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&1 Modeling & Simulation

via circuit simulation to system simula-
tion. In other words, simulation starts
with a detailed desaiption of devices on
nano-scale (using high-resolution nu-
merical grids) and — by using appropriate
interfaces between the simulation

levels — ends up by modeling of the en-
tire system On Macroscopic level.

To this end, we develop predictive physi-
«cal models which are capable of defiver-
ing nominal data as well &s variations.
Furthermore, tight integration of the
simulation modules is camied out. For
analyzing the simulation results (e.g. for
studying sensitivity, robusiness, and refi-
ability, for optimization, for data extrac-
tion and reduction), powerful algorithms
are developed and implemented.

The Fraunhofer simulation modules pro-

circuit block characteristics. Since these
comgpact modeds are nonlinear in nature
the variations of the extracted model
parameters due to the considered proc-
es5 variations will exhibit non-normal
density functions both for normal and
non-normal distributions of process pa-
rameters. Therefore add-on tools have
been developed that allow the simula-
tion of random variables with arbitrary
probakility density functions.

I3
@
T
S
Ll BRI .Sésm
BIN
Generated random numbers following a given
i ity density function.

vide interfaces to third-party tools, e.g.
o tools from Synopsys, Cadence, or TU
Vienna.

Process and device simulation
‘Within process simulation, physical-
based models are used to determine the
geometry (e.g. using the simulators
Dr.LiTHO and ANETCH for modeding of
lithography and etching) and doping of
devices, including varations, caused e.g.
by variations of process parameters. Sub-
sequent device simulation and compact
model extraction allow investigation of
greuit performance and its vanations. In
effect, this concept allows transfer of
vanations from process to circuit and
system level.

- Fofatioral Axis

Eguipment simulation of an etching reactor
camied out to determine variations of the etch
rate across the wafer. The figure shows the
concentration of chicring jons.

Circuit simulation
On circuit level, compact models of the
integrated devices are used to analyze

Work in Progress

System simulation

Based on the drcuit nedists, model cards,
and parameter distributions, a behavioral
maodel on system level is generated. This
allows fast simulation of the system and
extraction of statistics regarding the out-
put quantities of interest.

Furthermore, parameters being relevant
for system behavior can be identified
with sensitivity analysis, and their influ-
ence on the output quantities can be
studied without the need to perform
costly Monte Carlo simulations.

. e\'i‘ul\l’F
Input-output charscteristics of an overvoltage

[protection circuit with model parameter varia-
‘approximation.

The software Analog Insydes allows re-
duction of the behavioral model preseny-
ing the symbolic parameters. Model or-
der reduction here significantly reduces
simulation times. Though, keeping the
systemn parameters preserves information
regarding relevant dependencies of the
systemn for the design process.

- Do not publish

Algorithms and integration

The third-party tools Minimaos-NT (TU
Vienna) and Spice3 (Univ. Berkeley) have
been integrated into the simulator MECS
{Univ. Cologne / SCA). In this way,
tightly coupled circuit and device smula-
tion is enabled. Instead of standard
compact models (e.g. Spice3 BSIM).
some fully discretized devices (Minimaos)
can be used for increasing acouracy of
results. For analyzing parameter varia-
tions of the process-device-dircuit chain,
the DesParQ software tool is used. The
extended linear solver package SAMG
speeds up simulators on different levels.

Demonstrator

The demonstrator where the hierarchical
simulation procedures and concepts are
applied is a passive UHF sensor rans-
ponder that combines RAD technology
with smart sensors to create new appli-
cations for modemn transponder technol-
ogy. Requiring no batteries, an operating
range of several meters can be achieved

The extended range enables new imple-
mentations in many applications like
monitoring the cooling chain for medical

P food chain i, or
health care.

T

] e

1 ] o
S AL 5

Possibie application for the sensor trans-
ponder.

This work was supported by the
Fraunhofer Internal Programs under
Grant No. MAVO 817759 (HIESPANA).
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SYSTEMS FOR CONTROL OF
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193nm Extensions Resist

v Positive tone chemically amplified resist
v Negative tone resist

193nm Pitch Division Resist

v One Exp. - Two tone develop
v Double Exp. resist
Dual tone resist
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EUV Resist Profile

v Inorganic-organic hybrid resist

OH OH

v Molecular glass resist
HO' O (o) O O o O OH
Daiju Shiono, et.al (o o/

J. Photopolym. Sci. Technol. 23 (2010) 649. L" °;|\
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Directed Self Assembly

