FEP
RAM FeRAM

(Starting Materials)
(Thermal/Thin Films)
(Doping) FEP
DRAM

Gate Structure) FeRAM

FEP

(Process Integration, Devices, and Structures)

Mechanical Polish

FEP
(Environment, Safety, & Health)
Simulation) FEP
(Factory Integration)

MOSFET DRAM

MOSFET

(Surface Preparation) /
(STI: Shallow Trench Isolation)
(Plasma Etching)
(DRAM Stack and Trench Capacitors)
(FERAM Storage Devices)

(Flash Memory

FEP
/
CMP : Chemical
(Interconnect)
Yield Enhancement (Metrology)

(Modeling &
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A: GATE STACK (INCLUDING FLASH) AND SIDEWALL SPACERS B: SOURCE/DRAIN — CONTACT AND EXTENSION

C: ISOLATION D: CHANNEL DOPING

E: WELL DOPING F: DRAM STACK /TRENCH CAPACITOR & FERAM STORAGE
STRUCTURES

G: STARTING MATERIAL H: CONTACTS

I: PRE-METAL DIELECTRIC LAYERS

43 Front End Processes Chapter Scope
( 43 I: Pre-Metal Dielectric Layers ITRS 2003 FEP )

(DIFFICULT CHALLENGES)

(GRAND CHALLENGEYS)
MOSFET (Moore’s Law)
CMOS
CMOS
MOSFET SOI
CMOS
PIDS emerging research devices 2008

68
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MOSFET
2005 65nm MOSFET
ITRS 1999 65nm
2001
high-k high-k
CMOS
2006
high-k
high-k 2006
CMOS
CMOS
SOI
68a Front End Processes Difficult Challenges—Near-term
MPU/ASIC Ph;;i:(‘)ubfgiaztg OLQength >20 nm/ Summary of Issues

New gate stack processes and materials

Extension of oxynitride gate dielectric materials to < 1.0 nm E.O.T for high performance MOSFETs,
consistent with device reliability requirements

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

CMOS integration of enhanced channel mobility, e.g., strained layers

Control of boron penetration from doped polysilicon gate electrode

Minimized depletion of dual-doped polysilicon electrodes

Introduction of dual metal gate electrodes with appropriate work function (toward end of period)

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

Critical dimension and effective channel
length (Lefr) control

Control of gate etch processes that yield a physical gate length that is smaller than the feature size
printed in the resist, while maintaining <10% 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 Legr control

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 inter-poly and tunnel dielectric layers may require high k

Limited temperature stability of high-k and ferroelectric materials challenges

CMOS Integration
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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

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 (=Vy4/lon)

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

Metrology issues associated with 2D dopant profiling

68b

Front End Processes Difficult Challenges—Long-term

MPU/ASIC Physical Gate Length <20 nm/

Beyond 2009

Summary of Issues

Continued scaling of planar CMOS devices

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

Sheet resistance of clad junctions

CD and Legr control

Chemical, electrical, and structural characterization

Introduction and CMOS integration of non-standard, Devices are needed starting from 2011 and may be needed as early as 2007 (this is a

double gate MOSFET devices

backup for high-kx materials and metal gates on standard CMOS)
Selection and characterization of optimum device types
CMOS integration with other devices, including planar MOSFETs
Introduction, characterization, and production hardening of new FEP unit processes
Device and FEP process metrology
Increased funding of long term research

Role of SOI utilization (and structural configuration) for advanced non-classical
CMOS

Starting silicon material alternatives greater than Need for future productivity enhancement dictates the requirement for a next
300 mm diameter require the start of wafer
manufacturing development in year 2003

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 2011 as currently
forecasted, wafer-manufacturing development should be implemented eight
years earlier, e.g., 2003.

New memory storage cells, storage devices, and memory| - Scaling of DRAM storage capacitor beyond 6F

architectures

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 Achievement and maintenance of structural, chemical, and contamination control of

compositional control

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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High-k MIM(metal-insulator-metal)
DRAM
high-k
FeRAM  MRAM
SOI FEP
450 mm
SOI
2011
2003
DRAM
MOSFET DRAM
CDh
high-k

CMOS
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— 69a 69 DRAM MPU
SOI
69a 69b
DRAM
MPU 69a 69b
Technology requirements value, supplier manufacturing capability cells and metrology readiness capability cells.

Technology Requirements Metrology
Value and Supplier Manufacturing Capability Readiness
Capability

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

— CZ Czochralski
SOI(Silicon-on-Insulator)
SOI FinFET
DRAM

COP Crystal Originated Pits

Cz

(STI; Shallow Trench Isolation)

69a 6% CZ SOI

— SOI

Manufacturable solutions are NOT known ;

1 CD Critical Dimension

DRAM

EOT
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69a Starting Materials Technology Requirement—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
IDRAM ¥ Pitch (nm) 100 90 80 70 65 57 50 D'
IMPU/ASIC Physical Gate Length (nm) 45 38 32 28 25 23 20 M
IDRAM Total Chip Area (mmz) 139 110 82 122 97 131 104 D'
IDRAM Active Transistor Area (mmz) 36.7 291 22.7 35.5 28.2 43.3 34.3 D%
WPU High-Performance Total Chip Area (mmz) 310 310 310 310 310 310 310 M
WMPU High-Performance
. . 2 32.6 321 31.7 31.7 31.7 31.7 31.7 M

ctive Transistor Area (mm”)
General Characteristics * (99% Chip Yield) [A,B,C]
Wafer diameter (mm) ** 300%** 300%** 300 300 300 300 300 D% M
\Edge exclusion (mm) 2 2 2 2 2 2 2 D Y2, M
mett surface particle size (nm), latex sphere >90 >90 >90 >90 >90 >90 >90 D v M
lequivalent [D]

Particles (cm,g) [E] <0.35 <0.35 <0.35 <0.18 <0.18 <0.09 <0.09 D

Particles (#/wf) <238 <238 <241 <123 <123 <63 <63 D
zzjteﬂatness (nm), SFOR 26mm x 8mm site size [F, <101 <90 <80 <71 <64 <57 <51 D 1% M|
NQa]notopogmphy, p-v, 2mm diameter analysis area <5 <3 <0 <18 <16 ‘. <14 ‘. <13 M
\Polished Wafer * (99% Chip Yield)
The LLS requirement is specified for particles only; discrimination between particles and COPs is required (see General Characteristics) [D,E]

. . . —2

;)é]zdatmn stacking faults (OSF) (DRAM) (cm ) <19 <16 <14 <12 <1.0 <0.8 <0.7 D%
Oxidation stacking faults (OSF) (MPU) (cmfz) [G] | <0.6 <0.5 <0.4 <0.3 <0.3 <0.2 <0.2 M
\Epitaxial Wafer * (99% Chip Yield)
Total Allowable Front Surface Defect Density is The Sum of Epitaxial Large Structural Defects, Small Structural Defects and Particles
(see General Characteristics) [H, 1]
ILarge structural epi defects (DRAM) (cmiz) [J] <0.007 <0.009 <0.012 <0.008 <0.010 <0.008 <0.010 D%
ILarge structural epi defects (MPU) (cmiz) [J] <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 M
\Small structural epi defects (DRAM) (cmiz) [K] <0.014 <0.018 <0.024 <0.017 <0.021 <0.015 <0.019 D
\Small structural epi defects (MPU) (cmiz) [K] <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 M

Technology requirements value, supplier manufacturing capability cells and metrology readiness capability cells.

Technology Requirements Metrology
Value and Supplier Manufacturing Capability Readiness
Capability

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known _
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69a Starting Materials Technology Requirement—Near-term (continued)
Year of Production 2003 2004 2005 2006 2007 2008 2009 |Drive
Technology Node hp90 hp65
IDRAM ¥ Pitch (nm) 100 90 80 70 65 57 50 D%
IMPU/ASIC Physical Gate Length (nm) 45 38 32 28 25 23 20 M
\Silicon-On-Insulator Wafer* (99% Chip Yield)[R]
\Starting silicon layer thickness 3 83
(Partially Depleted) (tolerance = 5%, 30) (nm) [L] 78-133 67-115 56-100 53-91 44-76 40-70
\Starting silicon layer thickness
(Fully Depleted) (tolerance + 5%, 30) (nm) [M] 2 21-39 20-36 s e S fimed
\Buried oxide (BOX) thickness
(Fully Depleted) (tolerance + 5%, 30) (nm) [N] 68-112 56-94 Y Uy < 89 202
—2
Drasor Large area SOTwafer defects (DRAM) (em *)| <0007 | | <0.009| |<0.012| |<0.008 [l <0.010 [l <0.008 [ <0.010 [ D 4
/0] <0. <0. <0. <0. <0. <0. <0.
—2
Drasor, Large area SOT wafer defects (MPU) (em °) | qo 03|  |<0.003|  |<0.003| |<0.003 [l <0.003 [l <0.003 [l <0.003 [ M
0] <0. <0. <0. <0. <0. <0. <0.
X —2
Dsasor Small area SOI wafer defects (DRAM) (em *) | ¢ 137 | |<0173|  |<0221| |<0.142 [l <0.178 [ <0.116 [ <0.145 [l D -
P <0. <0. <0. <0. <0. <0. <0.
. —2
Dsasor, Small area SOTwafer defects (MPU) (em =) | ¢ 154 | |<0156| |<0.159| |<0.159 Ml <0.150 (M <0.150 [ <0.150 [ M
/P <0. <0. <0. <0. <0. <0. <0.
* 99
99
ok 90nm 200
300 200 90
ok So1 200
300
Technology requirements value, supplier manufacturing capability cells and metrology readiness capability cells.
Technology Requirements Metrology
Value and Supplier Manufacturing Capability Readiness
Capability
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Manufacturable solutions are NOT known _
69a 69b
12
[A] 3 ()1
EOT=Inm C-v 50
\% (b) Fe, Ni, Cu, Cr, Co; Al, Zn
(c) Ca
lel0/cm’
100 Si 10 =73el3  /em’
/ 0.1 lel4 /em’
Si
Si Fe
le10/cm® 3 T, p Si

L' pw. Mertens, T. Bearda, M. Houssa, L.M. Loewenstein, I. Cornelissen, S. de Gendt, K. Kenis, I. Teerlinck, R. Vos, M. Meuris and
M.M. Heynes, "Advanced Cleaning for the Growth of Ultrathin Gate Oxide," Microelectronic Engineering 48, 199-206 (1999).

