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48a

THROUGH 2007, MPU/ASIC PHYSICAL GATE
LENGTH >25 hm

SUMMARY OF | SSUES

New gate stack processes and materials

Extension of Oxynitride gate dielectric materialsto < 1.0 nm E.O.T for high performance
MOSFETSs, consistent with device reliability requirements

Introduction and process integration of high « gate stack materials and processes for low
operating and low standby power MOSFETSs

Control of boron penetration from doped polysilicon gate electrode
Minimized depletion of dual doped polysilicon electrodes

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

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

Critical dimension and effective channel length
(Lefs) control

Control of gate etch process that yield aphysical gate length that is smaller than the feature size
printed in the resist, while maintaining <10% overall  3-sigmacontrol 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 ~15% 3c L gt
control

M aintenance of CD and profile control throughout the transition to new gate stack materials and
processes

CD and etch metrology

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 «

Limited temperature stability of high « 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

Scaled MOSFET dopant introduction and
control

Doping and activation processes to achieve shallow source/drain regions having parasitic
resistance that is less than ~16-20% of ideal channel resistance (=V gg/lon)

Control of parasitic capacitance to achieve less than ~19-27% of gate capacitance, consistent
with acceptable | o, and minimum short channel effect

IAchievement 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




48Db

BEYOND 2007, MPU/ASI C PHYSICAL GATE LENGTH <25 nm

|SSUES

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

Enhanced channel mobility e.g., strained layers

ICD and L ¢ control
Chemical, electrical and structural characterization

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

Devices may be needed as early as 2007
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

Starting silicon material aternatives beyond 300 mm

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

New memory storage cells, storage devices, and memory
architectures

Scaling of DRAM storage capacitor beyond 6F2 and ulti mately beyond 42
Further scaling of Flash memory interpoly and tunnel oxide thickness
FeRAM storage cell scaling

I ntroduction of new memory types and storage concepts

Surface and interface structural, contamination, and
compositional control

IAchievement 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

IAchievement of statistically significant characterization of surfaces and
interfaces that may be horizontally or vertically oriented relative
to the chip surface

high-k MIM(metal-insulator-metal)
DRAM
high-k
FeRAM
(sol)
FEP
CoO
MOSFET DRAM
CD




high-k
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C
C
Ar SOl
Silicon-on-Insulator DRAM
Cz IC
STI Shallow Trench Isolation
SOl
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49a b DRAM MPU

SOl
LLS Localized Light Scatterers

49a b

"showstoppers"” "process margin improvements” "maintenance"

DRAM

STARTING MATERIALS REQUIREMENTS CELL KEY

Technology requirement value
and supplier manufacturing capability —

Criticality of wafer attribute to |C wafer user —» «Metrology readiness capability

STARTING MATERIALS TECHNOLOGY REQUIREMENTS TABLE LEGEND

White—-Manufacturable Solutions Exist, and Are Being Optimized
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known-




49a Sarting Materials Technology Requirement—Near-term

Site flatness (nm) (G)

Polished Wafer * (99% Chip Yield)

\ear of Production 2001 2002 2003 2004 2005 2006 2007 Driver
130nm | 115nm | 100nm | 90nm 80nm 70nm 65nm
DRAM 1/2 Pitch (nm) 130 115 100 90 80 70 65 D%
MPU/ASIC Physical Gate Length (hm) 65 53 45 37 32 28 25 M
DRAM Total Chip Area (mm2) 127 100 118 93 147 116 183 DY
DRAM Active Transistor Area (mm2) 55.3 36.9 59.0 42.3 73.1 53.2 89.9 D%,
MPU High-Performance Total Chip Area(mmz) 310 310 310 310 310 310 310 M
MPU High-Performance Active Transistor Area (mmz) 28.7 28.2 27.7 27.2 26.8 26.8 26.8 M
General Characteristics* (99% Chip Yield) (A,B,C)
Wafer diameter (mm) ** 300*** | 300*** | 300***
Edge exclusion (mm) **** T T
Front surface particle size (nm), latex sphere equivaent (D) 2 |90 2 |90
Particl%(cm_z) ® < 0|.18 < 0|.27
Particles (#wf) < 1|23 < 1|85
10 10
Critical surface metals  (at/cm?) (F) 51X|10 <1x10
<130

[The LLSrequirement is specified for particles only; discrimination between

articlesand COPsis

reguired (see General Characteristics) (D,E)

