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2 What is New

Table ITWG 1 Major Product Market Segments and Impact on System Drivers
Market Drivers socC Analog/MS MPU
1. Portable/consumer
1. Size/weight ratio: peak in 2004 Low power paramount Migrating on-chip for voice Specialized cores to optimize

2. Battery life: peak in 2004
3. Function: 2%/2 years
4. Time-to-market: ASAP

Need SOC integration (DSP, MPU,
/O cores, etc.)

processing, A/D sampling, and even
for some RF transceiver function

processing per microwatt

II. Medical

1. Cost: slight downward pressure
(~1/2 every 5 years)

2. Time-to-market: >12 mos

3. Function: new on-chip functions

4. Form factor often not important

5. Durability/safety

6. Conservation/ ecology

High-end products only.
Reprogrammability possible. Mainly
ASSP, especially for patient data
storage and telemedicine; more SOC
for high-end digital with cores for
imaging, real-time diagnostics, etc.

Absolutely necessary for physical
measurement and response but may

not be integrated on chip

Often used for programmability
especially when real-time

performance is not important.

Recent advances in multi-core
processors have made
programmability and real-time

performance possible

1l Networking and communications

1. Bandwidth: 4x/3—4 yrs.
2. Reliability

3. Time-to-market: ASAP
4. Power: W/m3 of system

Large gate counts

High reliability

More reprogrammability to
accommodate custom functions

Migrating on-chip for MUX/DEMUX

circuitry

MEMS for optical switching.

MPU cores, FPGA cores and some
specialized functions

IV. Defense

1. Cost: not prime concern

2. Time-to-market: >12 mos

3. Function: mostly on SW to ride
technology curve

4. Form factor may be important

5. High durability/safety

Most case leverage existing processors
but some requirements may drive
towards single-chip designs with
programmability

Absolutely necessary for physical
measurement and response but may

not be integrated on chip

Often used for programmability
especially when real-time

performance is not important

Recent advances in multi-core
processors have made
programmability and real-time

performance possible

V. Office

1. Speed: 2x/2 years

2. Memory density: 2x/2 years

3. Power: flat to decreasing,
driven by cost and W/m3

4. Form factor: shrinking size

5. Reliability

Large gate counts

High speed

Drives demand for digital
functionality

Minimal on-chip analog

Simple A/D and D/A

Video i/f for automated camera

monitoring, video conferencing

MPU cores and some specialized
functions

Increased industry partnerships on
common designs to reduce
development costs (requires data

sharing and reuse across multiple

Primarily SOC integration of custom | Integrated high-speed A/D, D/A for | design systems)
off-the-shelf MPU and 1/O cores monitoring, instrumentation, and
range-speed-pos resolution
VI.  Automotive
1. Functionality Mainly entertainment systems. Cost-driven on-chip A/D and D/A for
2. Ruggedness (external sensor and actuators
environment, noise) Mainly ASSP, but increasing SOC for
3. Reliability and safety high end using standard HW Signal processing shifting to DSP for
4. Cost platforms with RTOS kernel, voice, visual
embedded software.
Physical measurement
(“communicating sensors” for
proximity, motion, positioning).
MEMS for sensors
A/D—analog to digital ASSP—application-specific standard product D /A—digital to analog DEMUX—demultiplexer DSP—digital
signal processing FPGA—field programmable gate array i/f— intermediate frequency 1/O—input/output HW—hardware

MEMS—microelectromechanical systems
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What is New

Table ITWG 2 Overall Design Technology Challenges
Challenges >32 nm Summary of Issues
Design productivity System level: high level of abstraction (HW/SW) functionality spec, platform based design,

multi-processor programmability, system integration, AMS co-design and automation

Verification: executable specification, ESL formal verification, intelligent testbench,

coverage-based verification

Logic/circuit/layout: analog circuit synthesis, multi-objective optimization

Power consumption

Logic/circuit/layout: dynamic and static (leakage), system and circuit, power optimization

Manufacturability Performance/power variability, device parameter variability, lithography limitations impact on
design, mask cost, quality of (process) models
ATE interface test (multi-Gb/s), mixed-signal test, delay BIST, test-volume-reducing DFT
Reliability Logic/circuit/layout: MTTF-aware design, BISR, soft-error correction
Interference Logic/circuit/layout: signal integrity analysis, EMI analysis, thermal analysis

Challenges <32 nm

Summary of Issues

Design productivity

Complete formal verification of designs, complete verification code reuse, complete deployment

of functional coverage
Tools specific for SOI and non-static-logic, and emerging devices
Cost-driven design flow

Heterogeneous component integration (optical, mechanical, chemical, bio, etc.)

Power consumption

SOI power management

Manufacturability Uncontrollable threshold voltage variability
Advanced analog/mixed signal DFT (digital, structural, radio), “’statistical”” and
yield-improvement DFT
Thermal BIST, system-level BIST
Reliability Autonomic computing, robust design, SW reliability
Interference Interactions between heterogeneous components (optical, mechanical, chemical, bio, etc.)

ATE—automatic test equipment

BISR—built-in self repair BIST—built-in self test DFT—design for test

EMI— electromagnetic interference ESL— Electronic System-level Design HW/SW—hardware/sofiware

MTTF—mean time to failure SOIL—silicon on insulator
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Table ITWG 3 Summary of Key Test Drivers, Challenges, and Opportunities

KEY DRIVERS (NOT IN ANY PARTICULAR ORDER)

Device trends

. Increasing device interface bandwidth (both number of signals and signal data rates)

. Increasing device integration (SOC, SIP, MCP, 3D packaging)

. Integration of emerging and non-digital CMOS technologies (RF, Analog, Optical, MEMs)
. Package form factor and electrical / mechanical characteristics

. Device characteristics beyond one sided deterministic stimulus/response model

Increasing test process complexity

. Increased device customization and line item complexity during the test process
. Increasing “distributed test” to maintain cost scaling
. Increased data feedback for tuning manufacturing

. Higher order dimensionality of test conditions (e.g., adding multi-power, multi-voltage, multi-freq
topologies to single valued T, V, freq)

Continued economic scaling of test

. Physical limits of further test parallelism

. Managing (logic) test data volume

. Effective limit for speed difference of HVM ATE versus DUT

. Acceptable increases for interface hardware and (test) Socket costs

. Trade-off between the cost of test and the cost of quality

DIFFICULT CHALLENGES (IN ORDER OF PRIORITY)

Test for yield learning

. Critically essential for fab process and device learning below optical device dimensions

Screening for reliability

. Increasing implementation challenges and efficacies of burn-in, IDDQ, and Vstress

. Erratic, non deterministic, and intermittent device behavior

Increasing systemic defects

. Testing for local non-uniformities, not just hard defects

. Detecting symptoms and effects of line width variations, finite dopant distributions, systemic process
defects

Potential yield losses

. Tester inaccuracies (timing, voltage, current, temperature control, etc)
. Opvertesting (e.g., delay faults on non-functional paths)

. Mechanical damage during the testing process

. Defects occurring in test-only circuitry, e.g., BIST

. Some IDDQ-only failures

. Faulty repairs of normally repairable circuits

. Overly aggressive statistical post-processing

FUTURE OPPORTUNITIES (NOT IN ANY ORDER)

Test program automation (not ATPG)

Automation of generation entire test programs for ATEs

Simulation and modeling

Simulation and modeling of test interface hardware and instrumentation seamlessly integrated to the device
design process

Convergence of test and system reliability

solutions

Re-use and fungability of solutions between test (DFT), device, and system reliability (error detection,

reporting, correction)

« ATE—automatic test equipment
MCP—multi-chip packaging

ATPG—automatic test pattern generation

BIST—built-in self test HVM—high volume manufacturing

MEMs—micro-electromechanical systems
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Table ITWG 4

Process Integration Difficult Challenges

Difficult Challenges = 32 nm

Summary of Issues

1. Scaling of MOSFETS to the 32 nm technology
generation

Scaling planar bulk CMOS will face significant challenges due to the high channel doping
required, band-to-band tunneling across the junction and gate-induced drain leakage
(GIDL), stochastic doping variations, and difficulty in adequately controlling short
channel effects.

Implementation into manufacturing of new structures such as ultra-thin body fully depleted
silicon-on-insulator (SOI) and multiple-gate (e.g., FInFET) MOSFETs is expected. This
implementation will be challenging, with numerous new and difficult issues. A
particularly challenging issue is the control of the thickness and its variability for these
ultra-thin MOSFETs.

2. Implementation of high-k gate dielectric and metal
gate electrode in a timely manner

High k and metal gate electrode will be required beginning in ~2008. Timely implementation
will involve dealing with numerous challenging issues, including appropriate tuning of
metal gate work function, ensuring adequate channel mobility with high-i, reducing the
defects in high-k to acceptable levels, ensuring reliability, and others.