77—
minor Volume fraction of a block chain A major

Sphere Cylinder Lamellar Cylinder

v DSA workshops
Oct.2010@Kobe/JPN, Mar.2011@CA/US

v 2011 critical assessment
Defect, Annealing time, Etch selectivity, etc

LS Z FREE(193nm, EUV)IZLitho TWGIZE 5.,
ERMIZIEE5E B 2 #B#81t (Directed Self Assembly)
M ECE . RFRIKRE. MNEAREERE. TYFo I BER
EQPEAMEREBELTRBEINDS,
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J.W.Lau et.al, Appl.Phys.Lett. 96 262508(2010)
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Difficult Challenges

v'Mobility (n/ p, channel
direction))

v'Interface with high-k

(low Dit, unpinned Fermi
level with high-k growth)

v'Low Rgy S/D formation

v'Selective growth of
channel materials

= EEAEIZ &Y GeORt Bt 21N, SixiE
ZHBENE , electron:1920 cm?/Vs,
hole: 725 cm?/Vs
ALD-ALO, s #IZ& % B iFa R miFtt
(TMA*Z&KBEILT7D)—=2 T $R)
*Trimethyl-aluminum

Ni/InGaAsD 7 OAIZ&kYIEEISDE
% Rk

SiO, L THGeE fHam &K (400um)(Z
JﬂZIjJ(,L.\LIﬁﬁEJﬂiﬁli )

Ge

INGaAs,

InP

INGaAs

Ge

(1)

(2)

3)

(4)

()

1) C.H. Leeetal., IEDM2010, 416, (2010)

2) Y. Xuan et al., Electron Device Lett., 29, 294, (2008)
3) N. Taoka et al., IWDTF2011, 149, (2011)

4) S.H.Kimetal.,, IEDM2010, 597, (2010)

5) K. Toko et al., SSDM2010, 31, (2010)
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Difficult Challenges

v'Sub-nm EOT with high SR NMNERIZ K 5Si Nano-wire EHfOf& | HfO,

carrier mobility e (RmEEREIRZL)
v'High-k gate stack on 3-D/ | & —rMFHZ KD R EERILIED 2
alternate substrate Scavenging

1)

2)

1) S. Migita et al., IEDM2010, 269, (2010) / S. Migita et al., IWDTF2011, 5, (2011)
2) T.Ando et al., IEDM2009, 423, (2009)

(e S

Y i
SRLA e

Oxidation of M
.Ti‘f + _}?O*M = ﬂ{ 1-0}.'

Reduction of HfO:
Oo=0u+Vo

Exchange of Vo & O,
% 8i0,=% Si+ 0,

TEK(BM)RHEEN (Ref. 2)
T EBHOYEMIDEICLY REEBEELEOTEHIETESH(ER)
MO E&1E . HfO,METTEREB DB AEHT H(EH)
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E2)

Li et al., Nano Lett. 10, 4328 (2010) e AEoH
Li et al., JACS, dx.doi.org/10.1021/ja109793s '}L;i;ted Vﬁﬁiﬂﬁ‘f‘”

from Li. et al., Nano lett. Vol.10, p.4328
(2010) Copyright 2010 American Chemical
Society."
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dD $riFRODvo: h—FEo ¥ (Graphene)

KX TS5TTV DR A A X DL -
ERBTEMER AT HEICKY, 570
DR A YA X %51l
Huang et al., Nature 469, 389 (2011)

5mm :
EfE CT/IN—F¥ZEFESIEITLY, ARNE
HA5571 %X A

Reprinted by permission from Macmillan Publishers Ltd:
Huang et al., NaturelVoI 469, p.389 (2011), copyright 2011

K*H—IBDT ST /)R DK

e ETLA—HELTRIAL, &R ETIED
Y Wi T —LF T /IR (N=T)ER R
B RAF IR ETM

Cai et al., Nature 466, 470 (2010)

Reprinted by permission from Macmillan

Publishers Ltd: Cai et al., Naturd Vol.466,
p.470 (2010), copyright 2010
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G $HEKOSYY: h—

R #l (Graphene)

Y= BT
A7 I/ VANERILITT IS4 T
—rELTHER, f;= 300 GHz (RE1E)
Liao et al., Nature 467, 305 (2010)

ICP Plasma CVDIZ&Y650°CTERKLI=T S
Tk EBORAA T DS O R FER
fT =202 GHz

J. Lee et al., [IEDM 2010, p.568
K. Kim, IEDM 2010, p.1

K EABBA DA

WIA M LEIZER LIz ST % EREL
2= B EAB 2 B

F—E 43 3ZLICKYITORBZ SR
(30Q/00 @90% transparency) ZZE

Bae et al.,
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Nature Nanotch. 5, 574 (2010) ~

Reprinted by
permission from
Macmillan
Publishers Ltd:
Liao et al., Nature
Vol.467, p.305
(2010), copyright
2010

Reprinted with permission from K. Kim., IEDM Tech. Dig., p.1
(2010). Copyright 2010 IEEE

300 s
‘et transfer with PMMA . . .
- p— E —C— Roll-to-roll + HNO; doping Rep”nted bv permission
g 2001 from Macmillan Publishers

Pob Ltd: Bae et al., Natureg
Nanotechnology. Vol.5,

p.574 (2010), copyright 2010
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lllllllll

— 15.32 mm
Takemura et al.,
VLSI Circuit 2009

<+ ¥ fiTRIERE
- (TMREL > 100%

BRI YF I B (| < Fuh; F= feature size)
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SIEE iﬁmiﬁ I:*..CoFeB/ MgO/ CoFeB MTJ

_TMR STT switching
RU (9) 30 N
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Al20; Al;04 6}" E
MgO(0.85) < 20 E
x )
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= ||
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[, <50 pA S Al -~
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Ikeda et al., Nature Mater. 2010, CSIS Intl. WS 2011. Feadzz-rzwo)é (;\j\* —
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Work in Progress - Do not publish

Memory Materials Workshop
2010.11.30, Tsukuba, Japan (38 participants)

Redox RAM: How can we experimentally verify that the Redox RAM operating
mechanism?