2 T Bearda, S. de Gendt, L. Loewenstein, M. Knotter, P. Mertens and M. Heyns, "Behaviour of Metallic Contaminants During MOS
Processing," Solid State Phenomena, 65-66, 11-14 (1999).

5 G. Zoth and W. Bergholtz, "A Fast, Preparation-Free Method to Detect Iron in Silicon," J. Appl. Phys., 67, 6764—6771, (1990).

THE INTERNATIONAL TECHNOLOG

Y ROADMAP FOR SEMICONDUCTORS: 2003



SPV Fe (/em?) (/em?)
T, 2(LY/D, L
D, 27 ¢
2 20m
SPV, PDC
SPV
5 20Qcm Si
05 V Us 50 V
ITRS2004 update
T, (LYD, Us T, 2(L*/D,
350
ITRS2004 update
(B]
CD 0.lnm RMS)
[C]
18-31ppma ASTM F121-79 SEMI M44-0702 >
BMDs: Bulk Micro Defects
BMD
IC 6
BMD
BMD IC le8/cm’
BMD ASTM F-1233
[D] K/F, [K=1] F DRAM 12
KF 69a  69b
90nm 45nm 90nm
Maly
7Y = exp [-(DpRp) Actl At A 2.5%F°TH(1-aF T/Aip) Acnip¥0.18 a
DRAM 72a T 1
R, DRAM 0.2 LSE
Latex Sphere Equivalent:
SOl 120-150nm

“w. Shockley, Electrons and Holes in Semiconductors, p.69, Princeton: D. Van Nostrand Co., Inc. 1950.
’ n.a., SEMI M44-0702, "Guide to Conversion Factors for Interstitial Oxygen in Silicon", SEMI (Semiconductor Equipment and

Materials International), San Jose, CA, July 2002.

S K. Sueoka et al., Oxygen Precipitation Behavior and Its Optimum Condition For Internal Gettering and Mechanical Strength in

Epitaxial And Polished Silicon Wafers, ECS PV 2000-17, 164—179 (2000).

7 W. Maly, H.T. Heineken, and F. Agricola. “A Simple New Yield Model.” Semiconductor International, number 7, 1994, pages

148-154.
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(E]

SOI

69

T W Si D
H [(XD+xT+W)— (T +W)] H=[(xD) — (1-x)T]
x=0.6
2 CD 100
D D=[(2/0.6) (F) +(0.4/0.6) (T)] F T nm
T 100nm 99 Y =
exp('DP Rp Aeff) Rp=1.0 Acr = Achip x 0.03 x 0.8 0.03
3 0.8 80
Dp Y=99
2 IC 1
2CD 100
2 60
Si
T=0
10mm

100 80

Y = exp(-Dp Rp Aetr ) US ITRS2004update
[F]

SFSR
SFQR
26mm  8mm
22mm  22mm
DRAM 1/2 F

[G] OSF Oxidation Stacking Fault: K; F '# F nm
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K;=2.75x1073

[H]

(1]

[J]

exp(-Drap Riap Achip)

05

Surface Inspection System

(K]
Achip) !
DRAM

(L]
+ 25

2003 2009

2009

[(M]

I+

25

OSF

2-10mm
p/p-

COP
Iuym
1 dm
RSF:O.S
MPU

PD: Partially Depleted

FD: Fully Depleted

Rpap=1

Achip

11

1100 1

I+

300mm
cop

p/p+

99

Asip DRAM

99
DRAM

MPU

10nm

10nm

p/p+
200mm

MPU

SSIS Scanning

Y = exp(-Dsr Rsr

MPU

20nm

2009

MPU

0.4

8 M. Kamoshida. “Trends of Silicon Wafer Specifications vs. Design Rules in ULSI Device Fabrication. Particles, Flatness and
Impurity Distribution Deviations.” DENKI KAGAKU, number 3, pages 194-204, 1995.
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2003 2009 10nm 20nm
[N] FD BOX(Buried Oxide) MPU 2
BOX FD-SOI
BOX + 25
PD-SOI BOX BOX
BOX SOI

BOX PD-SOI BOX 100-200nm
[O] SOI LASOI defect: Large Area SOI defect 99 Y = exp(-Drasor Rrasor
Aaip) Drasor = LASOI Reasor =1.0 ( )-
[P] SOI SASOI defect: Small Area SOI defect 99 Y = exp(-Dsasor Rsasor
Achip) 7 DSASOI = SASOI RSASOI =0.2 ( ) SASOI
COP SOI SiO, SASOI LLS: Localized Light
Scattering o 10
[Q] 2mm P-V Peak-to-Valley 180-90nm 100nm

P-v CD/4
[R]
CVD
mm cm
10cm y Bow Warp
Icm 1y 1
mm 10nm
CMP

FD-SOI

Y. Omura, S. Nakashima, K. Izumi, and T. Ishii, IEDM Tech. Digest, 0.1 um-Gate, Ultrathin-Film CMOS Devices Using SIMOX
Substrate with 80-nm-Thick Buried Oxide Layer, p. 675-678 (1991).

0 w. P. Maszara, R. Dockerty, C.F.H. Gondran and P.K. Vasudev. "SOI Materials for Mainstream CMOS Technology." in
Silicon-On-Insulator Technology and Devices VIII, S. Cristoloveanu, P.L.F. Hemment, K. Izumi and S. Wilson editors, PV 97-23, pp.
15-26, The Electrochemical Society Proceeding Series, Pennington, NJ (1997).

"I H. Aga, M. Nakano and K. Mitani. "Study of HF Defects in Thin Bonded SOI Dependent on Original Wafers." Extended Abstracts
of the 1998 International Conference on Solid State Devices and Materials, pp. 304305, Hiroshima (1998).
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69b Starting Materials Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018 Driver
Technology Node hp45 hp32 hp22
\DRAM : Pitch (nm) 45 35 32 25 22 18 D
\MPU/ASIC Physical Gate Length (nm) 18 14 13 10 9 7 M
IDRAM Total Chip Area (mmz) 83 104 83 104 138 87 D%
\DRAM Active Transistor Area (mmz) 27.3 34.3 27.3 343 52.7 217 D%
\MPU High-Performance Total Chip Area (mmz) 310 310 310 310 310 310 M
\MPU High-Performance Active Transistor Area (mmz) 317 317 317 317 317 317 M
General Characteristics * (99% Chip Yield) [A, B, C]
Wafer diameter (mm) 300 300 300 450 450 450 D %2,M
Edge exclusion (mm) 2 2 2 D%, M
fgzz}tas}zgt’a[cg ]particle size (nm), latex sphere >90 >65 >65 >65 >45 >45 D 1M
Particles (cmﬁz) [E] <0.09 <0.09 <0.09 <0.04 <0.05 <0.06 D ¥,M
Particles (#/wf)
Site flatness (nm), SFQR 26mm x 8mm site size [F, R]

Nanotopography, p-v, 2mm diameter analysis area [Q]
[Polished Wafer * (99% Chip Yield)

The LLS requirement is specified for particles only; discrimination between particles and COPs is required (see General Characteristics) [D, E]

Oxidation stacking faults (OSF) (DRAM) (cmﬁz) [G] <0.6 <04 <04 <0.3 <0.2 <0.2 D
H h H <0.06 hﬁh M

Oxidation stacking faults (OSF) (MPU) (cmiz) [G] <0.2 <0.1 <0.1 <0.07
Epitaxial Wafer * (99% Chip Yield)

Total Allowable Front Surface Defect Density is The Sum of Epitaxial Large Structural Defects, Small Structural Defects and Particles
(see General Characteristics) [H, 1]

Large structural epi defects (DRAM) (cmiz) [J] <0.012 <0.010 <0.012 <0.010 <0.007 <0.012 D7
\Large structural epi defects (MPU) (cmﬁz) [J] <0.003 <0.003 <0.003 <0.003 <0.003 <0.003 M
Small structural epi defects (DRAM) (cmﬁz) [K] <0.024 <0.019 <0.024 <0.019 <0.015 <0.023 D
Small structural epi defects (MPU) (cmiz) [K] <0.006 <0.006 <0.006 <0.006 <0.006 <0.006 O
Silicon-on-Insulator Wafer* (99% Chip Yield) [R]

Wafer diameter (mm) 300 300 300 450 450 450 D%, M
Pariaty Deplted toloranee %, 30y 1y | -5 || 948 | | a2 | | 5% | |m@| 2w | M
Starting silicon layer thickness

(Fully Depleted) (tolerance + 5%, 30) (nm) [M]

Buried oxide (BOX) thickness
(Fully Depleted) (tolerance + 5%, 30) (nm) [N]

\Dr 4501 Large area SOI wafer defects (DRAM) (cmig)
(0]
D1 asor, Large area SOI wafer defects (MPU) (cmiz)

l 13-14 . 12-14 M
Bl

<0.007 <0.012

<0.003 I <0.003 <0.003

(0]

-2
%4 son Small area SOI wafer defects (DRAM) (cm ) <0184 . <0.095 <0.181
. —2
ﬁg]ASOI, Small area SOI wafer defects (MPU) (cm ) <0.159 . <0.159 <0.159
* 99
99

Technology requirements value, supplier manufacturing capability cells and metrology readiness capability cells.

