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Abstract The linear scaling of CMOS has encountered, since its beginn ing, many hurdles which request new
process modules, driven mainly by the maximization of energ y e�ciency. Fabrication at the sub 10 nm node
level will request Intrinsic Variability approaching to ze ro. The rapid growth of mobile, multifunctional and
autonomous systems is hardly demanding to reach Zero Power c onsumption. The solutions to integrate Thin
Film based devices, architectures and systems in order to fa ce these challenges are described.
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1 Looking desperately for an energy-e�cient sustainable wo rld?

By 2025, 25 % of the World Gross Domestic Product will depend on thedevelopment of Information and
Communication Technologies (ICT) through strongly growing sectors such as health, communication,
transport and energy. Today, data centers and the network consume more than 3% of the total electricity
worldwide and generate at least 2% of CO2 [1]. In industrialized countries, the breakdown shows that ICT
are responsible for more than 10% of electricity energy consumption. Scarcity of \spice metals" [2] and
materials, such as rare earths and noble metals, will request sustainable recycling policies or challenge to
thermodynamically viable alternative solutions. The amount of Internet protocols will reach the zettabyte
(1021) level in 2017 and will increase three folds in 5 years. Less greedy device, interconnect, computing
technologies and architectures are essential to aim at x1000 less power consumption. In this context, it
makes sense to aiming at global system level Zero Power consumption from a grid, while maximizing the
Energy E�ciency for CMOS and Memories, which can be combined to contribute to the energy saving
balance. Challenging tomorrow's exponentially growing electronic market, towards Internet of Things,
Autonomous and Mobile systems for new societal needs, request adrastic reduction to Zero Power and
Zero Intrinsic Variability, heterogeneous and 3D integration at the device, functional and system levels.
It is important to remind that intrinsic variability is linked to the variatio n in objects constituents, while
extrinsic variability is due to external interactions and uncertainty linked to the observation of measured
physical quantities [3].

Email: simon.deleonibus.1992@ieee.org



Deleonibus S Sci China Inf Sci June 2016 Vol. 59 061401:2

 

10 nm BOx
8 nm TSi

T
re

nc
h

Contact

V0

M1

100 nm

(a)                                                 (b)

Figure 1 UTBB SOI features Low Power to High Performance
devices on 300 mm wafers: (a) 28 nm node 6TSRAM on Tsi =
8 nm/TBOx = 10 nm [4]; (b) 14 nm node 6T SRAM featuring
Local Interconnect on TSi = 6 nm/TBOx = 20 nm [5,6]. Initial
Smart Cut process was applied.
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Figure 2 Infrared spectrum reveals water desorption
with increasing bonding temperature. Wafers achieved
with Smart Cut process [7].
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Figure 3 (Color online) Mapping of 12.0 nm thin SOI on
25 nm BOx/ average distribution on 1000 wafers [8].
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Figure 4 (Color online) Roughness of UTSOI is compa-
rable to commercial bulk silicon roughness [8].

2 Silicon thin �lms towards zero intrinsic variability, nea r to ultra low power
devices

On one hand, SOI technology has reached a maturity level that makes it competitive and outreaches
the most advanced bulk silicon platforms (Figure 1 (a) and (b)). Ultr a-Thin Body and Buried Oxide
(UTBBOx), less than 10 nm, achieved on 300 mm wafers, are ready for use down to the 14 nm node
technology [4{6] and can be extended to the nodes less than 10 nm.Ultra-Thin Silicon On Insulator
(UTSOI) obtained by low temperature bonding [7] (Figure 2) allows the control of material thickness
with a sub-nm dispersion [8] (Figure 3) and a surface roughness equivalent to bulk silicon state of the
art material [8] (Figure 4), Record low Random Dopant related Variability was already demonstrated
on undoped thin SOI channels [9] (Figure 5). High Performance devices characteristics can be reached,
thanks to the application of tunable biaxial and uniaxial strain [4{6]. T hanks to intentionally undoped
sSOI/SiGeOI dual channels, and single midgap metal gate integration, FDSOI has demonstrated low
subthreshold slopes for High Energy E�ciency and tunability at redu ced cost [4{6,8,9] (Figure 6) down
to 10 nm gate lengths.