Reduction

HRS LRS

TaO,

TaO,
Oxidation

STT-RAM: What materials or interface research should be performed to enable
reduction of write energy by 10X?

Even with the combination of MgO-CoFeB (normally in-plane), interface
control enables Perpendicular MTJ.

STRJ WS: March 4, 2011, WG13 ERM 20
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Emerging Memory Technology Maturity Workshop
April 6~7, 2010

Evaluation Criteria
(Must Have)

O Potential for scaling beyond the 16nm generation
— What is the limit of scaling and limiting factor?
— Are there intrinsic statistical fluctuations that could limit scaling?
— Multi-bit (Multi-layer) potential?
O Low Switching Energy (~Smaller Addressing Device)
— Fast operation, Random Access, Parallel Processing
0 CMOS Compatibility
— Bit cost competitiveness
O How well is the switching physics understood?

Work in Progress - Do not publish STRJ WS: March 4, 2011, WG13 ERM 21
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Before Discussion After Discussion
Nanothermal: Nanothermal:
»NW — PCM > »NW - PCM

»Fuse/Antifuse Memory \

Nanoionic Memory Redox Memory
Electrochemical, Valence change
Thermo-chemical

Electronic Effects Memory:

Electronic Effects Memory: »Charge Injection

» Charge Injection »Mott Transition

»Mott Transition

»FE Polarization reversal > FeFET Family (?)
Macromolecular Memory —> Macromolecular Memory

Work in Progress - Do not publish STRJ WS: March 4, 2011, WG13 ERM 22



A FEROD Y - AE): 5 FHE

ITRS2009(ZZFE(Ton-RE R 2 FEEBEBNDIVEIE

“stable, reproducible low potential barrier contacts” (ERM p.17)

FEAROAVFIMNIARFTY () T7)EE. EROTEEK
HEICKYEFNFERIZEZEIESNTINS(19144)

(W. H. Schottky, Physik der Gliihelektroden, Akademische Verlagsgesellschaft, Leipzig, 1928.)

LA, ZFEBEBODIAVFIMIEE=ILD. EHiRIED.
TR EDRERT SLEINTLEL, ENIEDY D,
DFIROFYI)7RE. BEETABRMN I oLFEILS
L TULVELY,

TR EDRELENDE
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&1 Interconnect#4#¥} (Carbon)

“EBBBAT/N—FR o777 57—

- Carbon Nanotubes

- HBEEEMRE >1x10'2 tubes/cm?
MIRAI-Selete / Toshiba, APEX 3 (2010) 055002
« Cambridge Univ. et al, ECS Nano 4 (2010) 7431
- ET7&REIL
« MIRAI-Selete / Toshiba, ADMETA 2010
« CEAetal, IEDM 2010 33.4

V an YPP P
- Grapnene
- {K;ERKE 650°C
«  Fujitsu Lab / CREST, APEX 3 (2010) 025102

- CMOS %£17&1k
« Stanford Univ. et al., IEEE ED 57 (2010) 3137

Fujitsu / CREST, APEX3
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&1 Assembly and Packaging #1434

1D Interconnects

— Critical Assessment
— Nanosolder, CNT & NW

Polymers with Mechanical, Electrical &
Thermal Properties
e Polvmers With Zer

yIII\JIO vvitlli

@)
D

i ur Ahc NntinnN
7 \NJ VIOV L

VI OL INVJIE

lon Free or Immune Mold Compound
Management of |lI-V & Ge Device Stress

Public conference &l kY
December 3, 2010
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Massively parallel computing on an organic molecular layer (ERD)
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ITRS / ERM 2007 version : #1 ¥ Al

Table ERM12 JTWG Earliest Potential ERM Insertion Opporiunity Mairix

Self Assembled Materlals

Carbon Nanotubes and
other Metal Nanotubes
Oxlde Nanoparticles
Metal Nanoparticles
Novel Macromolecules
Complex Metal Oxldes
Spin Materlals (Fe, Co,
Mn, NI, etc.)

Nanowlres

Application

Process Materials

Lithography ---- - --

Device: Memory -------

Device: Logic -------

Interconnect ---- -
_

Packaging

LEGEND

Earliest Potential Insertion Current Apps |35 yrs!ﬁ-fi} Vi) 10-15 yrsm Hot on the Roadmap

ITRS / ERM 2009 version : it FA Bl
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