Technology Requirements Metrology
Value and Supplier Manufacturing Capability Readiness
Capability

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known ;
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IC
1
40 IC
CoO
99
CoO Cost of Ownership —
IC
IC
" CoO IC
70a 70b IC

95

VS.

15

50

Fe
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100%
CoO 100%
100%
Link to the models paper and the excel spread sheet.
— 69a
69b
SOl
Si
69a 69b
ITRS
ITRS
2003
SOI
COP BMD
BMD
SiOx
Do
69a 69b
EOT 2nm
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69a 69b
SO1 >1pum) (<1 pm)
SOI COP
SO1 SO1
ITRS1999
SO1 SO1
BOX SO1
U
100 copr
SiO nm lym
ITRS SO1
— 44
Link to the
Starting Materials Roll Up of DiffICult Challenges (near and long term). 69a, 69b 44
300mm DRAM
300mm 200mm
300mm
200mm 300mm
200mm
200mm 300mm
SO1
SO1 Si BOX
90nm
90nm SOI

120-150nm SO1 90nm
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90nm
SOI
SOl
Si:Ge
SOI 69a 69b SOI
IC Si BOX
SOl SOI
ITRS BOX 2
2001 ITRS SOl 2003
PD FD
2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 |
Technology Node hp9o hp65 hp4s hp32 hp22 hp16
300 mm LEADING EDGE
Materials selection
Defect Engineered
CZ wafers include: CZ wafers
*P/P+ and P/P++ epi -
P/P-epi Defect-engineered
-annealed wafers CZ waters
slow pull/slow cool
Emerging materials
(strained materials/layers, high resistivity, etc.)
SOl includes: \ \ \ \
« bonded wafers
* SIMOX wafers ' wif(ilrs
« selective soi areas
within the IC chip
0 0 450 mm
Wafer diameter o
Double-sided polish
. New technology (includes CMP;
Site flatness orientation dependent etch; localized etch;
olog olog localized deposition + blanket etch or
CMP; blanket layer + blanket etch or CMP
I Research Required [N Development Underway Qualifi re-P V7777722 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

44 Starting Materials Potential Solutions
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— 44
Cz COP
Ccz
Ccop DRAM
COopP
70nm DRAM
defect-engineered
100 Ohm-cm
(PIDS
).
p cz p/p" plp"
Q-cm
pp" php”
p/p’ COP
IC p/p
BMD pt p” .
IC
STI
BMD
CMOS
SOl
SOI SOI
SOI FinFET
CMOS CMOS
SO1
Moore 45nm SOI
IC
IC SOI
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— ITRS

Si:Ge
Si:Ge
PD

Moore

“Emerging Materials” details.

300mm

1990

450mm

ITRS
Si:Ge
SGOI Si:Ge
FD
SSOI FD PD
ITRS 69a 69b
SOI
44 SOI
1
— 1999 300mm
300mm 300mm
1C
200mm 3 CoO
450mm 2011
2005 450mm
— 400mm
“450mm 7
ITRS
ITRS
PIDS 200mm

SEMATECH
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2020 675mm
2011 450mm 675mm
SOI
Moore
IC
TWG 44
300mm
IC 65nm
44
high-k
70a 70b
2003
2008 high-k
SOI
Si
SOI

Si SiGe
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ESH
and Health

high-k

high-
MPU DRAM

high-k
Si

Environment, Safety

(Chemical Restrictions Table)

2003
70a Surface Preparation Technology Requirements—Near-term
Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50 D"
MPU/ASIC % Pitch (nm) 107 90 80 70 65 57 50 M
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28 M
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20 M
Wafer diameter (mm) 300 300 300 300 300 300 300 D% M
Wafer edge exclusion (mm) 2 2 2 2 2 2 2 D% M
Front surface particles
Killer defect density, DpR,, (#/sz) [A] 0.0172 | 0.0217 | 0.0283 | 0.0185 | 0.0233 | 0.0158 | 0.0199 D%
Critical particle diameter, d; (nm) [B] 50 45 40 35 32,5 28.5 25 D%
Critical particle count, Dy, (#/wafer) [C] 59 75 97 64 80 54 68 D7
Back surface particles [D][E]* NA NA NA NA NA NA NA NA
Critical GOI surface metals (1010 atoms/cmz) [F] 0.5 0.5 0.5 0.5 0.5 0.5 0.5 M
Critical other surface metals (1010 atoms/cmz) [F] 1 1 1 1 1 1 1 M
Mobile ions (10'° atoms/cm?) [G] 1.8 1.9 1.9 2 2.2 2.4 2.5 M
Surface carbon (10" atoms/em?) [H] 1.8 1.6 1.4 1.3 1.2 1 09 | D4 M
Surface oxygen (1013 atoms/crnz) m 0.1 0.1 0.1 0.1 0.1 0.1 0.1 M
Surface roughness LVGX, RMS (A ) [J] 4 4 4 4 4 4 4 M
Silicon loss (A) per cleaning step [K] 1.2 1.0 0.8 0.7 0.5 M
Oxide loss (A) per cleaning step [L] 1.2 1.0 0.8 0.7 0.5 M

* 2003 [D]

Manufacturable solutions exist, and are being optimized

(E]

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known
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70b Surface Preparation Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018 Driver
Technology Node hp45 hp32 hp22
DRAM Y Pitch (nm) 45 35 32 25 22 18 DY
MPU/ASIC ¥: Pitch (nm) 45 35 32 25 22 18 M
MPU Printed Gate Length (nm) 25 20 18 14 13 10 M
MPU Physical Gate Length (nm) 18 14 13 10 9 7 M
Wafer diameter (mm) 300 450 450 450 450 450 D% M
Wafer edge exclusion (mm) 2 2 2 2 2 2 D% M
Front surface particle
Killer defect density, DpR, (#/cmz) [A] 0.0250 | 0.0199 | 0.0250 | 0.0199 | 0.0136 | 0.0215 DY
Critical particle diameter, d. (nm) [B] 225 17.5 16 12.5 1 9 D"
Critical particle count, Dp,, (#/wafer) [C] 86 ‘ 155 195 155 ‘ 106 168 ‘ D"
Back surface particles [D][E]* NA NA NA NA NA NA
Critical GOI surface metals (1010 atoms/cmz) [F] 0.5 0.5 0.5 0.5 0.5 0.5 MPU
Critical other surface metals (1010 atoms/cmz) [F] 1 1 1 1 1 1 MPU
Mobile ions (10]0 atoms/cm2) [G] 25 25 24 24 23 2.3 MPU
Surface carbon (1013 atoms/cmz) [H] 0.9 0.9 0.9 0.9 0.9 0.9
Surface oxygen (1013 atoms/cmz) mn 0.1 0.1 0.1 0.1 0.1 0.1 D% M
Surface roughness LVGX, RMS (A ) [J] 2 2 2 2 2 2
Silicon loss (A) per cleaning step [K] M
Oxide loss (A) per cleaning step [L] M
* 2003 (D] (E]
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4
Manufacturable solutions are NOT known !
70a  70b
[A] 99% Y=0.99=exp[-DpRpAcr] Actr
D, R,
DpRp R,
de
R, 02 DRAM Ag=2.5F*T+(1-aF>T/Achip) *0.6 Achip
F a T DRAM
Aaip DRAM MPU Aet=aT(GLY’ GL At
DyRy
[B] de 172 Yield Enhancement

de
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[C] R, 02

/ [Rp*3.14159%( —
)] /

— 2
Daltemate_Dcritical*(dcritical/ daltemate) .

* [D] [E] 2003
(DOF)
DOF 12
2003 DOF 04pm
0.2um
2003 0.2um 400
[F]
3 2 B:@a)Na K
- (CV) 50mV
;0)Ni Cu Cr Co Hf Pt (c)Ca Ba Sr Fe
GOI(Gate Oxide Integrity) ()%
GOI
1 (EOT )
high-k
SOl

12 Mertens, P. W., "Advanced Cleaning Technology," UCPSS 2000, Ostende, Belgium, invited tutorial, pp. 31-48 (2000).

13 Mertens, P. W,, et. al., "Recent Advances in Wafer Cleaning Technology," Semicon Europa Front End Technology Conference,
Munich, 24 April (2001).