Beyond 10 nm, for, nanowires channels architectures will be necessary to sub-8 nm transistors gate
lengths control device electrostatics [4,10{12] (Figures 7 and 8). Low Power to High Performance speci-
�cations can be reached, down tow = 7 nm, via boosters tuning [10] (Figure 7). Further improvement
of power/speed �gures can be obtained by using a dual gate last approach [13].

FDSOI performance has been demonstrated on 28 nm high density circuits (Figure 9). Thanks to
body reduced parasitic capacitances and biasing techniques [12], FDSOI outperforms already published
literature results in terms of frequency/supply voltage �gure of merit reaching 2.7 GHz for VDD = 1 :3 V
in the high performance and achieving the highest frequency ever published at the ultra-low power
level 460 MHz/0.347 V. CMOS transistors access resistance minimization has been a major issue to
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Figure 5 VT distribution on 300 mm wafer: matching
pairs VT parameter shows record values of 1 mV �� m [9].
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Figure 6 (Color online) Dual selective S/D epi on 14 nm
node CMOS transistors n-channel (left) and p-channel (righ t)
[5, 6].

Figure 7 Tri/
-gate L g = 8 nm W = 7 nm
nanowire CMOS SOI FETs [12].
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Figure 8 (Color online) Scaling rules for UTSOI [4]. Nanowires
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Figure 9 (Color online) 28 nm node FDSOI 32b Digital Signal Processor developed with ST Microelectronics featuring
down to 62 fJ/operation at 0.53 V [17]. (a) Using back biasing can be run at 460 MHz/ Vdd = 0 :397 V and 2.7 GHz/ Vdd =
1:3 V; (b) Chip micrograph: S = 1 mm 2 ; 5 Million transistors.

integrate these devices by avoiding thin silicon agglomeration during selective dual stressors epi and
salicidation [13,14]. Because of the thin silicon channel, alternative contact and source and drain regions
architectures are welcome [15, 16], in order to minimize contact and channel access resistances. Until
recently, major attention has been given to elevated source and drain contact area realized by epitaxial
growth [6,8{14,17,18]. Prospective metal deposition [15,16] andplanarization [15] achieving dual Schottky
extensions together with the contact area [15,16] have been investigated. Still highly doped and ultra-thin
extensions are necessary to minimize contact resistance and ensure at least a tunneling diode contact [15].
However, further bandgap engineering studies are necessary tointroduce non-alloyed solutions which are
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Figure 10 (Color online) Tunneling Field E�ect Transistor (TFET). (a ) SOI based structure; (b) subthreshold slope lower
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Figure 11 (Color online) n-TFET using InGaAs Nanowire /Si heterostru ctures [22]. (a) Schematic structure on p+ Silicon
source grown by selective epitaxy; (b) I ds (Vgs ) characteristics demonstrating 21 mv/dec subthreshold sw ing switches.

still challenging [19,20].
Removing the extrinsic doping from the CMOS transistors channel leads to considering new device

architectures for future systems on chip. Actually, threshold voltage adjustment cannot be managed by
channel doping anymore and should be envisaged in other ways suchas Front or Back Body Biasing [4,5],
Dynamic Threshold Voltage management, Multi-Workfunctions Gates. These concepts are well known,
but have to be reconsidered by weighing process integration versus design, and reliability considerations.
For example, in the case of back biasing, drawbacks, such as the increase of gate stack/channel inter-
face electric �eld become a severe issue as far as reliability is concerned. The �gures of merit linking
performance/dynamic energy dissipation and leakage current strongly support FDSOI [4,5].

2.1 A �rst step towards zero instrinsic variability

Scaling at the sub-8 nm gate lengths will have to face the challenge ofdrastic Supply Voltage scaling and
Zero Intrinsic Variability for Logic as well as for Memory devices. Scaling VDD and device length less than
5 nm might request new architectures that provide su�cient overd rive and static power minimization.