3. Timely assurance for the reliability of multiple and
rapid material, process, and structural changes

Multiple changes are projected over the next decade, such as.:
Material: high-k gate dielectric, metal gate electrodes by 2008 or so
Process: elevated S/D (selective epi) and advanced annealing and doping techniques

Structure:  ultra-thin body (UTB) fully depleted (FD) SOI, followed by multiple-gate
structures.

It will be an important challenge to ensure the reliability of all these new materials, processes,
and structures in a timely manner.

4. Scaling of DRAM and SRAM to the 32 nm
technology generation

DRAM main issues with scaling—adequate storage capacitance for devices with reduced
feature size, including difficulties in implementing high-k storage dielectrics; access
device design; holding the overall leakage to acceptably low levels; and deploying low
sheet resistance materials for bit and word lines to ensure desired speed for scaled
DRAMs. Also, reducing the cell area factor in a timely manner is quite challenging. (Cell
area factor = a = cell area/F 2, where F=DRAM half pitch).

SRAM—Difficulties with maintaining adequate noise margin and controlling key instabilities
and soft error rate with scaling. Also, difficult lithography and etch issues with scaling.

5. Scaling high-density non-volatile memory to the 32

nm technology generation

Flash—Non-scalability of tunnel dielectric and interpoly dielectric. Dielectric material
properties and dimensional control are key issues.

FeRAM—Continued scaling of stack capacitor is quite challenging. Eventually, continued
scaling in 1T1C configuration. Sensitivity to IC processing temperatures and conditions.

SONOS—ONO stack dimensions and material properties, including nitride layer trap
distribution in space and energy

MRAM-—Magnetic material properties and dimensional control. Sensitivity to IC processing
temperatures and conditions
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9 What is New

Process Integration Difficult Challenges (continued)

Difficult Challenges<32 nm

Summary of Issues

6. Implementation of advanced, non-classical CMOS with
enhanced drive current and acceptable control of short
channel effects for highly scaled MOSFETs

Advanced non-classical CMOS (e.g., multiple-gate MOSFETSs) with ultra-thin, lightly doped
body will be needed to effectively scale MOSFETSs to 11 nm gate length and below.

To attain adequate drive current for the highly scaled MOSFETs, quasi-ballistic operation with
enhanced thermal velocity and injection at the source end appears to be needed.
Eventually, nanowires, carbon nanotubes, or other high transport channel materials (e.g.,
germanium or III-V thin channels on silicon) may be needed.

7. Dealing with fluctuations and statistical process
variations in sub-11 nm gate length MOSFETSs

Fundamental issues of statistical fluctuations for sub-11 nm gate length MOSFETS are not
completely understood, including the impact of quantum effects, line edge roughness, and

width variation.

8. Identifying, selecting, and implementing new memory
structures

Dense, fast, low operating voltage non-volatile memory will become highly desirable

Increasing difficulty is expected in scaling DRAM, especially scaling down the dielectric
equivalent oxide thickness and attaining the very low leakage currents that will be
required.

All of the existing forms of nonvolatile memory face limitations based on material properties.
Success will hinge on finding and developing alternative materials and/or development of
alternative emerging technologies.

See Emerging Research Devices section for more detail.

9. Identifying, selecting, and implementing novel

interconnect schemes

Eventually, it is projected that the performance of copper/low-[] interconnect will become
inadequate to meet the speed and power dissipation goals of highly scaled ICs.

Solutions (optical, microwave/RF, etc,) are currently unclear.

For detail, refer to ITRS Interconnect chapter.

10. Toward the end of the Roadmap or beyond,
identification, selection, and implementation of advanced,
beyond-CMOS devices and architectures for advanced
information processing

Will drive major changes in process, materials, device physics, design, etc.

Performance, power dissipation, etc., of beyond-CMOS devices need to extend well beyond
CMOS limits.

Beyond-CMOS devices need to integrate physically or functionally into a CMOS platform.
Such integration may be difficult.

See Emerging Research Devices sections for more discussion and detail.
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PR TR
Table ITWG 5 RF and Analog Mixed-Signal (RF and AMS) Technologies for Wireless Communications
Difficult Challenges

Difficult Challenges Summary of Issues

Signal isolation Obstacle preventing full system-on-chip (SoC) implementation because of the exceedingly high RF voltage
created by the power amplifier and the power management circuits and the numerous frequencies generated
internally by the intermediate frequency (IF) blocks; must be carefully managed to prevent performance
degradation as wireless communication schemes become more complicated; progress is limited because a
consensus does not exist on appropriate metrics for assessing the progress of signal isolation in the context

of the RF and AMS roadmap.
High-performance and low-cost RF Optimizing RF/analog CMOS devices with scaled technologies: mismatch, 1/f noise, voltage gain and leakage
and analog/mixed-signal solutions: with high-[1] gate dielectrics
CMOS compatible semiconductors Fundamental changes in CMOS device structure to FDSOI or dual-gate devices may lead to the need for separate

process steps to fabricate conventional precision analog/RF drive devices, resistors, and

varactors
Reduced power supply voltages: degradation in SNR and signal distortion performance

Cost and integration complexity of integrating bipolar device in aggressively scaled CMOS generation s
(such as conflicting thermal budgets)

Cost and performance tradeoffs associated with integrating passive devices in scaled CMOS (additional processing

steps, silicon area, and need for new materials)

High density integrated passive element scaling and use of new materials: Q-factor value for inductors; matching
and linearity for capacitors

Reduced device breakdown voltage in scaled technologies

High-frequency devices with increased operating voltage for base station applications

High-performance and low-cost RF Substrates with good thermal dissipation and process equipment for fabrication at low cost

and analog/mixed-signal solutions: Compound semiconductor substrate quality, especially for SiC and GaN

M-V Compound semiconductors Larger size compound semiconductor substrates [GaAs, SiC, GaN, and InP] for lower chip costs and compatibility

with silicon processing equipment

Engineering to relieve stresses in heteroepitaxy, e.g., epitaxial layers in compound semiconductors

Cost effective CAD and design tools Non-linear and 3D Electromagnetic models for accurate design and simulation

CAD solution for integrated radio SIP design (chip, passive, component, package, tool compatibility, and model
accuracies)

Accurate, fast, and predictive analog and RF compact models.
Computationally efficient physical models for compound semiconductors
Efficient 3D modeling and simulation for mixed signal circuits.

Thermal modeling and simulations that are integrated with RF and digital design tools.

Fast and low cost verification of RF RF/analog/digital tests for SoC systems

performance Reduced RF circuit final tests

RF 3L AMS A CMOS(0.8 GHz-10 GHz): HAiTEkT—7 /L C, 2 DO EORERER A MNZ T2,
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CMOS ERTA/R—=CMOS 25T, Fiicp 73V —TChdEREET Fal - R4 \—L LT, &EeT 7
17 CMOS D7 —7 VX LSTP CMOS % JTlZ 1 N E L TWVD, Iy AR 7 VR EZ R >T-a v 70
EERBIEBIOEMERILIZED, LUFOSB5ERNNTHLTHAD, DVEHEN T VXV Taty s

BEIA EC kD, T UVEEIBIC BT D5 ARO[ F, 2) RF /AR FIZEb 7257 Ft & Fmax O,
3)E 2. & 3 @ input/output(l/O)-h7 VA&7 — Niglkliia VWA 28T i B TOEMED Fa b0, FMHhE
DAL HE—T 2 AADYPIR—b, IV T AR T F VDT TV r—ar ~FT=mE SN FeOMERR, 4)E5 DR
EEEOBEANN, 7 VFN D - BIEO SR LA FIRRICL, £y VAR T FLe RF OT 7V r—ay

DOFXETAHEZHKR, 5)7 V4L, RF BELOT T aZ#REOE 1L~V ORI,
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RF BE T AMS ISR —FF&F(0.8 GHz-10 GHz): AY7 7 /L —7 1%, 10GHz LA F O HF 72 B 2K
T 0.5W LA FOHRZRES I DAR—FF A2 B, VT — T N DEE A AR —F L0 =7 77
— T NVDOEMENRAR—THFZ T AR =TT NECTLESTWD, HELHETESIE /AR EMMED,
FRRTIAC L T T 4 —R80TND A AR—TDEIMTERT — 7ML 3 OB 7 I TITHhEILT, D
HASAR—FF A IR ORI 72 @ ASAR—FF -, )M E AR —FF 1 (2004 FRLTIE N
T—7 T (PA)YT—7 JIFEH) , ZOT—T7 WX, Pz~ =7 5(SiGe) \A R —TF 1 1Iit# 75
25, [I-V 1% HBT 13 & £ TRV, b, 2T —7 0 7 OT—7 /W E#E S TD, 2004 EH&#%O)
RERUGTEL TR, DETOXAT DFE KL T Ft/Fmax 2Nz 7-2&, 2)&EIR&EEE2HIER, (CMOS TlX
FETZ), 3B E IOV TR R IR BN B BT A ETE A INZ 7228, BT HID,