4 P W. Mertens, T. Bearda, M. Houssa, L. M. Loewenstein, 1. Teerlinck, R. Vos, I. Cornelissen, S. De Gendt, K. Kenis, M.
Meuris and M. M. Heyns; “ Advanced cleaning for the growth of ultrathin gate oxide”, presented at the 11th International
Conference on Insulating Films on Semiconductors, Erlangen, Germany, June 16-19, 1999, in Microelectronic Engineering, 48, p.
199 (1999).
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[G] D (ATVV)
ATVV 1999 ITRS 28a 15
LOP LSTP ATVV 3%
(PIDS ) ATVV 5%
*ATVV*0.05) Cgate Si02 q
D; = ((3.9%8.85)/1.6)* (0.05*ATVV/EOT)*10° ATVV
EOT nm (PIDS LOP LSTP )
D; ATVV EOT D;
[H] 180nm
10% (7.3E+13 Jem?) 180nm
(Y DRAM ¥ pitch) De=(CD/180)(7.3E+13)
0| Si  SiGe
in-situ
pre-bake 1E+13 Jem®
70 70 0.1x10* atoms/cm?
1E+13/cm’
high-
[J] 2001 ITRS 10
AFM 2 RMS
(LVGX)
( )

RMS AFM

TCAD
PIDS

2003

Di :l/q(Cgate

mV

39

CD
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(K]

IC

(L]

(Ids)

1.0

90nm

65nm

(2009

(Ids)
1.0 65nm
2
IC
0.5
2008 04
45
CO2
45nm
)
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2004 2007 2010 2013 2016 2019
2003 | 20052006 | 20082009 | 20112012 | 20142015 | 2017 2018 |

Technology Node hp90 hp65 hp45 hp32 hp22 hp16

Interface control for deposited
high-k dielectrics, epitaxial Si, and
SiGe/strained Si

Improved ex-situ passivation W

Y S

Integrated surface preparation* W

Chemically compatible high-k
removal after gate definition

Dry/wet combination cleans

Wet chemical cleans -W////
Dry chemical cleans -W
Alternative integration schemes -W//////

Removal of small particles without
etch of underlying or surrounding
materials and without structural
damage

Advanced non-damaging megasonics

Aerosol techniques (cryogenic, fluid)

Advanced surfactants

Supercritical fluids

Cleaning and drying high aspect
ratio structures (e.g. deep trenches,
cylindrical capacitors)

— wetting structures

— contaminant removal

— stiction-free liquid removal

Alcohol-based drying

Advanced surfactants

Advanced non-damaging megasonics

Displacement fluids

Supercritical fluids

Gas phase cleaning

I Rescarch Required [N Development Underway Qualification/Pre-P i V777722 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

uv

45 Surface Preparation Potential Solutions
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ESH
ESH CoO
RCA
193nm 157nm
CoO
300mm
CoO
Environment, Safety and Health
(Chemical Restrictions Table)
( )
2 1) (
<1.0nm) ;2) DRAM
5 3) ; 4)
PIDS
5
; ( ) Si (
)high-k (
)
CMOS
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70nm

Hf

1nm

~1.5 nm

(2006)
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7la b

Si0,
(  1nm)

DRAM

71a Thermal and Thin Film, Doping and Etching Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM : Pitch (nm) 100 90 80 70 65 57 50 DRAM
MPU/ASIC ¥ Pitch (nm) 107 90 80 70 65 57 50 MPU
MPU Printed Gate Length (nm) 05 53 45 40 35 32 28 MPU
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20 MPU
Equivalent physical oxide thicki
quivalent physical oxide thickness for 13 1.2 11 1.0
MPU/ASIC Ty (nm) [A, Al]
Gate dielectric leakage at 100°C (nA/um) 100 170
High-performance [B, Bl, B2]
Physical gate length low operating power 65 53
(LOP) (nm)
Physical gate length low standby power (LSTP)
75 65
(nm)
Equivalent physical oxide thickness for low 16 15
operating power T,y (nm) [4, A1] ) ’
Gate dielectric leakage (nA/um) LOP [B,B1, 0.33 1.0
B2]
Equivalent physical oxide thickness for low 22 21
standby power Ty, (nm) [A, Al] ) ’
Gate dielectric leakage (pA/um) LSTP [B, Bl,
3 3
B2}
Thickness control EOT (% 30) [C] <4 <t4
Gate etch bias (nm) [D] 20 16
Lgare 30 variation (nm) [E] 4.46 3.75
Total maximum allowable lithography 3o (nm) 3.99 3.35
[F]
Total maximum allowable etch 3o (nm),
including photoresist trim and gate etch [F] 199 ¢ 108
Resist trim maximum allowable 3a (nm) [G] |- ®—1.16 | & 0.97
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Gate etch maximum allowable 3o (nm) [G] 1.62 137 0.91 0.80 0.73 MPU/ASIC
CD bias between dense and isolated lines [H] <15% ¢ <15 <15% <15% <15% S /9 VM PU/ASIC
Minimum measurable gate dielectric remaining| >0 e >0 >0 >0 >0 >0 >0 MPU/ASIC
(post gate etch clean) [1]

Profile control (side wall angle) [J] >89 +—90 90 90 90 920 90 MPU/ASIC
PIDS Assumed Device Structure* Enhanced Planar Bulk CMOS FDSOI, Elev. Contact *

Drain extension Xj (nm) [K] 24.8 20.4 17.6 15.4 13.8 8.8 8.0 MPU/ASIC
Maximum drain extension sheet resistance

(PMOS) (Ysq) [L] 545 663 767 833 884 1739 1800 |MPU/ASIC
Maximum drain extension sheet resistance

(NMOS) (Vsq) [L] 255 310 358 389 412 811 840 MPU/ASIC

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

4

71a Thermal and Thin Film, Doping and Etching Technology Requirements—Near-term (continued)

Year of Production 2003 2004 2005 2006 2007 2008 2009 Driver
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50 DRAM
MPU/ASIC ¥ Pitch (nm) 107 90 80 70 65 57 50 MPU
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28 MPU
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20 MPU
Extension lateral abruptness
(nm/decade) [M] 5 4.1 3.5 3.1 2.8 TBD TBD MPU/ASIC
Contact Xj (nm) [N] 49.5 40.7 35.2 30.8 275 NA NA MPU/ASIC
Sidewall spacer thickness (nm) 49.5 40.7 35.2 30.8 277 NA NA  |MPU/ASIC
extension structure [O]
Spacer thickness, elevated contact _ 20.4 MPU/ASIC
[P]
?g]x"’"”’” silicon consumption (nm) | 54 g 20.4 17.6 15.4 13.8 13.2 120  |mPUMSIC
Silicide thickness (nm) [R] 25 20 21 19 17 16 14 MPU/ASIC
Contact silicide sheet Rs (Vsq) [S] 6.5 7.9 7.5 8.6 9.6 10.0 1.1 MPU/ASIC
Contact i iStivit

OIS AV TSIy #1.93E-07| 1.62E-07 | 1.44E-07 | 1.20E-07 | 1.05E-07 [y =R (AN RAIR A \/PU/ASIC

Q-cm”) [T]
Gate electrode thickness (nm) [U] 45-90 37-34 32-64 30-60 22-44 v\ 27 LR \/PU/ASIC
Gate depletion: required EOT based on gate choice [V]

3 .
l;fyr the case of 1E20/cm™ poly doping| 1.42 1.32 1.09 MPU/ASIC
3 .

1[’ ;]r the case of 2E20/cm” poly doping| 4 gg 1.59 1.38 1.25 MPU/ASIC
For the case of metal gate [V] 2.04 1.94 1.74 1.64 1.54 1.15 1.15 MPU/ASIC
Unj h [ concentrati

niform channel concentration 4 ¢ 5 & E1g|1.5-2.5 E18|1.5-2.5 E18[2.0-4.0 E18]2.5-5.0 E18]  NA NA  |MPU/MSIC
(cm ~), for Vi=0.4 [W]
STI depth (nm) [X] 400 384 367 359 353 339 335 Bulk
Trench width at top (nm) [Y] 100 90 80 70 65 57 50 Bulk
Trench sidewall angle (degrees) [Z} >86.4 >86.6 >86.9 >87.2 >87.4 >87.6 >87.9 Bulk
Trench fill aspect ratio 4.5 4.8 5.1 5.6 5.9 m
STI depth (nm) [AA] 36 30 26 22 20 18 16 Sol
Trench aspect ratio 0.9 0.8 0.8 0.8 0.8 0.8 0.8 s01

* R, RX
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Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known [

Manufacturable solutions are NOT known _

7la  71b
[A]

( ) ( ) EOT

EOT 1
1
EOT

+ 0.2 nm + 10% + 25%
[Al] EOT (2003 0.4nm)x 0.4nm
[B] 100

PIDS

100 100
1%
C )
Vs:Vd 0 Vg:Vdd Vg = VS =0 Vd = Vdd
PIDS TWG
DRAM (FEP 72 )
(B1]
3 o 1) -
2) 3) -
3
EOT
UTQUANT
( )

100 :
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(B2]

Vit

[C] Modeling of Manufacturing Sensitivity and of Statistically Based Process Control Requirements for 0.18 micron

NMOS device 15

(D]
[E] 30
CD
10%

MOS MOS ( Vertical
MOS )
[F] o2 o2y 4/5

Etch Supplemental Materials
[G] , G2,
1/3 2/3
[H] 15% CD Etch Lithography Metrology
(]
(20006)

[J] ( )

3P Zeitzoff and A. Tasch, “Modeling of Manufacturing Sensitivity and of Statistically Based Process Control Requirements for
0.18 micron NMOS device,” Characterization and Metrology for ULSI Technology: 1998 International Conference, D.G. Seiler, et
al. eds., page 73.
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Gate error produced @ 89 degrees = 3.5 nm
Gate 65nm 53nm 45nm 37nm 32nm 30nm 25nm
Length:
% error = 5.4 6.6 7.8 9.4 10.9 11.7 14
89
<+“—>
Error Gate Length
[K] 2007 Xi( )=0.55% (+ 25% )
SOI (2008 2010)
SOI PIDS (2007 ) Xj
RsXj
(L] 7%
RsXj
[M] 1 nm =0.11% nm —
16 2007 Not Available
MOSFET
[N] 2007 =1.1* (£ 33% ) 2007
[0] 2007
0.1 ym PMOSFETs 17 2007
RsXj
[P] 2007
+ 25%
1.5 RsXj
[Q] 2007
/

%y T, aur, :25 nm CMOS Design Considerations,” IEDM 1998, Technical Digest, IEEE, Dec. 1998, pages 789-792.
17" 4. Srivastava and C.M.Osburn, “Response Surface Based Optimization of 0.1 um PMOSFETs with Ultra-Thin Oxide
Dielectrics,” SPIE Proc., vol. 3506, (1998), page 253.
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RsXj

[R] 2007
Xj 12

2.22/1.84 2005 NiSi

[S] TiSi, CoSi,

[T] PIDS
100%

rhoc rhoc=RsxWxM

( Contact Rs

(U]

[V] ITRS Poly Doping
Doping PIDS

EOT 71

Channel Doping
EOT

[W] V=0.4 1999ITRS

: 04V

[X]

2003 400nm

[Y] MPU

[Z]

1.5
182007
/
1.5
RsXj
I5uQ-cm NiSi 16 yQ-cm
MOSFET
MPU
PIDS RsxW
)
Poly
CET

19

I8 C.M. Osburn, J.Y. Tsai and J. Sun, “Metal Silicides: Active Elements of ULSI Contacts,” J. Electronic Mater., vol. 25(11), (1996),

page 1725.

