Heterogeneous Integration
on Si Platform: Emerging

Nanoelectronics for
‘More-than-Moore’ and

‘Beyond CMOS’ Approaches

IM line with the evolution of Sinanoekectronic s, fundamental
researches on emending materials and novel processes
and devices which could contribute towards future “smart
electronics” and "green electronics” are aggressively being
cartied out wordwide. Specifically, this aficle provides
a brief overview on the recent trend of elkectronics and
introduces an outline of the author's reseanch progects an
graphene, germanium and |- semicondoctor. The work
has been carried out with the collaboration of Hokkaido
University, Kyushu University, Universiti Sains Malaysia
and Universiti Teknologi MARL, These propcts have been
mainly funded by MOHE, MOSTI, UTM, MJIT and the
Hitac hi Foundation.

The peformance of silicon-large scale  infegrated
circuits [Si-LS1s) has been enhanced over the last 30 years
by increasing the number of transistors in accordance
with Moore's law. The number of transistors in the latest
processor has alkeady exceeded 1 billion [1]. The scaling
rule of the Si transistor has made it possible to enhance
the performance of the LS1s. However, the miniaturisation
of the transistors has become increasingly difficult owing
to physical limitations, while the conventional scaling rule
iz insufficient fo enhance the performance of the L3Is.
Therefore, some breakthrough technobgies are strongly
required forthe Si-LE1s inorder to enhance the performance
of the device, even in the postscaling era.

The most promising breakthrough in tec hnology are the
new semiconductor materials with higher mobility than i,
which could increase the driving current of M O3S transistors.
Graphere, germanium (Geland [I- materials are some of
the most promising candidates for new channel materials
[Figure 1] These materials are also expected o give high
cartier inpction velocity at the source terminal owing to
their low effective mass and low carrier scattering, which
lead to the increase inthe efficiency of ballistic transport [2].

[deally, those materials would need to be realised on the
Si platfiarm, meaning that they should be grown on large-
area 20 wafers by methods compatible with standard Si
GO S fabrication technology and also the 5i CMOS LS|
design environment. For example, since [1-% has a higher
electron mobility and Ge has a higher hole mobility than Si,
those materials can be used for conventional n-MO3 and
p-MOS, respectively [3] Hence, the present Moore's Law
(More Moore] can be futher extended [Figure 1]. Those
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materials [(Graphene, Ge, |1V grown on insulator on i
can not only be used to fabricate conventional metakoxide-
semiconductor field-effect transistors (MOSFETS), but also
other type of MOSFET devices with different switching
principles, such as plasma wave FETs [4.5] tunnel FETs
[A]and spin FETs [F] This direction will lead to the ‘Beyond
GO S tec hnology [Figure 1]

In addition, those materialson insulator on Sican also be
used to fabricate other functional devices, such as optical
devices [8], photodetectors [@]and solar batteries [10], to be
integrated with conventional 21 CMO S to realize new smart
LE1 chips such as intelligent system-on-chip on silicon. This
direction will lead to the More than Moore fec hnology [Figure
1]. &z a resulf, by integrating such devices on a 51 CMOS
platform, the capability, functionality and also the value of
the device system could be increased. As a next-generation
technology, such advanced heterogeneous integration on
the Si platform is considered as a promising and practic al
direction [11].

FUNDAMENTAL WORK ON GRAPHENE
NANOMATERIALS AND NANODEVICES
In recent years, graphene has attracted enormous attention
as a possible substitute of silicon as a channel in CMOS
technology due toits attractive and superior characteristic 5.
Furthermore, grapherne-based devices can also support the
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recent trend of technology towards the so-called "green
electronics” due to its non-toxic element and low power
consumption. Graphene isa Zero band gap semiconductar
and carriers in the graphene behave as massless Dirac
ferrmions having ufra-high gectron mobility up to 200,000
cré s at room temperature [12] Owing to its superiority,
graphene offers the possibility of the novel eledronic
device operating with Ballistic transport, which occurs when
the length of gectron channel is shorter than the mean
free path of the electron. Graphene also exhibits 2 unique
ambipolar transport characteristic, where the conduction
type of graphene can be funed by applying suitable gate
voltage [13).