Tunnel Field E�ect Transistors (TFET) have shown high I on=Io� capabilities on SiGexOI [21] (Fig-
ure 10). Actually, these devices rely on Direct Band to Band Tunneling (DBTBT). Building them in a
MOSFET architecture requests a thin body channel to avoid any leakage current originating from short
channel e�ects [20]. To this respect ultrathin SOI based channels are the best candidates to evidence
tunneling current without short channel e�ect. Nevertheless, low e�ective mass materials are theoreti-
cally the best candidates to increase the output on current thanks to the higher tunneling probability.
That is why III{V materials have been given much attention [22] demonstrating down to 21 mV/dec
subthreshold swing switches at room temperature at lowVg [22] (Figure 11). Thanks to the DBTBT
governing transport mechanism, TFET based architectures couldpotentially beat CMOS at low supply
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Figure 12 (Color online) Single Electron interaction with Single Ato m in a MOS Transistor, appeals for Zero Intrinsic
Variability. Detection of single dopant in small MOSFETs [2 7]. (a) Featuring tunnel barriers demonstrating Coulomb
blockade; (b) channel conductance 
uctuations con�rm Coul omb blockade and open new opportunities multivalued electr onic
states logic.

voltages [21,23]. The implementation of these devices in a circuit environment will for sure request a high
degree of variability control down to Zero. As a matter of fact, TFET are very sensitive, much more than
their MOSFETs equivalent, to device geometric variations and the existence of possible extrinsic charge
originating from interface states, traps, defects, environment-related stress or induced roughness. They
will a�ect the output current and potentially degrade the steepness of their I d (Vg) characteristics [22,24],
especially under low supply voltages. The necessity to use multi-gated nanowires as TFET channel will
enforce the above requirement.

2.2 One step further towards zero intrinsic variability in t he heterogeneous technology
world

New process modules will be needed to face the challenge of Zero Intrinsic Variability as MOSFET size
approaches molecular size. We need to focus our attention to process technologies which will be good
candidates to enable Zero Intrinsic Variability. Several process technologies are mentioned hereafter to
control deterministic doping and placement, monodisperse patterning, monodisperse control of intercon-
nect and contacts, Zero Instrinsic Variability channel material properties.

2.2.1 Ultimate charge transfer in MOSFETs: source of variability or opportunities?

As MOSFETs get scaled down, switching requests less and less carriers charge transfer [25,26], bringing
its number down to the order of 10 carriers for sub-10nm channeldevices. That is why it makes sense
to consider single electron phenomena at this level as possible parasitic, a source of variability or an
opportunity for new devices operation. Single to few electrons phenomena have already been exploited
to build standard analog devices such as electron pumps [27, 28]. In combination with CMOS, they
would very well suit to implement multivalued logic architectures for possible exploitation in quantum
computing [27{29]. In silicon, devices Geometries as small as 5 nm in width will exhibit bandgap increase
due to degeneracy splits: thus the barrier height at the source and drain to channel limit will increase due
to quantum con�nement. Process technologies and variability for sub-8nm CMOSFETs will su�er from
dopant stochastic di�usion or trap assisted tunneling from sourceand drain. This is somewhat evidenced
by narrow sub 10 nm channel FETs that demonstrate single electron to single atom interaction at room
temperature [27, 29]. FETs are excellent sensors to detect an ionized Single Dopant atom by means of
single electron e�ects (Figure 12) [27]. The unitary placement of several atoms (Figure 13) would enable
more complex functions in a single device: coupling 2 atoms in one transistor to achieve an embedded
electron pump in a transistor channel has been reported [29]. The realization of elementary circuits
embedded into one device would be an unprecedented breakthrough in device engineering and change the
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Figure 14 (Color online) Deterministic doping Techniques that shoul d pave the way to near Zero Intrinsic Variability.
(a) Single ion implantation [30]; (b) STM lithography and CV D [31]; (c) chemical grafting [32].

way to use today's devices into a more e�cient way. This will be possibleif atomic scale engineering of
dopants is developed for such purposes in a deterministic way.