10 10 10 10 10 10 10
ot bulk Fe (aiom) (H) 51x|10 51x|10 51x|10 51x|10 51x|10 51x|10 51x|10 DM
Oxidation stacking faults(OSF)(DRAM) (cmi ) (1) < 2|'8 < 2|'3 = 1|'9 = 1| 6 | = 1| 4 1= 1| 1 1< 1|'° D%
Oxidation stacking faults(OSF)(MPU) (cmi™) (1) < 1|'° < T's < T'6 < T 5 1 < (|’ R ‘|’ S ‘|’ 31 0wm

Epitaxial Wafer * (99% Chip Yield)

Characteristics) (J,K)

Total Allowable Front Surface Defect Density is The Sum of Epitaxial Large Sructural Defects,

Small Sructural Defects and Particles (see General

< 0.008

<0.010

< 0.009

<0.011[<0.007 [<£0.009 [<0.005

I

I

Large structural epi defects(DRAM) (cm_z) L) I I I I | [ I D %
Large structural epi defects(MPU) (cm_z) WL < 0.|003 < 0.|003 < 0.|003 < 0.|003 < 0.|003 < 0.|003 < 0.|003 M
Small structural epi defectsDRAM) () (M) < 0.|016 < 0.|020 < 0.|017 < 0.|022 < 0.|014 < 0.|017 < 0.|011 b 1%
Small structural epi defects(MPU) (cm'z) M) <0.006 [<0.006 |<0.006 |<0.006|<0.006|<0.006|<0.006

[

I M

l | l

White-Manufacturable Solutions Exist, and Are Being Optimized
Yellon—Manufacturable Solutions are Known|
Red—Manufacturable Solutions are NOT Knowr!




49a Sarting Materials Technology Requirement—Near-term (continued)

. 2001 2002 2003 2004 2005 2006 2007 |(Driver

Year of Production 130nm | 115nm | 100nm | 90nm | 80nm | 70nm | 65nm
DRAM 1/2 Pitch (nm) 130 115 100 90 80 70 65 D%
MPU/ASIC Physical Gate Length (nm) 65 53 45 37 32 28 25 M
DRAM Total Chip Area (mm2) 127 100 118 93 147 116 183 D%
DRAM Active Transistor Area (mmz) 55.3 36.9 59.0 42.3 73.1 53.2 89.9 D%,
MPU High-Performance Total Chip Area(mmz) 310 310 310 310 310 310 310 M
MPU High-Performance Active Transistor Area (mm2) 28.7 28.2 27.7 27.2 26.8 26.8 26.8 M
Silicon-On-Insulator Wafer* (95% Chip Yield)
\Wafer diameter (mm) ** 200 |[300*** |300***| 300 300 300 300 |D%,M
Silicon final device layer thickness 98-163|80-133|68-113| 56-93 | 48-80 | 42-70 | 38-63 M

(Partialy Depleted) (tolerance £ 5%) (nm) (N) | | |
Silicon final device layer thickness 20-33 | 16-27 | 14-23 | o Ke R Mo Fow NC R - ok 8-13
(Fully Depleter) (tlerance 2 5%) (om) (O O O O
Buried oxide (BOX) thickness 49-81 | 40-66 | 3456 [WrA:Er RNV S {0 NP IEcT R K¢ Eorch | M
(Fully Depleted) (tolerance = 5%) (nm) (P) | | |

= < < < < < < <

DL Aso, Large area SOI wafer defects (DRAM) (cm %(Q) <0.040 (< 0.051 [<0.043 |<0.055|<0.035|<0.044|<0.028 D%

| | | B N B
<0.017 < 0.017[<0.017 < 0.017

DL_asol, Large area SOl wafer defects (MPU) (cm_z) (o) | | | ] ] ]
Dessoy, Small area SOl wafer defects (ORAM) @D (R) |5 0.|464 < 0.|695 < o.|434 < 0.607

|
B N .

_ < < < <
Dsasol, Small area SOI wafer defects (MPU) (cm 2) (R) — 0'l894 — 0'l910 — 0'l926 < 0.942

_ 1.8x105(1.8x105(1.9x105|1.9x105
Dic, Extended Crystal Defects (MPU) (cm ) (S) x| xl x| a

White-Manufacturable Solutions Exist, and Are Being Optimized
Yellow—Manufacturable Solutions are Known|
Red-Manufacturable Solutions are NOT Kno

*  Parameters define limit values; independent predictors of yield, mathematically, or empirically modeled at 99% (or 95% for SOI). Limit values
rarely coincide for more than one parameter. A given wafer will generally not exhibit more than one limit value “ at a time;” other parameter
values most likely near median value, thereby ensuring total yield for all parametersis at least 99% (or 95% for SOI).