T —77(0.8 GHz-10 GHz): 2005 &ﬁﬁf ;t 2004 £ERRD PA 7 —7 VinB531) T NI L= 52 Bh 5 1
T—T IR LTZ, PATIA AL, EthoE TOHIRNZ ELFHEMEA~D BN EERNG | iRD Tipo
<DELTHE L TH, 2004 EH&T%?EUW: 34V 7b>%0)“‘fiﬂa:“F DI FIEZEH L Z2h 72, BEHL, 2
523 4L, BHOBEIIFE U EFEE ROHND, SiGe D~ /LTF S REERE PA 13, Yo 7 LIRSV TUODDS,
INFETOEZAREIRRY 2— A2 [T 2> TRV, CMOS @ PA IIRIEY L 7 VTS QOB A, E
R A Z R o7z PA OF EOWEITSI TR, R AR RIRER E 7y 7 A LD m e
FVa—/ULD, BIfIZ RF 70 b RO ~—2VERED /N5, PA RS ERTT— 7 L Tld, A7
LT T <D PA AT 7L —a % AIREICT 51 D(silicon integration enabler)EL T, SOI & iy,
IC _E RF MEMS(micro-electro-mechanical systems) £ 427 +— AL TR,

RF BXOT7 el HAZEFE F(0.8 GHz-10 GHz): &F 1D/ T A=K I KEIREF 3T/ -T2,
2005 F/ROT—T T 3 DO/I—NIZEISNTND, )T s (REEOTFar Xy 7 ARV 7V )

— 22120, MOS FELHGHL (IR BEOL L ikdts U KHiEs) BN A->TWD, MOS AEOT—R~<y
1%, EHEEE CMOS m—R~ w7 04 — M IEIE Tox % 7CI MR, CMOS INAr—Vo 7 ENHE % HER Y
ARHIESH OB~ A7 INSMBNZI2 D030 LAV, MIM F &L IX 2 TOBMERICEI IR E(E
JE, BIENE, V=2 ~=oF o7 BEUNQ), 2)RF S (MIM K&, A4 74 MOS AIZER &R A-TLD),
3)PA H (IEIFEE/ L)

IV (10 GHz-100 GHz):  ZHVE TOMREFIERIZEID I THIL72[~2013 4], 7e¥7eb, (L&MW 5K
1%, SV DINHAAEDRELINOI IO EHEE TEDIZE DL 2 FRif>TERLT | LAY -8R ESE
I3, SV EEREEE L LTRSS, RRVEDL S > TRY, HELDRWINSTHD, T REL T
PUFDZET 5, 1)7 —hHER 2003 42 —2004 FFOr—R <y 7 TTHISIV TR E /NS i7ey \f;}@
%9, 70 nm 7 —h 1L 2007 £ FTIZEB LWL D EE X HND, HEER LR, MERCT SAAT Y7 /v —
12, JVFESFE DN TNETED THS (B2 1L, V7 T77 41— TCRILKESIZTHE, MHEMT (X PHEMT (2
Jilﬁ’\fmb\ PEREZ A T5), 2) WO DOHEIE, ZOHFETIHAITZ LT THAD, FilZ1E 2006 F-LL
W& K /A X GaAs MESFET (Z[AT7=HiLWT A ATHRRISNR2NTHA), RS 772 )—13Z i
FTORGC, A LT ~DAEFELNMTORWAMICH D, ZHEFBEDORNIT, RBE T —
MESFET (2% 5 2.5, PHEMT & InP HEMT (X2 10 4E4,#%->& MHEMT (2% DA BRI Z 81270572
%9, 4) GaN DRk EIL, 2003 FFI LT 2004 FZHB1T 5 THIZEZ CEF IRV S DI/~ TUD, 2004 4
FERRDZET 2007 A TIIIRKBONTZNLK OO/ RT A= L T TIZEHIN D, LinL, MEIO-E LT
INAZADAGFENEIT, BPFEA B 2 T LEOFEEEL TS,
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ERD 7 /3A A

BLNZ &I s 2

HIL 2005 4ERRODFIESEHEF (ERD) #i1%. 2003 4ERK > ERD EilZ b~ CRIEICSET - HLiES U2, 2003
FERRIZB W CTEEThH-72 /277374 CMOS Offild PIDS & FEP OFEIIBE S, FiRFEHZRE 35
BEFLWEIDINZ BT, FRTEHR D203, B ELMEE ., HOWIEET L MEEZ AT 28 B
VEEET D, ZO&D7e=— A% imm s DI FRTEM BT —X L 77 N —T1%, ZNOOHT T S A AD R
CENMEDTo DML D BB MR ML FTRER MBIV ) 2 — L a B RE LT, ZD X722 L DOETA KL
(I, BTV MBI BB, B L O OREA I LSBT D72 O FE RS MEEL 72D, DR
*ff BHORICIL, ZDEIRWIEOUEN LA EFEIHIT DT> TR ki 7,

Flo, T HFRIERI KT D0 FIEE Bl e AR SR DEib N Hivle, SFEDOHIT

— MR ER A AL OFEAE I B L WD, FREJRBLOHI T, AR EFE O BEND, *ﬁﬁﬁ%ﬁww
CMOS CEERKS LD B2 TH B X DT DITIRES NI LN S ES FRTFEIC OV Cgam L TVd,
DT, FHRFEATILu D 7 HAIC DNV TIL, 2D DN T- R CORED RTREMEZJLRFIZ AT L
72, 2005 FERRIZFBVTE, 2 ’D@%ﬁgﬁ%f%J&ﬁT('j‘/{¥ﬁ/7 MAEVEN RNV EREL L =TV 7 A
X, HEHCHRAEH RS> TODAEY R E L Ch | PERERICEN A 52 Db DL L TRARSITND,
SR, CMOS 12 HE_CRIEZAR R E DN %&Em&to?‘m@ﬁ#ﬂ 1y T HAN OB T, RIAH DD
FTLWFEE 37200 O RBEMF LA kst T2 BN D, ZO X572 RIBLIZKIL T, BlAMI T /U A<
F/Fa—TOLH7% | othEEZFI LTz FET B7eiEE ThA), SOIZ, FiRFEATIEa vy OHEICHD
FITRIE I B S, ARVOHEI T, REFEFTRSNIZEAN AT DKL Bl T B AT AE)DFE
EOHINI LT, FAPIAEI DRI, H{fl=Xy7 v R DRAM, SRAM, LT NAND %X NOR %!
FLASH %5 A TW5, HiLWZah A7 AE DL, SONOS, FeRAM, MRAM, PCRAM (FHZLAED) %
EATND, AEVET Y7 OFEINZIE, FTLWEANO “HERER” RO IMZ LTS, ZOHEER L, E DRl
EAFLSIL, FT2 2003 FRRTITZH LIV T2, A8l PIDS H5W T FEP OFiCBE Iz, HD0
FBRD NI AT A R LT,
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Table ITWG 6

Emerging Research Device Technologies Difficult Challenges

Difficult Challenges > 32 nm

Summary of Issues

Development and implementation into manufacturing of a
non-volatile memory technology, scalable beyond 32 nm,
combining the best performance features of both volatile and
non-volatile memory technologies for both stand-alone and
embedded applications.

Identification of the most promising technical approach (es) to obtain
electrically accessible, high-speed, high-density, low-power,
non-volatile RAM

Development of a manufacturable, cost-effective fabrication technology
integrable with the process flow for CMOS logic providing for
seamless integration onto a CMOS platform

Difficult Challenges < 32 nm

Toward the maturation of CMOS scaling or beyond,
discovery, reduction to practice, and implementation into
manufacturing of novel, non-CMOS devices and architectures
integrable (monolithically, mechanically, or functionally) with
a CMOS platform technology

1D to extend charge based devices

Articulate the fundamental physical principles needed to
develop new device technologies.

Find a new information processing technology that addresses
these fundamental principles (see Section entitled
“Fundamental Guiding Principles”)

Make emerging logic and memory devices compatible. (A
new logic technology may require a new compatible memory
technology.)

Integrate the materials, device and architectural communities

to interact and collaborate in discovering a new information

processing technology.

No current approaches support the information processing technology
required for “Beyond CMOS” satisfying the need for additional
decades of functional scaling.

Discovery and reduction to practice of new, low-cost methods of

manufacturing novel information processing technologies

Any new technology for information processing must be compatible
with the new memory technology discussed above; i.e., the logic
technology must also provide the access function in a new memory
technology.

A knowledge gap exists between materials behaviors and device
functions.