Deterministic doping techniques would thus be promising to control Zero Variability by using the
placement of down to 1 dopant atom at the time: worldwide e�orts are being carried out, focusing
on adapted classical techniques or new techniques, to move into the control of atomically precise level
dopant engineering [30{32] (Figure 14 (a){(c)). Single ion implantation [30], STM lithography combined
with CVD [31] and chemical grafting [32] are among the most popular ones. Single ion implantation
has the advantage to precisely select the chemical species and o�er to implement atoms one by one [30]
in a given material. Scanning Tunnel Microscope coupled to a CVD technique can de�ne atomically
wide patterns in which dopants may be introduced [31]. Chemical grafting uses self-assembled organic
molecules, functionalized by a link to one dopant atom per molecule [32]. Mono layered assembled
molecules can leave one single atomic sheet saturated surface, after removal of the organic part. The
surface treatments are done in a liquid medium, which results in a cheap collective, high throughput
and reproducible process. The single ion implantation and STM CVD techniques might su�er from
throughput issues which will be solved at the equipment design level (by introduction of parallelism, for
example). None of the three mentioned techniques solve the self-positioning of species. In each case,
process integration will have to take this aspect into account.

2.2.2 Will 2D channel materials solve variability issues?

In the context of searching solutions to reduce variability and power consumption by reduced dimen-
sionality, e�orts are carried out on 2D materials by which might o�er h igh carrier mobility and down
to atomically thin body towards perfect electrostatic control. Nevertheless, these very thin layers show
very high sensitivity to the environment, especially to the interface properties with underlying substrate
and top layers, as well as the induced strain [33] (Figure 15). Amongthese materials, graphene has been
given much attention in the past 10 years. However, despite the large mobility observed on free standing
layers, near to zero electric �eld, graphene is a semi metal and canhardly compete against silicon to
deliver any alternative solution to low power electronics. Multilayered graphene demonstrates a bandgap
opening but mobility drops drastically by several orders of magnitude.



Deleonibus S Sci China Inf Sci June 2016 Vol. 59 061401:7

T=300 K
ns=1013 cm!2

Phonon
scattering

Charged
impurity
scattering

109 1010 1011 1012 1013

101

102

103

104

23.5
ZrO2/HfO2

13.5
SiO2/HfO2

10.8
AlN/Al 2O3

2.5

5.1BN/BN

M
ob

ili
ty

 (
cm

2 /
V

s)
 

Impurity density (cm!2 )

Air/Air

SiO2/Air

 1 

ee

4200 cm2/Vs

NI /(1011cm!2 )
m~

Figure 15 (Color online) 2D materials to
ease Zero Intrinsic Variability. The mate-
rials properties are very sensitive to sub-
strate and top layer encapsulation. Case of
MoS2 [33].

Direct bandgap

Indirect bandgap

Lowest Energy
PL Peak

Bulk Band gap

1       2       3       4       5       6
Layer number

1.9

1.8

1.7

1.6

1.5

1.4

1.3

1.2
P

ea
k 

en
er

gi
es

 (
eV

)

M0
Sc

a

D c1

v1
v2

E'g Eg

H    K                     G     A                    H

Emmited light
n-type

monolayer
MoS2

Source

SiO2
Drain                                       p-type Si

V

Contacts

Si
O2

MoS2

p-
Si

(a)                                                          (b)
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Atom-thick, hexagonally arranged 2D sheets demonstrate 2-dimensional transport: graphene, hBN,
silicene, germanene, layered oxides and chalcogenides (MoS2, WSe2, Bi2Se3, Bi2Te3) are mostly popular.

Materials such as Transition Metals Disul�des (TMD) could possibly be made on large surfaces, which
could pave the way to new high system level applications thanks to their optical and mechanical properties.
The co-integration of 2D materials with silicon is most probably the good way to use them for speci�c
needs, in areas where silicon demonstrates weaknesses and would appeal to be augmented. Due to their
thickness, these �lms are 
exible, transparent to visible light, and highly conductive and might easily be
applied to display technology [34].