% R. Muller and T. Kamins. Device Electronics for Integrated Circuits, New York, NY: John Wiley and Sons, Inc., 1977, page 324.
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[AA] SOI SOI 0.8*

71b Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018 Driver
Technology Node hp45 hp32 hp22

DRAM ¥ Pitch (nm) 45 35 32 25 22 18 DRAM
MPU/ASIC ¥ Pitch (nm) 45 35 32 25 22 18 MPU
MPU Printed Gate Length (nm) 25 20 18 14 13 10 MPU
MPU Physical Gate Length (nm)

Equivalent physical oxide thickness for MPU/ASIC T, (nm) [A, Al]

Gate dielectric leakage at 100°C (uA/um) high-performance [B, Bl,
B2}

Physical gate length operating low operating power (LOP) (nm)

Physical gate length low standby power (LSTP) (nm)

Equivalent physical oxide thickness for low operating power T, (nm)
[A4, Al]

Gate dielectric leakage (nA/um) LOP [B, Bl, B2]

Equivalent physical oxide thickness for low standby power Ty (nm)
[A, Al]

Gate dielectric leakage (pA/um) LSTP [B, Bl, B2]

Thickness control EOT (% 30) [C]

Gate etch bias (nm) [D]

Lgate 30 variation (nm) [E]

Total allowable lithography 3o (nm) [ F]

Total allowable etch 3o (nm), including photoresist trim and gate etch

[F]

Resist trim allowable 3o (nm) [G] 0.46 0.36 0.34 0.26 0.23 0.18

Gate etch allowable 3o (nm) [G] 0.66 0.51 0.47 0.37 0.33 0.26

CD bias between dense and isolated lines [H] <15% <15% <15% <15% <15% <15%

?}[]im’mum measurable gate dielectric remaining (post gate etch clean) >0 >0 >0 >0 >0 >0

Profile control (side wall angle) [J] 1] 1] 1] 1] 1] 1]

PIDS Assumed Device Structure * FDSOI * FDSOI, Multi-Gate *

Drain extension Xj (nm) [K] 7.2 11.2 10.4 8.0 7.2 51 [MPU/ASIC
Maximum drain extension sheet resistance (PMOS) ({Ysq) [L] 1875 518 514 550 549 584 |MPU/ASIC
Maximum drain extension sheet resistance (NMOS) (Vsq) [L] 875 242 240 257 256 272 MPU/ASIC

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known _
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71b Thermal and Thin Film, Doping and Etching Technology Requirements—Long-term (continued)

Year of Production 2010 2012 2013 2015 2016 2018 Driver
Technology Node hp45 hp32 hp22

DRAM % Pitch (nm) 45 35 32 25 22 18 DRAM
MPU/ASIC ¥; Pitch (nm) 45 35 32 25 22 18 MPU
MPU Printed Gate Length (nm) 25 20 18 14 13 10 MPU
MPU Physical Gate Length (nm) 18 14 13 10 9 7 MPU
Extension lateral abruptness (nm/decade) [M] TBD TBD TBD TBD TBD TBD [MPU/ASIC
Contact Xj (nm) [N] NA NA NA NA NA NA MPU/ASIC
Sidewall spacer thickness (nm) extension structure [O] NA NA NA NA NA NA MPU/ASIC
Spacer thickness, elevated contact [P] 10.8 16.8 15.6 12.0 10.8 7.7

Maximum silicon consumption (nm) [Q] 10.8 16.8 15.6 12.0 10.8 7.7

Silicide thickness (nm) [R] 13 20 19 14 13 9

Contact silicide sheet Rs (Vsq) [S] 12.3 7.9 8.5 111 12.3 17.2

Contact maximum resistivity (Q_sz) [T] 6.08E-08 2.03E-08 1.71E-08 1.10E-08 8.69E-09 5.40E-09

Gate electrode thickness [U] 18-36 14-28 13-26  10-20 9-18 7-14

Gate depletion: required EOT based on gate choice [V]

For the case of1E20/0m3 poly doping [V]

For the case of 2E20/cm’ poly doping [V]

For the case of metal gate [V]

Uniform channel concentration (cmﬁj), for Vi=0.4 [W] NA NA NA NA NA NA  IMPU/ASIC
STI depth (nm) [X] 331 316 314 300 198 286 Bulk
Trench width at top (nm) [Y] 45 35 32 25 22 18

Trench sidewall angle (degrees) [Z} >88.1 >88.4 >88.5 >88.8 >88.9 >89.1 Bulk
Trench fill aspect ratio 7.9 9.5 10.3 12.5 14 16.4 Bulk
STI depth (nm) [AA] 14 11 10 8 7 6 NS
Trench aspect ratio 0.8 0.8 0.8 0.8 0.8 0.8 So1

* 2003 Rs 2003 RsXj

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known [

Manufacturable solutions are NOT known _

Si0,
>10 >20 SiO,
Si0,

0-Si-0
0.4nm

300mm

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



37

leV
4-5e¢V
Si-Ge
(PIDS
)
CMOS
PMOS NMOS
PMOS
NMOS
2
SOI
SOI CMOS
NMOS Si-Ge
Si  PMOS Si-Ge Si

CMOS

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



38

CMOS

2008

20nm

HF

Id—Vg [13 77
STI
V [13 7

CMP

46
CMOS
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2004 2007 2010 2013 2016 2019
| 20052006 | 20082009 | 20112012 | 20142015 | 2017 2018

Technology Node hpoo hp65 hp45 hp32 hp22 hp16

2003

GATE DIELECTRIC
Oxynitride

Hf (Zr)-based high-x

I
N, Al Si additions %% %% %% % %% 7%
Group Il (or RE) high-x |

. - ) ]
La,05, Y,0;, ..and silicates | ;i
- 1 | O

Ternary oxides

LaAIO, 07
Epitaxial dielectrics ' 1 |
LaAID, Vi

INTERFACE LAYER FOR GATE
DIELECTRIC

Nitrided oxide | Dz

No Si0, interfacial oxide

GATE ELECTRODES

Poly Si or poly Si-Ge 7777
Metal Hor NMOS au, Tausip, — @

I A R A A
Ru, Ru'Ta, P I, Ni I

Tools and methods for electrodes
CVD, ALE, PVD; clustered with dielectric;

inorganic and organic sources | D7 i

NEW DEVICE STRUCTURES
FOR ELECTRODES AND
GATES

Metal 2 for NMOS

FD SO | D705

- | |

Dual-gated SOI |
1 ! | | |

Vertical transistors -W////////////////////////////%

HIGH MOBILITY CHANNEL
MATERIALS
swanedsiand sicec| [ O 7 v v

SHALLOW TRENCH ISOLATION
Trench fill

High aspect ratio fill, low

swess fims (e, spinon's| - 77777/ v i

and NF3-assisted deposition)

I Research Required [N Development Underway Qualification/Pre-Pr i V777777Z] Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

46 Thermal/Thin Films Potential Solutions

( Gate electrode Meatal 2 for NMOS  Meatal 2 for PMOS )
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10
2003 2007 —
High-k
2008 2010 —
SOI
2011 —FINFET tri-gate
Table
CMOS
FEP PIDS
CMOS
2007 CMOS
2)
3)
5)
2007
CMOS high-k

CMOS

PIDS

MOSFETS
— 2003-2006
— 2006
— 2007
— 2007
— 2008

2003

500 Ohm/square
4)

65nm
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PIDS

2007

1)

10nm

65nm

20



Si CMOS
Si

CMOS

Performance Near-Term Table

MOSFET

CMOS

4

17-33
PIDS  Logic Technology Requirement High

[ Gossmann “Abruptness” report
pMOS
nMOS
nMOS

47  potential solutions
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2008 MOSFET
ultra-thin body SOl
03-04 Lg (Lg = )
FINFET 2
/
/
halo 71
/

pMOS nMOS
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CMOS
high-k High-k
pMOS nMOS 2
65nm CMOS
3D
CMOS
71 “Depletion:
required EOT based on gate choice”
C-v
EOT
EOT
CET
EOT
EOT high-k
high-k
2009 1%
10%%cm’ high-k 2006
71
high-k

p+
65nm
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high-k
Si
Si CMOS
PIDS 65nm
DIBL
CMOS
CMOS
25nm
Si SOI
40nm (2011)
2
3-D
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Si
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47 Doping Potential Solutions 2 PIDS Key

Innovations Device Structures

“Channel Engineering”

FDSOI

“Defect
Engineering”
“Low Resistance Deposited and Thermal Doping”
90nm
47
NiSi 65nm NiSi

10
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2004 2007 2010 2013 2016 2019
2003 | 2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018

Technology Node

hp90 hp65 hp45 hp32 hp22 hp16

DEVICE STRUCTURES

Conventional planar channel/contact

Re-engineer junction, channel doping with
compatible contact for strain/SiGe

Align annealing roadmap with high-K, metal
gate material decisions

High aspect ratio doping for 3D structures
(plasma, angled implant, other)

CHANNEL ENGINEERING

Uniform/HALO

Super steep retrograde/steep HALO

channel (unifor lective growth,
overlayers, other)

