2001. From 2004, he has
been an Associate Professor in Graduate School of Information Science
and Technology and Research Center for Integrated Quantum Electronics
(RCIQE). His current research interests include quantum nano-devices and
their integrations and high-speed devices. He is a member of the Japan
Society of Applied Physics (JSAP).

IEICE TRANS. ELECTRON., VOL.E87-C, NO.11 NOVEMBER 2004

Taketomo Sato was born in Tokyo in June,
1973. He received B.E. degree in electrical
engineering from Hokkaido University, Hok-
kaido, Japan, in 1996. Then, he received M.S.
and Ph.D, degree in Electronics and Information
Engineering from Hokkaido University, Japan,
in 1998 and 2001, respectively. In 2001, he
{ @ joined Research Center for Integrated Quantum
i ?‘ h Electronics (RCIQE), Hokkaido University, as
' i a postdoctoral researcher, and in the same year,
moved to Graduate School of Electronics and
Information Engineering, Hokkaido University, as a Research Associate.
Since 2004, he has been an Associate Professor of RCIQE, Hokkaido Uni-
versity. His current research interests include fabrication of I{I-V nano-
structures using selective MBE growth techniques. He has received a Pre-
sentation Encouragement Award of Japan Society of Applied Physics in
2000. He is a member of the Japan Society of Applied Physics (JSAP).