Current metrologies examine fixed material states, but do not probe the
state change dynamics.

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS:

2005




15 What is New

7 bR et R
LWL a2

T b R AE T, TMEHZHIBREND T SA AR —V 7 | OFF R L ORISR 2 13- &
DERFET DIDNTEED T, IROEHEDORIZ, 7uar b R 7 at A%, MOSFET D47 —h A4 2752 DRAM 0
AN =X XX H [ T T 2 ARVD AN =TT SA g K& 707 7V r— a0 High-k MERC & BE
[CRRFT SN BB IEOE AN TR T 5 THA), TNHOFH LM EHIINZ T, 5848252 SOI(FDSOI) <°
FinFET (7 27 VEBL O~ AT — MG te) DLW T S A A E N ERMERE A - 372 DI 8 AS
NHTHA), SHIZ, RBEATVO MG EIL, JRHE7 OS8R EIRCREME ARSI U R b
DM EERR B L O A BRI HTHA), ZNHDT /A AL T EARPLEL T, SOL DL 72 Fapi~D K
0, ZIWNBD T LI EESIUTNDELIZ K ERELE 450mm FoAR O L EPE 2T E Eo T VD,

LR/ LI CMOSHNS /v 753 Jiv GER L) T 2~ T R_RTCOT FVr—var, BT R
TOF T AT —DRRFHIBAT T D82 700, TeLA, IER ISR HN D R i a0l ol S
NS HDA—HINIEN ) TT2 T IVT IR ANDITH DD — 7T D A— T3 )L 7 5 Dk
IRICERZEL, VI T U RIS, ZOF L T UA T 72014 13, i AICMOS AL
BET A7 DITMNMEEY S FT | SERZE T RISOIR~ LT — D LA D T S A A IE~DRBATIZ LA
DFOINDNE R T NTLIIVSADVERGEZ SR, #SV 7 DPEEE, FD SOL, BX O~ /L F 57— ) E 25
THERSNDE THRISILDFIZONWTIEL, ZNHDT NARANADES | FEPORZIEE LTz, /NFL /LR
OFERFIH L, S HAITRINEIZEO N — R4 725k 32 IICERKIL TD, BRI, 2 VL7 CMOSDILHE
TS — MR L AR S Z b » LRSI A = 7T BN DA, [RIFFZ, KR =27 MEST
BB THD, —J7, FD SOI, BL~/LF7 —hTli L7 CMOS Tl N A D LT 72 D H B D &7
— NEMA BB LETHD,

AT 2= DR U RIZOWTE, FEP BEDAY —T 47 =T VT VEICFEHE S CODA, A —Vr 7
B ED ) E AEFEMEO N RICEAT W< OMMDEREE A TS, Ty VERIMEEIE 65nm OEAHAT, 2mm
M5 1.5mm (D L2, 2T 77N — AT 7L —ar TWG EOEEMEZ LA ThDH, ZOEFIZLD
FEP D4 T? sub-TWG CIEREDRHIFHICAT 23, U — S HIN TR, W Ua @a tadiedr -
—ADTyVETIIEM TERND T, =y VESMEEA /NS T 5281280 DIT SOI V= — TIHELWZETH
%o EZT SOl OFENHIIGT Y VFRIMEIRO R AT HZ LT, FHIZIE, 5282828 (FD)SOI DY
RN D PIDS DT NAARBRAEIZIGNE T hELZeoTz, BMPIIZIE, FD SOUEAAEEL, F- I %]
BT HZETiE, ZNETIEA XYL TODIED, ERHILILTORND T, EHIZAF =V 7 UL, Ho b RK&7
I 280705, R/ S—T A7V OEEWH L, RESE/NSITHENHERIFNEHEL TEY, 65nm D
REZD /=T 47 /UTATIE 50nm OFARHEARIZ, 45nm D/ 3—F 47 /11% 32nm OEAFHARIZEN OB, [FR
1 :1TRS2005 p.391 Table 67a 2, | KOV =— ~NEEDEIX, FAROREKEIZEEZIL, ORTC DYV 7T7 ¢
DEFENTA—NRET 2= "DRESON L RORIZBITHHFEOHEN I —E T D018 oTc, ZOZERIL, %
DEAFHARNZIB N THEE O EROY = — N3 T SAADEFETEBIEAEIN TNDIEED | oL IEMEIT KR
LTCW5, Ff4(T7e>7273, Emerging Materials (PREEFIER) DR R EFIRIZOUWTIEEIARIIE FEP BOAS —T
AT =TT NS, A=V T TR STND,

TRt Z2 7 m e AT AA T FENHBLL 72281280, 90nm  &E VLA O R R I 7- 72 2D

T AREEENNNITHIEED  TDNTHR A M2 o e, 77— ML 7 — MR A TER T SIS
X, IRERR TS TRICB T DO BL W ST A=ZOHIHNEREND, Ve—NIHEEEHE AT
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DRAM @ M1 O/N—TE Y F TN/ NSWR—T 4 7V RFETDHOIE, b TR FRECH D, [FRE:
formable |Z1EL< (% formidable &85, formidable &L TR, ITRS2005 p.400 M8, 1 YEioO %544
BlaH 58T 04AX0A72<L, 23nm 1BO7 — M T EE 5 2 72 TRl BRI SR A MERF T D2 81T,
FUFHUL 2008 FHIRERFREAFRILT D259, LIRIREC, SBIHYSD 7 /A AMRRIC B A B 2 72\ h YL
L oYL ETHIRT D0, HHWNIE DL ~UHERF L 721 T UE 72 b7ewn, MO BEE 2538, AU Va0
TA L DI IR E OV RIER, HHEE 52 T2, BN =X TAA U EASNI L VAN RET HZE, =
PRI IROF SV SEIED LT T AT MR O B LR AT IR0 T Th D, D OFBREIZKHIN TS
2, LW IO B SCIRIE D ML CThH D, SHIZ, B/ S—T A7V OSEEN G2 58 W
IR—=T 47 VORRFEITBIEREEE B 2B NTW D, FrUWEmE K MRS E LD R ITIXZ 0 0B o i
it > LT THAI,

7 — N D > ) 2 FR USSR (EOT) 2/ &< 352 81%, B DL T FEP O EEFETHD, LTz,
High-k #EfREASMELLSHLDDIL, FEID ITRS 2°5 1 FEAEAITEY | 2008 F-b7po7c, ZHUT, HEATRSDILIRTL
D A& 2o To Dl F X RN BBNEEZ IR T HOICEAZFIALIZZE, ZOWEOMAEDEDOFERETH
%o 2005 FRROE—R v TIEFEBLT REL OB R BRHEIRIZITS —MEEIEO)—272Z £ T STy
7250 ARWME T 2L EN B D, FHIZIE, RISV DZEZ b i/ M T D THEO EEMENEL T,
7 — MR IR OO [ LI MR (EOT) 2 B L TR T HDIZHW OIS FIEL, 7 — M2 b DZh R % LAl
F0 B E572D12 2005 FERCTAEFE SN, ITRS @ 2003 AAiliE 2005 RO EH S PIDS OF /S A AfE
\ZBT D ELIN MR EE D7 — NAS 7 (Mt EEAR) OERIE B 3SR ES TS, FED (BRI %
i72fBJE (CET) 1% EOT 721 Tk 7 —NEBBDOZE 2 A bET v RV DB AL DN RAE &/ TND, 2D 2 DOZNR
1% ITRS2005 CIXLLRTLV IEREIZFHRE S, WD D Poly-Si DR —EL 7 L~ L C EOT OERIENS—&
FITRo TS, R=E U7 L~ULZiE, 1X10%%em’ — KR ER —E> 27| 1.5X10%/em’ — @ H DR —E> 27 3X
10%/cm’ — HEIRER —E > 7 NEEN TV, 728, &R —MEMCIZZEZ kiR,

S AT NS DOEFFRPIOEEMED ITRS2005 ([ZBWTHIRLZY, ZAUTITNWK OO HE 2 H D,
BIEIZIE, High-k 7 —MEZIFEO MENEZ RO 5720 J0EWEES OEAPMETE I TND, FIIIC
%, BT Y RV RA RIS 5720, 7317 CMOS D S/D I AT L a NI IR A r — ) 7 % B LT
WD, SERZEZ I SOI & FinFET CIEas # 7 REiA I T 5721282, =L_"—TF R (B0 B #6
TR IRNHERETE IO T DB D 0D, FEREL T, B—R <y 7 DD 720 OESHZIBWTESHGIOMUEIC
X% BUVRRSRIIFEL TOZR0 O TH D,