The band structure di�erences between the 2D and 3D of these materials might result in interesting
properties both of which could give to new applications [35]. As an example, one monolayer of MoS2
is a 1.8 eV direct bandgap semiconductor whereas 2 monolayers already demonstrate a 1.6 eV indirect
bandgap structure [35]. In the �rst case, light can be emitted by direct electron hole recombination
and o�er the possibility to co-integrating a light source and a digital c ircuit on the same substrate [36]
(Figure 16), which is impossible to do e�ciently with silicon.

The use of mono or multi atomic layer thick materials for large-scale integration requests to aim at
Zero Intrinsic Variability.

At this point, the physical characterization of a single dopant inside a device structure is very chal-
lenging as well. It requests mastering high resolution transmission electron microscopy and the various
associated spectroscopic techniques, such as electron holography1) [8] (Figure 17). Characterization of
a single dopant atom on an atomically thin layer inside a device structure, whether it is partially or
completely processed, can be challenged by this promising tool.

2.2.3 Alternative patterning solutions

Extreme Ultra Violet (EUV) light based lithography is still very challeng ing in terms of defectivity
and high cost of ownership. Alternative patterning solutions are studied and could possibly o�er Zero
Variability capabilities such as direct self-assembly (DSA) with high � resists (Figure 18) [37] and Self-
Limited Light Ion Implantation Etching (S2L2IE) [38]. Multi-beam elect ron lithography can bring Zero
Variability, and, combined to optical lithography, are already under development.

1) David Cooper. private communication.
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Figure 17 (Color online) High Resolution Trans-
mission Electron Microscopy coupled to Electron
Holography allows to detect Single Sb dopant atom
in Silicon (100) 1) .
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Figure 18 Block co-polymers DSA Patterning can reach sub-
10nm resolved monodisperse patterns [37].
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Figure 20 (Color online) Alternative technologies
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NT bundles Interconnect [39]; (b) DNA metallation
by Cu 5� [40].

2.2.4 Alternative contacts and transistors access architectures

Source and drains and contact scaling su�er from random dopant 
uctuations and stochastic dopant
di�usion from extensions into the channel area, as evidenced by Coulomb blockade [27, 29] and already
mentioned in Subsection 2.2.1. Will Dopant free solutions adopting heterostructured sources and drains
based on band alignments (Figure 19), without any alloying [20], succeed in eliminating the variability
brought by stochastic dopant di�usion? That is a question which needs to be faced for the contact area
as well as for the extension. Intrinsic variability and contact resistance are also correlated. Decoupling
the function of contacting to source and drain from the channel/source and drain barrier is also very
important. At reduced channel lengths less than 10 nm, Random Dopant Fluctuations will appear again,
because stochastic di�usion can occur from extensions implanted atoms: dopants can be activated in
the channel area and thus contribute to leakage or at least introduce an equivalent roughness in the
channel edge area. The stochastic di�usion of implanted dopants can be enhanced at low temperature
di�usion of interstitial atoms for Boron or vacancies for Arsenic. K eeping implanted sources and drains
will consequently introduce randomness at short channel lengths. Contact resistance can drastically be
reduced by: (1) introducing dopant free, 100% metallic contact areas [15]; (2) source and drain extension
engineering by the introduction of metallic oxide /silicon heterostructures [19,20].

2.2.5 Alternative interconnect: towards monodisperse control

Post Cu interconnect can be addressed with C based materials: CNTs bundles [39] (Figure 20(a)) or
graphene nanoribbons combined to DSA could generate monodisperse wires. Ultimately, metallized
DNA templates could generate single atom wide metallic strings (Figure20(b)) [40].
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Figure 22 Control of Nano-clusters placement in
chalcogenides (GeSe) [43].

2.2.6 New pathways o�ered by alternative memory devices

The process modules mentioned here above, might serve the realization of all functional blocks needed
in a circuit, i.e., I/Os, logic cores, analog parts, embedded cache, programmable or working memories.
Speci�c modules are needed to supply the memory density increase which is today a driving force, even
for logic type circuits (microprocessors, Systems on a Chip, . . . ).