In order to utilise and understand the potential of
graphene, we have successfully conducted research on
several physical key issues and on 2 graphene-based
nanodevice, known as a three-branch nanojunction [TE.J)
device [Figure 2] [14] A clear non-linear characteristicofthe
graphene-based three-branch nanojunction device having
high rmobility at room temperaturewsas demonstrated. Based
on these successful findings, it is concluded that graphene
iz & potential new channel material for future eledronic
devices and our proposed TBJ device is a promising novel
devicethat could replace the conventional CRMOS.

Graphene TBJ
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Figure 2 Fabicaed thee-barchyumbion device

GROWTH OF GERMANIUM-ON-INSULATOR ON
SILICON
High quality Ge layers on insutators (GO1) on silicon are
promising materials to surpass the performance of the
current silicon transistors since the mobility of electrons in
germaniurm is two tirmes greater, and the mobility of holes
is 4 times greater than that in silicon [6] Maoreover, GOI
structures are also immportant as channel materials of spin-
transistorsand vinual substrates of dired-bandgap materials
with optical functions to create mutifunctional 3D-L3ls.
The high-gualify orientation-controlled GOl structures are
essential to realise such high-performance electronic and
sensing devices and also to act as an epitaxial ternplate for
rnuttifunctional 20-LEls.

In this work, we utilise the Siseeded rapid-rnefing
growth technigque [15]. Here, the i substrate is used as a
seed to induce the lateral growth of Ge, since there is a
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spatial gradient of the soldification termperature originating
a5 a result of the Si-Ge mixing in the seeding area [Figure
d]. Thus far, our study shows that the growth of defect
free single-crystalline Ge stripes (£ 5 pm width and prm 0.5
spacing) with | capping layer on the top can be achieved.
These preliminary results provide a breakthrough towsards
the realisation of heterogeneous integration on Si platforms
with multi-functionalities.

1a) W L
_“,_Q-'gi,--' . 8 = 20 nm, S0-nm %
e S, = 100 rm Ay
i
i ] substrate A
Seed | (100}
Length, L
o) i
| = I |
= = ']
= - k=] »_
{Seed |

Figeere 3 Sohem atic of fadnicated stipe-amay GOF stuchie
(2 cmes-secionz! wew and (h) hoo wiew W widkh, 5 soacing

DEMONSTRATIONS OF SEVERAL KINDS
OF FUNCTIONAL DEVICES ON III-Y BASED
MATERIALS (GAAS, GAN) TOWARDS 'MORE
THAN MOORE' AND ‘BEYOND CMOS’
HI-Y compound matertals, in general, have a significantly
higher intrinsic (p or n) mobility compared to silicon; thus
they have the potential for enabling future high-speed
transistors for digital applications at @ very low supply of
voltages. |1I-Y compound semiconductors have been used
in cormmercial comrunication and optogectronic products
for 2 long time. For [1I-Y compound semiconductors to
become applicable for future high-speed and [ow-power
digital applications, they wil need to be integrated onto
large silicon wafers [11]. Aseamless, robust heterogeneous
integration scheme of 1LY on silicon will allow high-speed,
low-voltage [I-Y Dased transistors to couple with the
rainstream Si CMOS platform, while avoiding the need for
developing largediameater (=300mm] HI-Y substrates.
Eesides transistor applications, successful integration
of I1I-% raterials on silicon also creates opporunities for
integrating new functionalities and features on silicon, such
35 integrating logic, optoelectronic, and comrunication
plafforms  on the same  silicon wafer  However,
heterogeneous integration of [I-% on silicon imposes many
significant technical challenges because of the large lattice
rigrratch between the two raterfals. It is noted here
that presently, we do not focus on the growth of [1I-W on
Si. Instead, we are focusing on the studies which intend
to show the feasibility of applying those 1Y materials for
several kinds of functional devices such as three-branch-
junction devices, sensing devices and detectors to be
integrated on the Si platform.
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(I Logic Gates Based on Schottlkoy Gate- (i) IlI-Y Semiconductor Basad Integrated On-
Controlled Three-Branch GaAs Nanowire Chip HEMT Devices for RF Power Detactorin
Junctions Manosystems