WEE) 7 — R OHIEN IR ZE D53 FEP LUV 7T 7 4D RE R TH D, A DOFE RSN /2720
THHNNZEAE EDIEA— 1t CD % 3 0 T 10%LAN (ITRS2003 4ERI CHUE S AL TUDAE) (2Ll T
TR, ZORT L VEERED FIONIZW DEDHDHZEMN FEP, PIDS, V7T 7 4T AL DK
J—7 T TSR G L T2 SR D o T2, ZO W/ IDFER . ITRS DUV O D EZEL CTEE R INZ Hi
728, FHUTLIRTR ESNIELD S DTN RKERIES DX TT A AR F I BLES AL V)RR
(ZHASNTUND, ZDT28 ., CD DFFRFEITRELZRD 2005 4515 12% (3 0 ) 1278072, ZOHFREESIDITHED,
FER 15%IZ TERUVD, b afikisi th Cihd, MPU DRI ERAY 7 — M RIE 2003 4B ITRS O
ERIIIRNEDD | L UANTNRY— = T ST BEIIRELRY, NIV 7 CRrESNSENIILZ, 20
ZEHNZf T, CD #FFAE 2RO /713 ITRS2003 FIRDVY 7 T7 4 80%, T T 7 20%D LD 75%
S 25%\ A 0T, TR FEOREREFIRFC, FESEFLTITE DO IFRIT ITRS DELD DT NI KEZR BRI
F—hEEHEHAL TOBE5LWEW IR H CTE-225HD, T OFEUE 2005 4R COXABED L F {55425
WEEITFFRATAROD, BLE DA AN T > &0 T HIEWELRY 7, — EDENKEL 2519, kIENHEESH
HZENTI2HIE LAZRN,

DRAM DAH 73 /X3 21, RO ERZMm T2 72D IZBIAE Tl High-k #5272 MIM A iE
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DIFELS TS, 50nm (2009) AR EEFEEERDS 60 LD R E72 B L EZIEA B B E 725, SOC ik
IZ DRAM ZAR# T DIZIE, WO T BB RAZ KA T A7 OFEICEFHT e 2212725, FRED 1 D1, A
B X BT DN AT NDORGE IV — v ea Yy I DA AT NDRB GV — VR A S EHIET
D, JeuDOF X SUHFPERNL T DRAM TEEESNAHDIE, A% v DRAM IZHA~TH T 2-3 4FL
IRV TR, WKOMD High-k MEHIBIIERL T3/ 302D SIS & TV TS, 2007 4%
T B EmE SRS T20ERHD, BARN L FEHLH4E T High-k #ifxiiz iV H58472 MIM i
12009 FF-FE TIZHEERDARENEDN DD, BNV ART 77 ZFIAZ Y X0 /ST ZTIL 6 ThHD, LT %
¥ B TIE 8 DEETH D, TERDFERAMLENT AL % 3 IRTEDT VAT AR TEEHWZ DO
FREL T, TS AR =V 7 DRESZFERT 572012 65nm TIXRL o FF v/ S0 X OFH LS DL
ZHEL TS,

7T a2 ARV EITHER L2720 . ZOT A A OM B 7 e AOUEIZ LV EFR 955951
72T, BIREOIERIZEY ., e/ MRED A —1) o 7 BLOMEH O EBHIZONWTH T Ty a AEY
IIHLNT 7 0P RIA R E720-DD585, NAND 77w D37 KX FIZBIETIZ DRAM O/N—7F
Y FXV/INELTp o TNDIHTE, L LG, BEE-7- Poly-Si 77— FDIED/ INSL72 51223 T, 2 b
— V7 —RD Poly-Si #7a—7 47— ORIEICER TR T D2 E1E, HITRTE R bEE 26D,
ZD71=9 . 2010 F£FTIZ High-k @ Poly-Poly i /s &1 7 U 7 R DO - DI Z BT A
9, [FICAEIZ FeRAM Tl 3 IRITHEEDF v/ Z75, DRAM E5t4 11 D& 5B AR (~30 1 Clem?) D7D
(Z L7 D g,

450mm 7 = — DE AL FEP FED AKX —F 427 +<TUT )VEiIDF TIE ORTC O FMMELEE A A LT,
2015 D00 ESVEILETIX 2012 FT2 o7, RIS LR Te DI, A—T OIERID S~ — R ZAFENE
M B2 G570, EVOOREREETH D, BEHLANZIE, 7= — NIROELRIZIFIZ 9-11 F£ZEITBAT
LCWD, 1E- T, LIRS TZBATRAAIC IS A 2103, P8R PEE IR AR T Y 2 — LDl
TS, BILTWDIET TR, SBIT, TeEXUFEEDORTE (W) 85 TEEBIFRITH ST T 2N
HDHN) DI 72 B I EES T L OIREN D BRAAS D ATREME N D, EITRFER72 MBI ER L Qi
300mm ~DOBATORREEADE | 450mm ~DOBA TIFFER IS DOHIAIRRE SRR 72 A7 Z B LT
Do

NEERPEEREIT, £7 LSO AICERLIEEE (GU = — ) | GFHIRE, RUEREL L TZHT 50
P AUT72 720, HEDIZEERRIBEE/2 DD, 450mm 7 =— 33 SOI 72073, HDHWT/ SILT 72D, &
VIZETHD, EVIHDE | FRRSIU TS 450mm B ADREHITEHCH SO 23 F i D IC A pE, L0t Eik:
REDRY Y7 /MPU 7 7V — 3 a AT RSO RN IN L E 9720 b Th D, BIOBNZY =— ~DFd
YRz, 8 T=— LS TS, SOI 7)1 TREUE, FHllE, 7 v Ra A5, 300mm OFEHE L,
IZBWTIIRTFINNRWNEE DHER D~ T-73, 450mm Tl FHIERE(LOBRIEN K T TR M2
BIHEL . ET-B DN O R 2 1R B3 A0 IR U8 B 726012, SHICBIRIZR FIENEREND, T2 —
MGG LT RAZRT OB AREO L BLDOEAL, LUy = — OMEBRE DB LI, FPICEEE A
IRETHD, ZD-D, MRHENELEZE29 5 T, Vo— "DES IO FIEIVEE IO HZENKD D
N5, FlE, WVLKOD IDM (FEEHHATT SAAA—T—) 1%, Jeiit72 o r— T v T &b A AL
DD = — NERIOWHIEA IO T 720 | el DIEELDH 300mm 7 = — Al FHL THhDH e
IIREDEEIZ AHNLD T D, FHAM AR THEASN QODEDI Y I T7 42l E T 55912, To— D
B2 B T2 B2 0D, THAE S e FH IR ZEITBALTH S, FAEUE L B L% R
LT, MBEEE O RHIPHIZIED A— T = — N GHI, 72 B 22EE ORI I Bl o BAH £
IRTIUTTRB720N, IDM EA— T ZER D43 A B AN U RTINS ZE T 34U, Bfvryafedl X (b 810
FCID) il 72 iR A A6 LiZewy, LUt BHO TR EOIANET VOB /2 b EIERH7:
U,
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LU HHEATARE LS | 450mm ORFHIRRED 53, [R5 IO E  ThHZ LT EIE M
VRV, 300mm 2°5 450mm (AT 2DICES 28 L, 72K Eb 100 BR VICET DL R DAL T
W5, KBS, D 450mm 7 o RIEE OB E DRI RS0, 1000 [ER VA TND (7272, FiE
LSS TCORT D 2 RETEDLLEEDND), | T/HAAAMEL 7RO &I TIO BIIZHRY
DBV, FFT, BRI, ZE DAL 7 —T = — A B OV 7y =7 BT D& IRE I 1 TRITUERs
20, TNHDOBEHDORESAEZ 2 5L, IDM OZLITHM T 450mm ([TBATT 28 HEZEN ez HL13E 272
W, e T, ar =T A EFEOVaA MU T v —  FEREPEA LB DD, R E RN T
HENDHTEND, 450mmDBRFE T 1T MMIFKE T D55 DI RO MBS TIBEOL, ERDIRHIZ2 S
L FO IO EEOEEDOUE FIEEBITRIC O W TOAREEZ B D E(TH AR ThbD, ZOFEEDH
a5 258, IDM D320 DRI SR A B AZEA—TNATIZENEIL THMEETH L0, LUK
EBRESSIICAIEL, 2478 ROI 2ZNHDA—D0MG, T SE SN EISHIT D720 TH
%o —77. X HZBMR T DA BN BN, Bl ITZER Ty 7 ORI T —% T 7 F vld, %< D2
HAZIIBREND THA), WTIUTE L, 450mm ~OBEH B2 7 241752 LT, 300mm
== OB RIUEE DL B DN A Z L2720 LIV, ZHUE, 450mm ~OFEEIZ L, HDH0
1T TS EBNLIL 72N EE Z TS IDM MRS L CWAZETH D,