** Jgnificant gaps in metrology and wafer manufacturing equipment need to be closed on 200 mm, especially for the 130 nm node, inasmuch as 300
mmisonly now being phased in and 200 mm will still be prevalent through the 130 nm node.

*** Numerical values are for 300 mm, although 200 mmwill be the dominant polished, epitaxial, and SOI wafer diameter.

**** Fdge exclusion = 3 mm is consistent with equipment and wafer fab capabilities through 2002. Reduction in the edge exclusion beyond 2002 is
desirable to increase chips per wafer.

Table 49 a and b notes:

A. Targets are given for the surface concentration of carbon atoms after cleaning. The 2001 target value is based on the assumption that a 10% (7.3
x 10 atoms/cmZ) carbon atom coverage on a bare silicon (100) surface after cleaning can be tolerated during device fabrication.

Organics/polymers are therefore model ed approximately 0.1 of a monolayer, <1x10% C atom/en?. Surface organic levels are highly dependent on
wafer packaging, on hydrophobic or hydrophilic wafer surface conditions, and on wafer storage conditions such as temperature, time and ambient..

B. Front-surface microroughness <0.10 nm (RMS) for all CD generations; instrumentation choice, target values, and spatial frequency range (scan
size) are selected based on application. Power spectral density analysisis recommended to utilize full accessible range of instruments.

C. The oxygen concentration may be specified depending on the particulars of the |C user, generally specified in the range of 18-31 + 2 ppma. The
range of the center-point value is based on IC process requirements. The + tolerance is the min-max range about the center-point value. The |OC * 88
oxygen concentration value is obtained by multiplying the ASTM F121-79 value by 0.652 (See ASTM Test Method F1188-00 for conversion and
calibration factors). METROLOGY NOTE: P/T ratios of current measurement techniques (GFA, SMS, FTIR) for oxygen in heavily doped silicon are
inadequate to assure a tolerance of + 2 ppma. General agreement on a single calibration factor for use in the determination of oxygen by IR

absor ption spectroscopy is needed.

With advanced crystal growth technologies, bulk micro defects (BMDs) can be achieved independent of the interstitial oxygen concentration. The
importance of BMDs has recently again been emphasized (1). BMD density is measured using ASTM Test Method F 1239. The BMD density may be
especially required in those I C fabrication cases with low thermal budget. Nitrogen doping enhances oxygen precipitation, and thus, improves
gettering efficiency in low thermal budget device processes. Not all device processes, however, require the presence of BMDs. BMDs for internally
gettered or not internally gettered polished wafer may be taken as > 1x10%em® or < 1x107/cm3, respectively, after |C processing, although these
values are only generic as they depend on the BMD size.



D. Front surface particle or crystal originated pit (COP) size = K1(CD); K1 = 0.5 for design rules smaller than 100 nm. For design rules  greater

or equal to 100 nm, the particle or COP size = K31, where K11 = 90 nm. Optical particle counters are believed to report localized scattering event
(LSE) signalslow by about 10% due to PSL calibration factors which also reduce particle/COP discrimination accuracy. The relationship between
actual defect size and associated LSE signal depends on defect type and scanner geometry. COPs are reported larger, metal and semiconductor
particles, smaller, and dielectric particles, about the same as LSE signals. One solution is defect sizing based on defect identification. Relating defect
sizeto yield is difficult since defects are not correctly sized. Sate-of-the-art LSE capability is judged to be 90 nm through 2003. The current particle
size capability for SOI wafers, however, is 150-200 nm, due to the altered response in the optical metrology tools, compared to polished or epitaxial
wafers.

E. The LLSrequirement is specified for particles only; discrimination between particles and COPs is required. Front-surface particles modeled for
99% yield by Y = exp [-DpRp Ayransistor] (2), Where Ay ansistor €ffective chip area, Agi=2.5% CDT+ (1—aCD2T/Achi p)Achip*0.60 and "a" is the DRAM
cell fill factor (see Table 35a). Thekill factor R, = 0.2, although the kill factor may be larger for deep trench devices. T = number of transistors or
bits/chip per technology generation. Assuming a pre-gate cleaning efficiency of 50% for particlesin Surface Preparation, the particle values are
accordingly increased by a factor 2. The analogous calculation for MPUs can also be made using the high-performance MPU Ag as listed in the
Table 32 (Short-Term and Long-Term) headers. e have listed the DRAM value as it is smaller than the MPU value. Detailed back-surface particle
information isnot included in Table 32, since, in practice, lithography concerns are being met by identifying back-surface particlesvisually,
suggesting that only large defects are of impact. If desired, the cal culations may be made using the following model for back-surface particle size
and density.  The front-surface height elevation, H, due to a back-surface particle of size, D, under a back-surface film of thickness, T, and a wafer
thickness, W, may be expressed as [(xD +xT +W) - (T + W)], which may be reduced to [ (xD) - (1-X)T], wherex = 0.6 is the compression of the
particle and back-surface film due to the pressure of the chuck on the wafer. Assuming a front-surface elevation of 2(CD) resultsin a 100%
lithographic printing failure; the back-surface particle size is expressed as: D = [(2/0.6) (CD) + (0.4/0.6) (T)], where CD and T are expressed in nm.
In this model, T may be set equal to 100 nm, for example. Back-surface particles modeled for 99% vyield: Y= exp [-Dp RpAei] (1). Rp = 1.0, Agf =
AcHip X 0.03 X 0.8, where 0.03 corresponds to 3% of the chip area touching the chuck and 0.8 corresponds to 80% of the effective chip area that is