Low concentration for FD-SOI

Alternate (specific profiles for 3D and/or multiple
gates, other)

DEFECT ENGINEERING

Defect and surface engineering and model
development for doping

SHALLOW JUNCTION ION
DOPING

Ultra low energy (beamline) ion implantation

Plasma doping

ACTIVATION OF USJ ION
DOPING

Spike (~1 second) anneal
Msec anneal (flash, non-melt laser)
Solid phase epitaxy

usec anneal (melt laser)

LOW RESISTANCE
DEPOSITED AND THERMAL
DOPING

Undoped/doped selective epi (raised
source/drain, HDD, other)

Other, e.g. solid/gas phase doping, MBD/ALE

CONTACT
Self-aligned silicide, Co, Ni, alloy, dual metal

Selective deposited (dual) metal

I Research Required [N Development Underway Qualification/Pre-P i V7777772 Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

47 Doping Potential Solutions
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(300mm)
CD

(FEP  1la

(Integrated Metrology)

CD

high-k

47

(CD) FEP
(OPC) (PSM)
) CD
1
2nm CD
1n-situ
Inm CD
high-k
10" /ecm®
ECR ICP

MTBC MTTC
2006

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



48

(LER line edge roughness)

CD
LER
CD
FEP
248nm
157nm
2
2006
high-k
CD
(Ru, Ru/Ta, Pt, Ir, Ni)(
) N+
46 )

LER
LER
LER

OPC

48

PSM

193nm

200nm 157

157nm

high-k

high-k
13

Hf

SiO SiN

P+
Pt, Ir, Ni, Mn, Co
(Ta/Ru, Ta,SiyN,)(
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CD

FEP

71la

(STI)

49

CMOS
CMOS
High-k
FEP
high-k
90nm
STI
STI
STI STI
( )
DRAM 25 1( 151
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72a, b ) (HARC: High Aspect Ratio Contact)
CD
2004 2007 2010 2013 2016 2019
2003 | 20052006 2008 2009 = 20112012 = 20142015 | 2017 2018
Technology Node hpoo hp65 hp4s hp32 hp22 hp16
HIGH DENSITY PLASMA ECR
| ICP | New material main etch
CD CONTROL
I I I

HIGH-K DIELECTRICS

11

METAL GATES

RESIST TRIM | 193 nm
I I I
I Research Required [N Development Underway Qualification/Pre-Pr i V77ZZZZZ} Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

48 Front End Processes Etching Potential Solutions

DRAM
DRAM 3 4
1 2
1.4
) 1.4
4 DRAM
64MbDRAM  256MbDRAM 128Mb 512Mb 2 DRAM
DRAM
72 DRAM DRAM
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8F? F :
3
130nm
T3.205 A1203
Ta205
130 nm
T8.205
T2a
Pt
T3.205
130nm 72a
90nm
Pt Ru TiN RuO, IrO,
90 nm DRAM
45nm

45 nm

180nm

feature size

MIS
22

MIM
50

/
(Thermal budget)

60

20 K Kishiro, et al. Jpn. J. Appl. Phys. Vol.37 (1998) pp.1336-1339.

51

72

25fF/cell( )

Si3N4/S10,

3
metal-insulator-silicon MIS
TazO 5

90 nm

TaZO 5

MIM

130nm

90nm

CVD

DRAM

Ru
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22 nm 6F>
100
DRAM SOC /
DRAM DRAM SOC
DRAM
sSoC
DRAM SOC DRAM
SOC
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72a DRAM Stacked Capacitor Films Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) [A] 100 90 80 70 65 57 50
Cell size factor a [B] 8.0 8.0 7.5 7.0 7.0 6.0 6.0
Cell size (,umz) [C] 0.08 0.065 0.048 0.034 0.030 0.019 0.015

=0.2x0.4 =0.18x0.36 =0.16x0.3 =0.14x0.25 | =0.13x0.23 | =0.114x0.17 | =0.1x0.15
Storage node size (ymz) [D] 0.030 0.024 0.018 0.012 0.011 0.006 0.005

=0.1x0.3 =0.09x0.27 | =0.08x0.22 | =0.07x0.18 | =0.065x0.16 | =0.057x0.11 | =0.05x0.1
Capacitor Cylinder Cylinder /gggggg Igzlcil::tee:l Pedestal Pedestal Pedestal
structure MIS MIS/MIM MIM MIM MIM MIM MIM
Capacitor diclectric material ALOITAO | ALOITAO | ALOTAo | ALOITAO | ALOTAG | ALOITAG | ALOITAO
teq@ 25fF (nm) [G] 3.5 23 1.8 1.4 0.8 0.8 0.8
Dielectric constant 22 22 40 50 50 50 50
SN height (um) 21 1.5 1.4 1.4 1.2 1.6 1.8
Cylinder factor [E] 1.5 1.5 1.5 1.5 1.0 1.0 1.0
Roughness factor 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Total capacitor area (ymz) 2.57 1.66 1.29 1.01 0.56 0.55 0.55
Structural coefficient [F] 321 25.6 26.8 29.5 18.8 28.4 36.3
¢ phy.@25fF (nm) [H] 14.3 7.3 18.2 17.9 9.9 9.8 9.6
A/R of SN (OUT) for cell plate depo. [1] 29.4 19.9 321 394 26.5 42.8 58.6
HAC diameter (um) [J] 0.12 0.11 0.10 0.08 0.08 0.07 0.06
Total interlevel insulator and metal
thickness 0.90 0.86 0.84 0.81 0.78 0.75 0.73
except SN (um) [K]
HAC depth (um) [L] 3.00 2.36 2.24 2.16 1.98 2.35 2.53
HAC A/R 25.0 21.9 23.3 25.7 25.4 34.4 42.2
Veapacitor (Volts) 1.8 1.7 1.6 1.5 1.4 1.3 1.2
Retention time (ms) [M] 64 64 64 64 64 64 64
Leak current (fA/cell) [N] 1.05 1.00 0.94 0.88 0.82 0.76 0.70
Leak current density (nA/cmz) 411 60.1 72.9 87.0 147.4 137.6 129.0
Deposition temperature (degree C) ~500 ~500 ~500 ~500 ~500 ~500 ~500
Film anneal temperature (degree C) ~800 ~800 ~750 ~750 ~750 ~750 <750
Word line Rs (Ohm/sq.) 5.0 3.0 2.0 2.0 2.0 2.0 2.0

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known [

Manufacturable solutions are NOT known
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Cellarea A

72a  72b F
[A]2003 Overall Roadmap Technology Characteristics, laand b
[B]a=( YE2 (F - ) SN . F
[C] =a*F2 ( =2F) >
[D] SN =(a/2 -1)*F2 (SN =F)
[E] 1.5 Notes[C] & [D] Cell area and Projected SN
[F1SC=( )/ (Cell size)
[G] teq = 3.9*E0*( )/25fF

[H] t phy. = teq*Er/3.9
t phy. =(teq-1)*Er/3.9
[I] A/R of SN (OUT) = (SN )/ (F - 2* t phy.)

[JJHAC = 1.2*F (HAC : High Aspect Contact :
)
[K] 180nm 1.05 um ( 0o, eliakesvooD
)
[L] HAC =SN +
[M] DRAM (PIDS)
[N] ( *C*Vdd/2)/( * ) ( =30% leak, =100)

72b DRAM Stacked Capacitor Films Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM %; Pitch (nm) [A] 45 35 32 25 22 18
Cell size factor a [B] 6.0 6.0 6.0 6.0 6.0

Cell size (,umz) [C] 0.012 0.007 0.006 0.004 0.003
=0.09x0.14 | =0.07x0.11 | =0.064x0.1 | =0.05x0.08 |=0.044x0.07 EHE{P(NL

Storage node size (um’) [D] 0.004 0.002 0.002 0.001 0.001 0.0005
=0.045x0.09(=0.035x0.07 |=0.032x0.06 |=0.025x0.05|=0.022x0.04 EI K E: S &)

Capacitor Pedestal Pedestal Pedestal Pedestal Pedestal Pedestal
structure MIM MIM MIM MIM MIM MIM
Capacitor dielectric material AILOITAO ALOITAO | ALOITAOQ new new new
others lothers lothers material material material
teq@25fF (nm) [G] 0.7 . ; 0.4 0.4 0.25
Dielectric constant 50 60 60 80 80 100
SN height (um) 1.9 2.0 2.0 2.0 2.0 2.0
Cylinder factor [E] 1.0 1.0 1.0 1.0 1.0 1.0
Roughness factor 1.0 1.0 1.0 1.0 1.0 1.0
Total capacitor area (,umz) 0.52 0.42 0.39 0.30 0.26 0.180
Structural coefficient (F) 42.6 57.5 62.8 80.3 91.2 111.4
t phy.@25fF (nm) [H] 9.2
A/R of SN (OUT) for cell plate depo. [1] 71.2
HAC diameter (um) [J] 0.05 0.04 0.04 0.03 0.03 0.02

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known _
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72b DRAM Stacked Capacitor Films Technology Requirements—Long-term (continued)

Deposition temperature. (degree C)

Film anneal temperature (degree C)

Word line Rs (Ohm/sq.)