450mm ~DOATIZLED RS OIS mm 2 DU T, FEP BEDAX —T (7 < T VT )VHi% S /R
IHLmu,

' M. LaPedus, “Soaring Tool Costs to Delay 450mm Fabs,” EE Times, August 19, 2005.
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Table ITWG 7 Front End Processes Difficult Challenges

Difficult Challenges 2> 32 nm

Summary of Issues

New gate stack processes and materials

Extension of oxynitride gate dielectric materials to < 1.0 nm EOT for high-performance MOSFETs, consistent
with device reliability requirements

Control of boron penetration from doped polysilicon gate electrodes while minimizing depletion of dual-doped
polysilicon electrodes

Introduction and process integration of high-i gate stack materials and processes for high-performance, low
operating and low standby power MOSFETs

CMOS integration of enhanced channel mobility in both NMOS and PMOS devices, using local and global
strained layers

Introduction of dual metal gate electrodes with appropriate work function

Control of silicon loss at spacer etch and gate etch needs to be much tighter on thin SOI and SiGe wafers, where
the total silicon thickness is 20—-50 nm

Removal of high-k dielectric without loss of the underlying silicon, especially in the case of SOI or non planar
devices

Metrology issues associated with gate dielectric film thickness and gate stack electrical and materials
characterization

Critical dimension and effective channel
length (L) control

Control of gate etch processes that yield a physical gate length that is considerably smaller than the feature size
printed in the resist, while maintaining <12% overall 3-sigma control of the combined lithography and etch
processes

Control of profile shape, edge roughness, line and space width for isolated as well as closely-spaced fine line
patterns

Control of self-aligned doping processes and thermal activation budgets to achieve Legrcontrol
Maintenance of CD and profile control throughout the transition to new gate stack materials and processes
CD and etch metrology

Site flatness to ensure effective lithographic printing

Introduction and CMOS integration of new
memory materials and processes

Development and introduction of very high-k DRAM capacitor dielectric layers

Migration of DRAM capacitor structures from silicon-insulator-metal to metal-insulator-metal
Integration and scaling of FeRAM ferroelectric materials

Scaling of Flash interpoly and tunnel dielectric layers may require high-x

Limited temperature stability of high-k and ferroelectric materials challenges

CMOS Integration

Surfaces and interfaces—structure,
composition, and contamination control

Contamination, composition, and structure control of channel/gate dielectric interface as well as gate
dielectric/gate electrode interface

Interface control for DRAM capacitor structures
Maintenance of surface and interface integrity through full-flow CMOS processing

Statistically significant characterization of surfaces having extremely low defect concentrations for starting
materials and pre-gate clean surfaces

Measurement of back surface particles at/near edge wafer edge (including bevel) has no solution
Measurement and understanding of clustering of particles needs significant data to define future specification

Little information associating back surface particles and the effect on yield

Scaled MOSFET dopant introduction and
control

Doping and activation processes to achieve shallow source/drain regions having parasitic resistance that is less
than ~17-33% of ideal channel resistance (=V y4/Ion)

Control of parasitic capacitance to achieve less than ~23-29% of gate capacitance, consistent with acceptable Ion
and minimum short channel effect

Achievement of activated dopant concentration greater than solid solubility in dual-doped polysilicon gate
electrodes

Formation of continuous self-aligned silicide contacts over shallow source and drain regions. Formation of
elevated junctions and silicides on FDSOI wafers

Metrology issues associated with 2D dopant profiling
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Table ITWG 7

Front End Processes Difficult Challenges (continued)

Difficult Challenges < 32 nm

Summary of Issues

Continued scaling of planar CMOS devices

Higher « gate dielectric materials including temperature constraints
Metal gate electrodes with appropriate work function

Sheet resistance of clad junctions

CD and L control

Chemical, electrical, and structural characterization

Introduction and CMOS integration of non-standard,
double gate MOSFET devices

Devices are needed starting from 2011 and may be needed as early as 2007 (this is a backup for high-i
materials and metal gates on standard CMOS)

Selection and characterization of optimum device types

CMOS integration with other devices, including planar MOSFETSs

Introduction, characterization, and production hardening of new FEP unit processes
Device and FEP process metrology

Increased funding of long term research

Introduction of strained silicon in the structural configuration for advanced non-classical CMOS

Starting silicon material alternatives greater than
300 mm diameter require the start of wafer
manufacturing development in year 2005

Need for future productivity enhancement dictates the requirement for a next generation, large silicon

substrate material
Historical trends suggest that the new starting material have nominally twice the area of present generation
substrates, e.g., 450 mm

Economies of the incumbent Czochralski crystal pulling, wafer slicing, and polishing processes are
questionable beyond 300 mm; research is required for a cost-effective substrate alternative to bulk
silicon

If 450 mm wafers are to become available for production in 2012 as currently forecasted, wafer
manufacturing is already behind schedule and must be implemented in 2005-2006

Enhanced coordination is required amongst Starting Materials, Factory Integration, Yield Enhancement and
the IRC to more effectively assess the anticipated onset of 450 mm use

New memory storage cells, storage devices, and
memory architectures

Scaling of DRAM storage capacitor beyond 6F2
Further scaling of Flash memory interpoly and tunnel oxide thickness
FeRAM storage cell scaling

Introduction of new memory types and storage concepts (Candidates—MRAM, phase-change memory for
2010, and single electron, molecular, nano-floating products beyond 2010)

Surface and interface structural, contamination, and

compositional control

Achievement and maintenance of structural, chemical, and contamination control of surfaces and interfaces
that may be horizontally or vertically oriented relative to the chip surface

Metrology and characterization of surfaces that may be horizontally or vertically oriented relative to the chip
surface

Achievement of statistically significant characterization of surfaces and interfaces that may be horizontally or

vertically oriented relative to the chip surface
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Lithography Difficult Challenges

Difficult Challenges = 32 nm

Summary of Issues

Optical masks with features for resolution enhancement and

Registration, CD, and defect control for masks

post-optical mask fabrication

Equipment infrastructure (writers, inspection, metrology, cleaning, repair) for fabricating masks
with sub-resolution assist features

Understanding polarization effects at the mask and effects of mask topography on imaging and

optimizing mask structures to compensate for these effects

Eliminating formation of progressive defects and haze during exposure

Determining optimal mask magnification ratio for <45 nm half pitch patterning with 193 nm
radiation and developing methods, such as stitching, to compensate for the potential use of
smaller exposure fields

Development of defect free 1x templates

Cost control and return on investment

Achieving constant/improved ratio of exposure related tool cost to throughput over time

Cost-effective resolution enhanced optical masks and post-optical masks, and reducing data

volume

Sufficient lifetime for exposure tool technologies

Resources for developing multiple technologies at the same time

ROI for small volume products

Stages, overlay systems and resist coating equipment development for wafers with 450 mm
diameter

Process control

Processes to control gate CDs to <4 nm 36

New and improved alignment and overlay control methods independent of technology option to

<11 nm 3o overlay error

Controlling LER, CD changes induced by metrology, and defects <50 nm in size

Greater accuracy of resist simulation models

Accuracy of OPC and OPC verification, especially in presence of polarization effects

Control of and correction for flare in exposure tool, especially for EUV lithography

Lithography friendly design and design for manufacturing (DFM)

Immersion lithography

Control of defects caused in immersion environment, including bubbles and staining

Resist chemistry compatibility with fluid or topcoat and development of topcoats

Resists with index of refraction > 1.8

Fluid with refractive index > 1.65 meeting viscosity, absorption, and fluid recycling

requirements

Lens materials with refractive index >1.65 meeting absorption and birefringence requirements

for lens designs

EUV lithography

Low defect mask blanks, including defect inspection with < 30 nm sensitivity and blank repair

Source power > 115 W at intermediate focus, acceptable utility requirements through increased

conversion efficiency and sufficient lifetime of collector optics and source components

Resist with <3 nm 36 LWR, < 10 mlem’ sensitivity and <40 nm %% pitch resolution

Fabrication of optics with < 0.10 nm rms figure error and < 10% intrinsic flare

Controlling optics contamination to achieve > five-year lifetime

Protection of masks from defects without pellicles

Mix and match with optical lithography
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Table ITWGS

Lithography Difficult Challenges (continued)

Difficult Challenges < 32 nm

Summary of Issues

Mask fabrication

Defect-free masks, especially for 1x masks for imprint and EUVL mask blanks free of printable
defects

Timeliness and capability of equipment infrastructure (writers, inspection, metrology, cleaning,

repair), especially for 1x masks

Mask process control methods and yield enhancement

Protection of EUV masks and imprint templates from defects without pellicles

Phase shifting masks for EUV

Metrology and defect inspection

Resolution and precision for critical dimension measurement down to 6 nm, including line width
roughness metrology for 0.8 nm 3¢

Metrology for achieving < 2.8 nm 3c overlay error

Defect inspection on patterned wafers for defects < 30 nm, especially for maskless lithography

Die-to-database inspection of wafer patterns written with maskless lithography

Cost control and return on investment

Achieving constant/improved ratio of exposure-related tool cost to throughput

Development of cost-effective optical and post-optical masks

Achieving ROI for industry with sufficient lifetimes for exposure tool technologies and ROI for

small volume products

Gate CD control improvements and process control

Development of processes to control gate CD < 1.3 nm 3¢ with < 1.5 nm 3o line width

roughness

Development of new and improved alignment and overlay control methods independent of
technology option to achieve < 2.8 nm 3o overlay error, especially for imprint lithography

Process control and design for low k; optical lithography

Resist materials

Resist and antireflection coating materials composed of alternatives to PEAS compounds

Limits of chemically amplified resist sensitivity for <32 nm half pitch due to acid diffusion
length

Materials with improved dimensional and LWR control
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Table ITWG 9 Interconnect Difficult Challenges

Difficult Challenges > 32 nm

Summary of Issues

Introduction of new materials to meet conductivity
requirements and reduce the dielectric
permittivity*

The rapid introductions of new materials/processes that are
necessary to meet conductivity requirements and reduce the
dielectric permittivity create integration and material
characterization challenges.