Az Si CMOS technology had come to its scaling limit,

a search for new nano-structured naterial such as Maza Schotlky

gemiconductor nanowire Decomes  significant to Be
integrated on Si platform. By utilising the unique features
and structure of nanowire, | novel functional nanodevice is
expected. One of the emerging devices utilising nanowire
is the three-branch nanowire junction [TEJ) device [16]. In
thiz project, a Gafs-based TEJ with Schottky wrap gates
(WPGs) was investigated to realize novel Boolean logic
gates [Figure 4]. It was confirmed that the WPG-controlled
TBJ showed a bell-shaped voltage input-output curve and
was controlled by gate voltage on the WPGs. The correct
operations of AMD gate, MOT gate and WAMD gate have
Eeen confirmed.
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Figerre 4 MAND gabe ivozbed by irleogating two PG oomtmled T8Js ml Explosive growth of infernets and wireless technologies
gobrsetnncation it sl Dl il i 02 fras opened up prospects towards an advanced ubiguitous
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netwark society where nanoelectronic devices are the
rmost promising option for such technologies. Therefore,
those nanoelectronic systems are increasingly vulnerable
to maffunction due to incident electrormagnetic radiation,
particularly since many integrated circuits operate at [ower
and lower voltages. Then, t becormesa great interest to know
hiow, and at what level, microwaves penetrate equiprment
shielding =and reach the wulnerable chips. Schottiy
diode was designed and fabricated on n-AlGaAsiGahs
high-electron-mobilty-transistor structure for RF power
detection [Figure 5] [17-19]. The fabricated Schottky diodes
detected RF signals wel and their cut-off frequencies up
to 20 GHz were estimated in direct injection experiments.
These preliminary resufts provide a breakthrough for the
direct on-chip integration technology towards realisation of
heterogeneous integration on the Si platform.

(i lll-Y Semiconductor Basad Liquid Phasa
Sensor for Selective lon Sensing Application
kany semiconductor materials have been tested for their
suitabilty as ion sensors; especially there is an emerging
interest in the use of wide Band gap semiconductors as
sensitive chemical sensors. AlGaMfGaM  high-electron-
robilty-transistor (HERMT) structures have been extrernely
useful for gas and liquid-phase sensors due to their
excellent properties. Sensing responses of an open-gate
liquid-phase sensor fabricated on undoped-AlGahfiGar
high-electron-rmobilty-transistaor [HEMT) structure have
been investigated in aqueous solution [Figure 6] (20, 21).
The open-gate undoped AlGakiGaM HEMT structure is
capable of distinguishing pH level in aqueous electrolytes
and exhibits linear sensitivity, whete the high sensitivity of
1.9 m&SpH or 388 mAmMMpH was obtained. Thefabricated
open-gate undoped-AlGaM/GaM structure is expected to be
suitable for pH sensing application.
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() lll-Y Semiconductor Based Gas Phase Sensor
for High Tempemture and Robust Application

In view of increased use of fuel cells a5 2 new clean and
viable energy source to replace petroleumn, hydrogen
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sensors are strongly demanded to avold hazardous
explosion. Hightemperature operation and long term stability
are important requirements for 2 gas sensor. Gak based
rnaterials are known aswide-bandgap semiconductors that
show great promise for electronic devices operating at high
temperatures. The response of Pt-circular Schottky diodes
fabricated on undoped AlGaM/Gark high-electron-rnobilty-
transistar (HEMT) structure to hydrogen gas at various
temperatures, ranging from 253°C to 200°C has been
investigated [Figure 7] [22, 23] Both forward and reverse
currents of the device increase when they are exposed to
hydrogen gas. The timetransient charaderistics showed
the average current increment and decrement speed of
27 .6 n&fsecand 17.6 n&fsec, respectively, at a temperature
of 200°C. m
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