<650

<650

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM Y% Pitch (nm) [A] 45 35 32 25 22 18
gﬁc;ijz)te[rllével insulator and metal thickness except 0.70 0.66 0.63 0.59 0.57 0.53
HAC depth (um) [L] 2.60 2.66 2.63 2.59 2.57 2.53
HAC A/R 48.1 63.2 68.5 86.3 97.2 117.2
Veapacitor (Volts) 11

Retention time (ms) [M] 64

Leak current (fA/cell) [N] 0.64

Leak current density (nA/cmZ) 124.7 136.6 ‘ 155.6 ‘ 154.8

<650

~500 | -500 | -50 | -500 | -500 _

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known

Manufacturable solutions are NOT known

Year of Production 2003 [ 2004 | 2005 [ 2006 | 2007 | 2008 | 2009 | 2010 | 2012 | 2013 | 2015 { 2016 | 2018
DRAM % PITCH (nm) 100 90 | 80 70 65 | 57 50 | 45 35 32 25 22 18
Electrode [A] metal
high-x ON
didectric Ta20s5, Al203 Ta20s5, Al203, Others New K aterial
Bottom poly-Si
Electrode[A] [B] metal
[A] Metal: Ti, TiN, W, Pt, Ru, RuO2, IrO,
[B] Perovskite: StRuO;*!
DRAM Stacked Capacitor Potential Solutions
DRAM
73a  73b DRAM
35fF/cell( ) 8F*

DRAM

110 nm

2l N. Fukushima et al., IEDM Technical Digest, pp. 257-260, 1997
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/
100 nm
80 nm
22
SIS
45 nm 1
nm
2
2010

22 M. Gutsche et al., IEDM (2001) 411.

65 nm
MIS

23

60:1

3 Semiconductor Insights Report 0503-8222-FS41 (2003).

90 nm

DRAM
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Atomic Layer Deposition ALD

>110 nm

MIM
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73a DRAM Trench Capacitor Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM % Pitch (nm) 100 90 80 70 65 57 50
DRAM Product 1G 1G 2G 2G 2G 4G 4G
Cell size factor 8 8 8 8 8 8 8
Cell size (,umz) 0.08 0.065 0.051 0.039 0.034 0.029 | 0.02
Trench structure bottled bottled bottled | bottled | bottled | bottied |°°H°
Trench circumference (nm) 851 766 681 596 553 511 426
Trench area enhancement factor (bottle) [A] 1.65 1.65 1.65 1.65 1.65 1.65 1.65
Trench surface roughening factor 1.25 1.25 1.25 1.25 1.25 1.25 1
Effective oxide thickness (CET)(nm) 5 5 41 41 3.8 3.2 2.8
Trench depth [um], (at 35fF) 5.9 6.4 6 6.7 6.6 6.2 7.7
Aspect ratio (trench depth/trench width) 45 55 58 73 78 79 93
Upper electrode POIy-nSIIICO Poly-Silicon POIy-nSIIICO POIy-nSIIICO Metal Metal |Metal
Dielectric material NO NO High-« High-« High-x | High-x |High-
x
- - - - - - Silico
Bottom electrode Silicon Silicon Silicon Silicon Silicon | Silicon n
' ' . Silicon-Insulator-Silic | Silicon-Insulator-Silic Metal-Insulator-Silicon/
Capacitor structure/dielectric on/ on/ High-
NO High-x gh-x

[A4] Bottle factor = checkerboard square perimeter / conventional elliptical perimeter

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known _

( DRAM Product 2005 2G 1IG )
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73b DRAM Trench Capacitor Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22
DRAM % Pitch (nm) 45 35 32 25 22 18
DRAM Product 4G 8G 16G 16G 32G 32G
Cell size factor 8 8 8 8 8 8
Cell size (,umz) 0.016 0.01 0.008 0.005 0.004 0.003
Trench structure bottled bottled bottled bottled bottled bottled
Trench circumference (nm) 383 298 272 213 187 153
Trench area enhancement factor 1.65 1.65 1.65 1.65 1.65 1.65
Zjnch surface roughening factor (bottle 1 1 1 1 1 1
Effective oxide thickness (CET) (nm) 2.2
Trench depth (um), (at 35fF) 7
Aspect ratio (trench depth/trench width) 94
Upper electrode Metal Metal

A 1: o A A
Dielectric material High-x ik Epll_hr;ﬁ:(](/ EF;I-I‘::_:]ghh-:{ / Lt Epltlr;g:cK/ ik Epll-llr;g:c](/ LE Ep:_l:';glxl
Sottom electrode 1: Silicon_|_1: Silicon | _1: Silicon | _1: Silicon | _1: Silicon | _1: Silicon_|

2: Metal 2: Metal 2: Metal 2: Metal 2: Metal ‘ 2: Metal

Capacitor structure/dielectric 1: 2’"; Ill\glElpI-ll)l-ghf:?ﬁ *

[A] Bottle factor = checkerboard square perimeter/conventional elliptical perimeter

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known

Interim solutions are known | 4@

Manufacturable solutions are NOT known _

( DRAM Product 2013  16G  8G )
Flash EEPROM
Poly-Poly
ITRS 2001 NAND NOR
NAND NOR
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NAND 50

top view of 2 memory cells

50 Minimum Feature Size of NAND Flash Memory

51

contact contact]

active active
& polyl & polyl

M e tal|l M etall

active
area

cell pitch —

51 Minimum Feature Size of NOR Flash Memory
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/
Poly-Poly
/
CvD
74a  74b
2002
NAND Poly-Poly
Poly-Poly
74a FLASH Non-volatile Memory Technology Requirements—Near-term
Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC ¥ Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Flash technology node (nm) [A] 107 90 80 70 65 57 50
Flash NOR tunnel oxide thickness (EOT-nm) [B] 9-10 | 8.5-9.5 | 8.5-9.5 [R:Ni=KI] 8-9 8-9 8-9
Flash NAND tunnel oxide thickness (EOT-nm) [B] 7-8 7-8 7-8 6-7 6-7 6-7 6-7
Flash tunnel oxide thickness control EOT (% 30) [C] <i3.5 <%3 <%3 <%3 <%3 <3 <#2.5
Flash tunnel oxide minimum QBD @ 1 % 107 dlen” (C/cmz) /D] 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Flash tunnel oxide defectivity at minimum QBD (def/cmz) [E] <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Flash tunnel low field leakage (nA/5V) [F] 100 100 100 100 100 100 100
Flash program/erase window AVT (V) [G] >3 >3 >3 >3 >3 >3 >3
Flash erase time degradation t,,,,/ty [H] <2 <2 <2 <2 <2 <2 <2
Flash program time degradation t,,,,,/ty [1] <2 <2 <2 <2 <2 <2 <2
Flash NOR interpoly dielectric thickness (EOT-nm) [J] 13-15 11-13 11-13 11-13 10-12 10-12 10-12
Flash NAND interpoly dielectric thickness (EOT-nm) [J] 13-15 | 13-15 | 13-15 | 13-15 | 10-13 | 10-13 | 10-13
Flash interpoly dielectric thickness control EOT (% 3s) [K] <*6 <*6 <*6 <*6 <%6 <*6 <%6
Flash interpoly dielectric Ty, of formation t >5/<5' (°C) [L] 750/900 | 750/900 | 750/900 | 750/900 | 700/850 | 700/850 | 700/850
Flash interpoly dielectric conformality on floating gate EOT;,/EOT e [M] | >0.95 >0.95 >0.95 >0.98 >0.98 >0.98 >0.98
Flash maximum charge loss 10 years at room temperature (V)
_ single/dual bit (%) [N] 20/10 20/10 20/10 20/10 20/10 20/10 20/10
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known
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74b FLASH Non-volatile Memory Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018
Technology Node hp45 hp32 hp22

DRAM % Pitch (nm) 45 35 32 25 22 18
MPU/ASIC % Pitch (nm) 45 35 32 25 22 18
MPU Printed Gate Length (nm) 25 20 18 14 13 10
MPU Physical Gate Length (nm) 18 14 13 10 9 7
Flash technology node (nm) [A] 45 35 32 25 22 18
Flash NOR tunnel oxide thickness (EOT-nm) [B] 8-9 8-9 8-9 8 8 8
Flash NAND tunnel oxide thickness (EOT-nm) [B] 6-7 6-7 6-7 6-7 6-7 6-7
Flash tunnel oxide thickness control EOT (% 30) [C] <%2.5 <%2.5 <%2.5 <%2.5 <#2.5 <#2.5
Flash tunnel oxide minimum OBD at 1< 10°° A/em’ (C/em’) [D] 0.3 0.3 0.3 0.4 0.4 0.4
Flash tunnel oxide defectivity at minimum QBD (def/cmz) [E] <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Flash tunnel low field leakage (nA/5V) [F] 100 100 100 100 100 100
Flash program/erase window AVT (V) [G] >3 >3 >3 >3 >3 >3
Flash erase time degradation ty/to [H] <2 <2 <2 <2 <2 <2
Flash program time degradation t,,,,/tp [1]

Flash NOR interpoly dielectric thickness (EOT-nm) [J]

Flash NAND interpoly dielectric thickness (EOT-nm) [J]

Flash interpoly dielectric thickness control EOT (% 30) [K]

Flash interpoly dielectric Ty of formation t >5'/< 5' (°C) [L] 650/800 650/800 650/800 600/700 600/700 600/700
Flash interpoly dielectric conformality on floating gate EOT,,;,/EOT gy [M]| >0.98 >0.98 >0.98 >0.98 >0.98 >0.98
5 ls“l;}; Zgj;”lugt‘;%’%”‘” 10 years at room temperature (V) 20M0 | 20M0 | 20M0 | 200 | 2010 | 2010

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known ;

74a  74b
[A] CMOS

(B] /

(€] /
(D] /
(E] /
(F]
[G]
[H] /
(1 /
[J1 Poly-Poly
Poly-Poly
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(K]
[L] 5 5
(M]
[N]