Engineering manufacturable interconnect
structures compatible with new materials and
processes®

Integration complexity, CMP damage, resist poisoning, dielectric
constant degradation. Lack of interconnect/packaging
architecture design optimization tool

Achieving necessary reliability

New materials, structures, and processes create new chip
reliability (electrical, thermal, and mechanical) exposure.
Detecting, testing, modeling and control of failure mechanisms
will be key.

Three-dimensional control of interconnect features
(with it’s associated metrology) is required to
achieve necessary circuit performance and
reliability.

Line edge roughness, trench depth and profile, via shape, etch bias,
thinning due to cleaning, CMP effects. The multiplicity of levels
combined with new materials, reduced feature size, and pattern
dependent processes create this challenge.

Manufacturability and defect management that
meet overall cost/performance requirements

As feature sizes shrink, interconnect processes must be compatible
with device roadmaps and meet manufacturing targets at the
specified wafer size. Plasma damage, contamination, thermal
budgets, cleaning of high A/R features, defect tolerant
processes, elimination/reduction of control wafers are key
concerns. Where appropriate, global wiring and packaging
concerns will be addressed in an integrated fashion.

Difficult Challenges < 32 nm

Summary of Issues

Mitigate impact of size effects in interconnect
structures

Line and via sidewall roughness, intersection of porous low-x voids
with sidewall, barrier roughness, and copper surface roughness
will all adversely affect electron scattering in copper lines and
cause increases in resistivity.

Three-dimensional control of interconnect features
(with it’s associated metrology) is required

Line edge roughness, trench depth and profile, via shape, etch bias,
thinning due to cleaning, CMP effects. The multiplicity of
levels, combined with new materials, reduced feature size and
pattern dependent processes, use of alternative memories,
optical and RF interconnect, continues to challenge.

Patterning, cleaning, and filling at nano dimensions

As features shrink, etching, cleaning, and filling high aspect ratio
structures will be challenging, especially for low-k dual
damascene metal structures and DRAM at nano-dimensions.

Integration of new processes and structures,
including interconnects for emerging devices

Combinations of materials and processes used to fabricate new
structures create integration complexity. The increased number
of levels exacerbate thermomechanical effects. Novel/active
devices may be incorporated into the interconnect.

Identify solutions which address global wiring
scaling issues™®

Traditional interconnect scaling will no longer satisfy performance
requirements. Defining and finding solutions beyond copper
and low k will require material innovation, combined with
accelerated design, packaging and unconventional interconnect.

* Top three challenges
CMP—chemical mechanical planarization
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Table ITWG 10 Factory Integration Difficult Challenges

Difficult Challenges >32 nm

Summary of Issues

Responding to rapidly changing, complex

business requirements

Many new and co-existing business models including IDM, Foundry, Fabless, Joint Ventures,
Collaborations, other Outsourcing, etc need to be considered in the Factory Integration

Increased expectations by customers for faster delivery of new and volume products
Need for improve integration of the entire product design and manufacturing process
Faster design -> prototype and pilot -> volume production

Enhanced customer visibility into outsourced production operations

Reduced time to ramp factories, products, and processes to stay competitive within the rapidly changing
business environment

Building 30+ mask layer System on a Chip (SoC) with high mix manufacturing as the model in
response to diversified customers’ requirement

Rapid and frequent factory plan changes driven by changing business needs
Ability to model factory performance to optimize output and improve cycle time for high mix factories
Ability to constantly adjust equipment loading to keep the factory profitable

Manufacturing knowledge and control information need to be shared as required among disparate

factories

Achieving growth targets while margins are
declining

Implications of rising wafer, packaging, and other materials cost on meeting cost targets
Meeting high factory yield much faster at startup

Addressing increased complexity while keeping costs in check

Reducing complexity and waste across the supply chain

Inefficiencies introduced by non-product wafers (NPW) competing for resources with production
wafers

High cost and cycle time of mask sets for manufacturers impacting affordability of new product designs
Increasing dedication of masks and equipment causing manufacturing inefficiencies
Challenges introduced with sharing of mask sets

Difficulty in maintaining the historical 0.7x transistor shrink per year for die size and cost efficiency

Managing ever increasing factory complexity

Quickly and effectively integrating rapid changes in process technologies

Managing carriers with multiple lots, wafers with multiple products, or multiple package form factors
Comprehending increased purity requirements for process and materials

Need to run aluminum and copper back end in the same factory

Increasing number of processing steps coupled with process and product complexity

Need to concurrently manage new and legacy software and systems with increasingly high

interdependencies
Explosive growth of data collection/analysis requirements driven by process and modeling needs

Increased requirements for high mix factories. Examples are complex process control as frequent
recipe creation and changes at process tools and frequent quality control due to small lot sizes

Meeting factory and equipment reliability,
capability or productivity requirements per the
Roadmap

Process equipment not meeting availability, run rate, and utilization targets out of the box

Stand alone and integrated reliability for equipment and systems to keep factories operating

Increased impacts that single points of failure have on a highly integrated and complex factory

Quality issues with production equipment embedded controllers to improve equipment process
performance instability and NPW requirements

Lack of good data to measure equipment and factory effectiveness for optimization and improvement
programs

Factory capacity planning and supply chain management systems are not continuously base lined with
actual factory data creating errors

Small process windows and tight process targets at >45 nm in many modules make process control
increasingly difficult

Lack of migration paths which inhibit movement from old inefficient systems to new highly productive
systems
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Table ITWG 10

Factory Integration Difficult Challenges (continued)

Difficult Challenges < 32 nm

Summary of Issues

Meeting the flexibility, extendibility, and
scalability needs of a cost-effective, leading-edge
factory

Need to quickly convert factories to new process technologies while reusing equipment, facilities, and
skills

Minimizing downtime to on-going operations while converting factories to new technologies
Scalability implications to meet large 300 mm factory needs [40K—50K WSPM)]
Continued need to improve both throughput and cycle time

Reuse of building, production and support equipment, and factory information and control systems across
multiple technology generations

Understanding up-front costs to incorporate EFS (Extendibility, Flexibility and Scalability)
Comprehending increased purity requirements for process and materials

Accelerating the pace of standardization to meet industry needs

Meeting process requirements at 65nm and 45nm

generations running production volumes

Small process windows and tight process targets at 45 nm generations in many modules make process
control increasingly difficult

Complexity of integrating next generation lithography equipment into the factory
Overall development and volume production timelines continuing to shrink

Device and process complexity make the ability to trace functional problems to specific process areas
difficult

Difficulty in running different process parameters for each wafer while maintaining control windows and

cycle time goals

Reducing the impacts of parametric variation

Increasing global restrictions on environmental

issues

Need to meet regulations in different geographical areas

Need to meet technology restrictions in some countries while still meeting business needs
Comprehending tighter ESH/Code requirements

Lead free and other chemical and materials restrictions

New material introduction

Post-conventional CMOS manufacturing
uncertainty

Uncertainty of novel device types replacing conventional CMOS and the impact of their manufacturing

requirements will have on factory design

Timing uncertainty to identify new devices, create process technologies, and design factories in time for a
low risk industry transition

Potential difficulty in maintaining an equivalent 0.7x transistor shrink per year for given die size and cost
efficiency

Need to run CMOS and post CMOS processes in the same factory

Emerging factory paradigm and next wafer size
change

Uncertainty about the next wafer size [450mm] and the conversion timing [See Backup material as a link
in the electronic chapter at http://public.itrs.net.]