Memories technologies have recently run into major hurdles by not being capable to scale linearly i.e.,
by requesting new materials to sustain enough capacity for DRAM storage capacitor, searching alternative
solution to Stress Induced Leakage Current of 
oating gate based Flash memories and 3D architectures.
Memory hierarchy has deeply been revised by major companies, especially for Non-Volatile memories
which are becoming more and more relevant for embedded applications. This gives new opportunities
to new memory architectures. The driving force in today's market is in the family of Non-Volatile
memories. Resistive devices such as ReRAMs (Resistive RAMs)or Phase Change Memories are often
mentioned as good candidates to supply new solutions. Because of their low voltage switching capabilities,
these devices can be mixed and co-integrated with logic CMOS, beyond data storage purposes [41,
42]. They enable new architectures for drastic power consumptionreduction, latency and to design
recon�gurable, programmable or neuromorphic architecture circuits (Figure 21) [41, 42]. Using such
memories technologies in combination with logic will request Zero Intrinsic Variability solutions. And
conducting �laments (metallic or oxygen vacancies) [42] or deterministic crystalline clusters placement [43]
(Figure 22) might be paving the way to it.

3 More Moore and More than Moore meeting for 3D into zero power systems

Since the 1960's, Micro and Nanoelectronics have been relying on devices linear down scaling to increase
circuits density and capabilities to deliver new functions. The progress was mainly due to the scaling of
lithography wavelength and the constant introduction of new process modules. Today, the slowing down
of dimensional scaling is a question, driven by the cost of optical lithography. Alternatives are sought
to EUV, such as Multi Electron Beam Lithography [44] and the whole of question of introducing new
function without scaling is debated with possible new approaches. Inthis context, new added values can
be brought to Nanoelectronics by co-integrating various devices with CMOS which bring Diversi�cation.

As an example, the co-integration with CMOS of Top-down Nanowiresand ribbons, used as resonating
cantilevers, has been proven to give access to increased mass sensing capabilities (Figure 23 (a) and
(b)) [12,18], as well as drastic noise and power reductions of the �nal Nano-Electro-Mechanical Systems
(NEMS).

Other types of NEMS such as Mechanical switches could o�er extremely low swing characteristics
approaching thus the ideal switch situation. Adiabatic logic gates architectures have been proposed [45]:
they could reduce power consumption by ca. a factor of 1000 as compared to CMOS (Figure 24). The
control of such 
exible and highly conducting electrodes might request the integration of materials such
as graphene [46,47] (Figure 25).

An alternative paradygm that could o�er increased number of CMOS as well as Diversi�cation devices
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on a chip, is the Monolithic or Sequential 3D [48]. Monolithic 3D [48] (Figure 26) o�ers unique oppor-
tunities to partition CMOS design, integrate new materials at low temperature [48] or memories [49],
sensors, actuators, imagers, etc., and reduce power consumption [49, 50]. Dopant activation at upper
levels and device characteristics preservation at the �rst level is the main challenge in sequential 3D: a
CoolCube solution, based on Ultra Thin SOI, Solid Phase Epitaxy and Nanosecond Laser Annealing [51],
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has been proposed which maximizes the device layout density withoutsacri�cing performance.

Based on a UTBBOx scalable architecture, Low Power and High Performance Nanoelectronics (More
Moore) can be co-integrated with Diversi�cation devices (More than Moore) to access new applications
opportunities [8, 11] (Figure 27) with possible maximization of density and drastic reduction of power
consumption.

In order to speed up new applications development, Parallel 3D [52{55] has been proven to \cram more
and more components in a package" (RF, MEMS, Passives, etc.). This approach bene�ts to performance
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and power consumption at the system level. The increasing demand for nomadic products requesting
heterogeneous integration for many societal needs such as Healthcare, Energy, Communication, Internet
of Things, etc., will request the integration of energy sources, storage and harvesting as well as communi-
cation capabilities. Energy harvesting sources [8] (Figure 28), thin�lm batteries [54] and communication
capabilities [53] could maximize Energy E�ciency to Zero Power consumption from a grid.

4 Conclusion

We have discussed the pathways for nanoelectronics research tomaximize energy e�ciency and aim at
Zero Intrinsic Variability and Zero Power Systems in the next decades. Thin �lms materials, integrated
in 3D at the device, functional and system levels certainly represent the greatest opportunities.
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