FERAM
2005 0.15um 75a 2005

Feature Size (um): F1 (standard memory) 0.15

Cell size (um?) (standard memory) 0.270

Projected capacitor size (um?) 0.16

Capacitor area (um? 0.16

Minimum switching char ge density (uC/cm?) at Vop 22.9

FeRAM  ITRS2001 FEP PIDS
75a 75b
52 FeRAM
FeRAM 2
DRAM 1000 1
FeRAM
2003
2018
75a 2003 32Mb 23
2005 0.7 3 4
FeRAM 2003-2005
FeRAM 0.7 2
128Mb 130nm 150nm
2005
4 1

2 J L Molland Y. Tarui, IEEE Trans. Electron Devices, ED10, 338, 1963.
By Song, H. J. Joo, N. W. Jang, H. H. Kim, J. H. Park, H. Y. Kang, S. Y. Lee, and Kinam Kim, 12B-1, Symposium on VLSI
Technology, 2003.
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1 - 1T-1C
2T-2C 1T-1C FeRAM
3 3D 2007
75a 75b
a 2008 2009 10 2010-2018 8 DRAM
6
26 2 PZT
Pb(ZI‘,Tl)Og; SBT SI'BlzTazog SBT Pt
Ec
SBT PZT PZT
SBT Qsw
PZT
PZT SBT
FeRAM
MOCVD
1IrO, SrRuO; (SRO)
PVD Sol-Gel CSD
MOCVD
MOCVD (111) PZT
27
RIE

CD

Critical Dimension

% D J Wouters, 28, International Conference on Solid State Devices and Materials, 2003.
7y Horii, Y. Hikosaka, A. Itoh, K. Matsuura, M. Kurasawa, G. Komuro, K. Maruyama, T. Eshita and S. Kashiwagi, 539, IEDM,
2002.
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RIE

PZT SBT

PZT SBT

ITRS 1999 DRAM

Cs
320fF
" AViitiine
pC/em’
3 3D
75a 75b FeRAM
2006 2007

27

PZT La SBT Nb
BLT (Bi,La),Tiz01» 2
29
FeRAM DRAM
ITRS 1999
25fF/cell 1Gb 0.18um
F2/3 F
AVbitline 140mV
A\/bitline 140mV Cbitline
Qsw 20-40
3D 2007

% B. H. Park, B. S. Kang, S.D. Bu, T. W. Noh, J. Lee, and W. Jo, 682, Nature, 1999.
29 D. J. Wouters, 28, International Conference on Solid State Devices and Materials, 2003.

% A. Nitayama, Y. Kohyama, ad K. Hieda, 355, IEDM, 1998.
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75a FeRAM Technology Requirements—Near-term

Year of Production 2003 2004 2005 2006 2007 2008 2009
Technology Node hp90 hp65
DRAM ¥ Pitch (nm) 100 90 80 70 65 57 50
MPU/ASIC % Pitch (nm) 107 90 80 70 65 57 50
MPU Printed Gate Length (nm) 65 53 45 40 35 32 28
MPU Physical Gate Length (nm) 45 37 32 28 25 22 20
Demonstration Sample Density (standard memory) [A]| 32Mb 64Mb 128Mb 256Mb 256Mb 512Mb 512Mb
Feature Size (um): F1 (standard memory) [B] 0.25 0.18 0.13 0.13 0.12 0.11 0.10
Feature Size (um): F2 (embedded memory) [C] 0.18 0.13 0.12 0.11 0.10 0.09 0.08
Access time (ns) [D] 55 40 30 30
Cycle time (ns) [E] 80 70 50 50
Cell area factor a (standard memory) [F] 15 15 12 12
Cell size (umz) (standard memory) [G] 0.938 0.486 0.203 0.203 0.173 0.121 0.100
Total cell area (mmZ)for standard memory [H] 3.93 8.15 6.80 13.61 23.19 32.48 53.69
Cell area factor: b (embedded memory) [I] 46 35 35 35 30 30 30
Cell size (,umz)ﬁ)r embedded memory [J] 1.490 0.592 0.504 0.424 0.300 0.243 0.192
Projected capacitor size (,umz) [K] 0.44 0.23 0.12 0.12
Capacitor area (ymz) [L] 0.44 0.23 0.12 0.12
Cap area/proj cap size [M] 1 1 1 1
Height of bottom electrode/F (for 3D capacitor) [N] NA NA NA NA
Capacitor structure [O] stack stack stack stack
Cell Structure [P] 1T1C 1T1C 1T1C 1T1C
Vop (Volt) [O] 2.5-3 1.8 1.5 1.5
[Ilé/]finimum switching charge density (,uC/cmZ) at Vop 12.8 19.8 30.5 305
Minimum switching charge per cell (fC/cell) at Vop [S] 55.8 44.8 36.1 36.1 34.2 323 30.3
Retention at 85°C (Years) [T] 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years
Endurance [U] 1.0E13 | 1.0E14 | 1.0 E15 (RN =5 FRRNE BN =5 (SRRRF2 B0 N =5 (CRRRE B N = [
Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known | @
Manufacturable solutions are NOT known _
2005 0.15um 75a 2005

Feature Size (um): F1 (standard memory) 0.15

Cell size (um?) (standard memory) 0.270

Projected capacitor size (um?) 0.16
Capacitor area (um?) 0.16

Minimum switching char ge density (uC/cm?) at Vop 22.9
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75a 75b

[A]

[B] "F1" 2003

[C] ol 2003

0.18 pm 4Mb 2004
[D] 2003
(E]

[Fla=

55ns at 32M 0.18 um -4M
/F1?

[G] =a*F1?
[H] (bit)
b= F2*
[J]

[K] 2003-2006: 7F12

=b* F2?

2007-2009: 4F1%  2010-2018: 3F1?
[L]3D

[M] 3D 1 1
[N] 0.24 0.24*F1
[O]

[P]

[Q] Vo=

(R]

2003
[S] 3D
[S] AVyiine=140 mV
(T]

[U] 100 MHz*10years=3E+16
1E+15 SRAM

[L]
Cittine DRAM
85°C 1C

DRAM
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75b FeRAM Technology Requirements—Long-term

Year of Production 2010 2012 2013 2015 2016 2018

Technology Node hp45 hp32 hp22

DRAM " Pitch (nm) 45 35 32 25 22 18

MPU/ASIC %: Pitch (nm) 45 35 32 25 22 18

MPU Printed Gate Length (nm) 25 20 18 14 13 10

MPU Physical Gate Length (nm) 18 14 13 10 9 7
FeRAM Generation (standard memory) [A] 1Gb 2Gb 4Gb 8Gb 16Gb 32Gb
Feature Size (um): FI (standard memory) [B] 0.09 0.07 0.065 0.050 0.045 0.035
Feature Size (um): F2(embedded memory) [C] 0.07 0.057 0.050 0.04 0.035 0.028

Access time (ns) [D]

Cycle time (ns) [E]

Cell area factor a (standard memory) [F]

Cell size (,umz) (standard memory) [G]

0.065 0.039 0.034 0.020 0.016 0.010

Total cell area (mmz) for standard memory [H]

69.58 84.18 14517 171.80 278.31 336.73

Cell area factor: b (embedded memory) [I]

24 24 20 20 16 16

Cell size (,umz)for embedded memory [J]

0.118 0.078 0.050 0.032 0.020 0.013

Projected capacitor size (,umz) [K] 0.0061
Capacitor area (,umz) [L] 0.045
Cap area/proj cap size [M] 2.90 4.06 4.48 6.37 7.33 10.20
Height of bottom electrode/F (for 3D capacitor) [N] 0.71 1.15 1.30 2.01 2.37 3.45
Capacitor structure [O]

Cell Structure [P]
Vop (Voly) [Q]

Minimum switching charge density (,uC/cmZ) at Vop [R]

Minimum switching charge per cell (fC/cell) at Vop [S] 28.2 23.9 22.7 19.1 17.8 15.0

Retention at 85°C (Years)[T]

10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years

Endurance [U]

>1.0E16 >1.0 E16 \ >1.0E16 >1.0 E16 \ >1.0 E16 \ >1.0 E16 \

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4

Manufacturable solutions are NOT known _

Year of First Product Shipment 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2012 | 2013 | 2015 | 2016 | 2018
Technology Node hp90 hp65 hp45 hp32 hp22
Ferroelectric Materials PZT, SBT, BLT PZT, SBT, BLT, New Materials
Deposition Methods PVD, CSD, MOCVD / MOCVD, New Methods

CSD—Chemical Solution Deposition

PZT—Pb(Zr, TI)O_;* SBT—SVBi;T[lgOg

BLT—(BZ, La)4Ti3012

*Since PZT contains lead, it may pose a problem from the viewpoint of ESH

*PZT ESH

52

FeRAM Potential Solutions

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003




68

SRAM DRAM RAM
10 FeRAM
FeRAM
IC
FeRAM
SRAM
FeRAM
DRAM
DRAM
FeRAM
FeRAM
FEP
(Metrology Challenges Table) FEP
FEP (FEP Metrology Technology Requirements Table)
FEP FEP
FEP
® ( )
(Edge Exclusion) SOI
o FEP
(high-k)
SOI
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o
FEP &
ITRS 2003 MOSFET FEP
& (Modeling and Simulation)
|
0
High-k 2007
( )
(CD)
CD
FEP
(Environment, Safety, and Health)
( )
ITWG
FEP ITWG(International Technology Working Group)
PIDS ITWG EOT
ITWG
CD ITRS
2004 FEP PIDS ITWG
FinFET MOSFET PIDS
ITWG FEP
ITWG
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2003 FEP CMOS
FEP CMOS
17%
(Emerging Research Devices)
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[
o ( ) ( )(FDSOI)
® High-k
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° ( )
[ J
° ( )
) /
SO1
( XjRs )
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ITRS 2004
/
2008 2011
CMOS high-k
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RAM CMOS
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MOSFET
high-k
MOSFET
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FEP
FEP
FEP

FEP

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