Traditional strategies to scale wafers and carriers for the next wafer size conversion may not work with
[450 mm] 25 wafer carriers and drive significant production equipment and material handling
changes

Uncertainty concerning how to reuse buildings, equipment, and systems to enable the next wafer size
conversion [to 450 mm] at an affordable cost
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e

PR BT
Table ITWG 11 Assembly and Packaging Difficult Challenges

Difficult Challenges >32nm Summary of Issues

Impact of new materials BEOL materials including Cu/low k
Direct wirebond and bump to Cu or improved barrier systems bondable pads

Bump and underfill technology to assure low-k dielectric integrity including lead
free solder bump system

Improved fracture toughness of dielectric materials

Interfacial adhesion

Reliability of first level interconnect with low

Mechanisms to measure the critical properties need to be developed
Probing over copper/low k

Singulation technology for circuits incorporating ultra low « dielectrics

Wafer Level Packaging /O pitch between 150 um and 250 um greater than 100 I/O

Solder joint reliability

Wafer thinning and handling technologies

Compact ESD structures (this applies to other package types as well)

TCE mismatch compensation for large die

Coordinated Design Tools and Simulators to Mix signal co-design and simulation environment
address Chip, Package, and Substrate Co-design | Rapid turn around modeling and simulation

Integrated analysis tools for transient thermal analysis and integrated thermal
mechanical analysis

Electrical (power disturbs, EMI, signal and power integrity associated with
higher frequency/current and lower voltage switching)

In package decoupling
System level co-design
EDA for “native” area array is required to meet the Roadmap projections

Models for reliability prediction

Embedded Components Low cost embedded passives: R, L, C
Embedded active devices at both wafer and substrate level

Wafer level embedded components

Thinned die packaging Wafer/die handling for thin die

Compatibilty of different carrier materials (organics, silicon, ceramics, glass,
laminate core)

Reliability
Testability
Thin die for embedded active devices

Electrical and optical interface integration

Close gap between chip and substrate — Increased wireability at low cost
Improved Organic Substrates Improved impedance control and lower dielectric loss to support higher
frequency applications

Improved planarity and low warpage at higher process temperatures
Low-moisture absorption
Increased via density in substrate core

Alternative plating finish to improve reliability

Tg compatible with Pb free solder processing (including rework @260C)
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Difficult Challenges > 32nm

Summary of Issues

Flexible System Packaging

Conformal low cost organic substrates
Small and thin die assembly

Handling in low cost operation

High Current Density Packages

Electromigration I
Thermal/mechanical reliability modeling.
Whisker growth

Thermal dissipation

3D Packaging

Thermal management

Co-Design and simulation tools

Wafer to wafer bonding

Through wafer Via structure and via fill process

Bumpless interconnect architecture

Fine Pitch Packages

Tighter tolerances for fine pitch BGA
Minimizing kerf loss in singulation for small outline packages
High temperature warpage for fine pitch BGA

Reliability to meet drop test requirements for mobile electronics

Difficult Challenges <32 nm

Summary of Issues

Package Cost does not follow the Die Cost
Reduction Curve

Margin in packaging is inadequate to support investment required to reduce cost

Increased device complexity requires higher cost packaging solutions

Small Die with High Pad Count and/or High
Power Density

These devices may exceed the capabilities of current assembly and packaging
technology requiring new solder/UBM with:

Improved current density capabilities

Higher operating temperature

High Frequency Die

Substrate wiring density to support >20 lines/mm
Lower loss dielectrics—skin effect above 10 GHz

“Hot spot” thermal management

System-level Design Capability for Integrated
Chips, Passives, and Substrates

Partitioning of system designs and manufacturing across numerous companies
will make optimization for performance, reliability, and cost of complex
systems very difficult.

Complex standards for information types and management of information

quality along with a structure for moving this information will be required.

Embedded passives may be integrated into the “bumps” as well as substrates.

Emerging Device Types
(Organic, Nanostructures, Biological)
that require New Packaging Technologies

Organic device packaging requirements not yet define (will chips grow their

own packages)

Biological packaging will require new interface types
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Metrology Difficult Challenges
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MODELING AND SIMULATION
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43 What is New

Modeling and Simulation Difficult Challenges

Difficult Challenges 2> 32 nm

Summary of Issues

High-frequency device and circuit modeling
for 5-100 GHz applications

Efficient extraction and simulation of full-chip interconnect delay and power consumption

Accurate and yet efficient 3D interconnect models, especially for transmission lines and S-parameters

Extension of physical device models to III/V materials

High-frequency circuit models including non-quasi-static effects, substrate noise, 1/f noise and parasitic coupling
Parameter extraction assisted by numerical electrical simulation instead of RF measurement

Scalable active and passive component models for compact circuit simulation

Co-design between interconnects and packaging

Front-end process modeling for nanometer
structures

Diffusion/activation/damage/stress models and parameters including SPER and low thermal budget processes in
Si-based substrate, that is, Si, SiGe:C, Ge, SOI, epilayers, and ultra-thin body devices

Modeling of epitaxially grown layers: Shape, morphology, stress
Characterization tools/methodologies for ultra shallow geometries/junctions and low dopant level
Modeling hierarchy from atomistic to continuum for dopants and defects in bulk and at interfaces

Front-end processing impact on reliability

Integrated modeling of equipment, materials,
feature scale processes and influences on
devices

Fundamental physical data (e.g., rate constants, cross sections, surface chemistry for ULK, photoresists and high-x
metal gate); reaction mechanisms, and simplified but physical models for complex chemistry and plasma
reaction

Linked equipment/feature scale models (including high-k metal gate integration, damage prediction)
CMP, etch, electrochemical polishing (ECP) (full wafer and chip level, pattern dependent effects)
MOCVD, PECVD, ALD, electroplating and electroless deposition modeling

Multi-generation equipment/wafer models

Lithography simulation including NGL

Optical simulation of resolution enhancement techniques including mask optimization (OPC, PSM)

Predictive resist models (e.g., mesoscale models) including line-edge roughness, etch resistance, adhesion, and
mechanical stability

Methods to easily calibrate resist model kinetic and transport parameters
Models that bridge requirements of OPC (speed) and process development (predictive)

Experimental verification and simulation of ultra-high NA vector models, including polarization effects from the
mask and the imaging system

Models and experimental verification of non-optical immersion lithography effects (e.g., topography and change of
refractive index distribution)

Multi-generation lithography system models
Simulation of defect influences/defect printing

Modeling lifetime effects of equipment and masks

Ultimate nanoscale CMOS simulation
capability

Methods, models and algorithms that contribute to prediction of CMOS limits

General, accurate and computationally efficient quantum based simulators

Models and analysis to enable design and evaluation of devices and architectures beyond traditional planar CMOS
Gate stack models for ultra-thin dielectrics

Models for device impact of statistical fluctuations in structures and dopant distribution

Material models for stress engineering.

Physical models for stress induced device performance

Thermal-mechanical-electrical modeling for
interconnections and packaging

Model thermal-mechanical, thermodynamic and electronic properties of low «, high «, and conductors for efficient
in-chip package layout and power management, and the impact of processing on these properties especially for
interfaces and films under 1 micron dimension

Model reliability of packages and interconnects (e.g., stress voiding, electromigration, piezoelectric effects; textures,
fracture, adhesion)

Models for electron transport in ultra fine patterned conductors.
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Table ITWG 15 Modeling and Simulation Difficult Challenges (continued)

Difficult Challenges < 32 nm

Summary of Issues

Modeling of chemical, thermomechanical,
and electrical properties of new materials

Computational materials science tools to describe materials properties, process options, and operating behavior for
new materials applied in devices and interconnects, including especially for the following: Gate stacks,
predictive modeling of dielectric constant, bulk polarization charge, surface states, phase change,
thermomechanical (including stress effects on mobility), optical properties, reliability, breakdown, and leakage
currents including band structure, tunneling from process/materials and structure conditions. Models for air gap
and novel integrations in 3D interconnects including data for ultrathin material properties. Linkage with first
principle computation and reduced model (classical MD or thermodynamic computation). Accumulation of
databases for semiempirical computation. Models for new ULK materials that are also able to predict process
impact on their inherent properties.

Prediction of dispersion of circuit parameters

Computer-efficient inclusion of influences of statistics (including correlations) before process freeze,

quantum/ballistic transport, etc., into compact modeling

Efficient extraction of circuit-level variations from process and device simulation

Nano-scale modeling

Process modeling tools for the development of novel nanostructure devices (nanowires, carbon nanotubes

(including doping), quantum dots, molecular electronics)

Device modeling tools for analysis of nanoscale device operation (quantum transport, resonant tunneling,
spintronics, contact effects)

Optoelectronics modeling

Materials and process models for optoelectronic elements (transmitters and receivers). Coupling between electrical
and optical systems, optical interconnect models, semiconductor laser modeling.

Physical design tools for integrated electrical/optical systems
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