degraded by effects of the back-surface particle on the front-surface de-focus effect. Dy, then, represents the density of defects allowablein visible
inspection for back-side particles. The equation for the "killer" backside particle diameter strongly depends  on two assumptions which are process
dependent. Thefirst isthat a focal plane excursion of 2 CD isrequired for a 100% assured printing failure.  Although a process window this wide
may exist in many cases, some tightly specified exposures may be less tolerant to focal plane deviations. Thiswould lead to a smaller particle
becoming a backside killer.  The second assumption is that the particles and film are both compressed to 60% of their original dimension. This
assumption might not be true if the particle were made of a material much harder than the filmor the particle was similar in hardness to silicon and
there was no backside film (T=0). Either of these circumstances allows a smaller particle to become a possible backside killer.  The back-side
yield equation assumes that the entire chip is killed by a back-surface particle generating a front-surface focal plane deviation during lithography
(the critical particle diameter isthat value accordingly used in the equation, or larger). Thisoccurs because a particle with diameter much
smaller than the thickness of the wafer may create a bulge on the front surface up to 10 mmin diameter, so a significant portion of thefield is out of
focus, and the chip does not yield. A mitigating circumstance occursif the particle is near the die edge, however, since the bulge at the die edge
will tend to create only an apparent local tilt in the field which can be accommodated by a scanning stepper leveling system.  This givesriseto the
80% effective degraded area.

F. The metals are empirically grouped into three classes (3,4): (a) Mobile metals which may be easily cleaned such as Na and K and may be modeled
by taking the flat-band shift of a capacitance-voltage (CV) test approximately 0.5 mV for a  representative 1 nm EOT; (b) metals which dissolvein
silicon or formsilicides such as Fe, Ni, Cu, Cr, Co, and Pt; and (c) major gate-oxide-integrity (GOI) killers such as Ca. Each of these metalsis
taken at a maximum value of 1 x 10 %cm?. Ir in class (b) and Ba and & in class (c) are also important but not explicitly included in the

1x10"%em? number at this time due to the lack of sufficient industry awareness.

G Themetric for site flatness should be matched to the type of exposure equipment used in leading edge applications. For the 130 nm technology
node to the end of optical lithography, scannerswill be utilized with rectangular fields (nominally 25 mm x 32 mm for 4X scanners) with dlit width of
5to 8 mm (variestool to tool, still not standardized) and SFSRis the appropriate metric. Full-field steppers with square fields (nominally 22 x 22
mm) may still be utilized for non-critical levels although they are being phased out; in this case, SFQR is the appropriate metric. In either case, the
metric value is approximately equal to the CD for dense lines (DRAM half pitch), although some IC houses deviate upwards by as much as 40% from
this algorithm. Partial sites should be included. Note that flatness metrology requires sufficient spatial resolution to capture topographical features
relevant for each technology node. This can be expressed as a bandwidth, defined as the upper spatial frequency corresponding to a specified
attenuation level. Work is being done in a task force of the SEMI Global Slicon Wafer Committee (PRECOM-1) to validate the methodology and to
determine appropriate values. The anticipated shift from capacitive to optical measurement of site flatness beyond the 100 nm node may cause a
degradation in SOI flatness measurement capability, compared to polished or epitaxial wafers, analogous to the LLS case.

H. Fe consistent with recombination lifetime, z, as measured by the SPV technique (for p-type material) at low injection level (5). Note that the
bulk Fe concentration (at/cm) cannot be converted to surface concentration (at/cmz) via wafer thickness. Recombination lifetime 7 > (L2)/Dn,
where L = minority-carrier diffusion length and D, = minority-carrier diffusion coefficient at 27°C (6). The diffusion length is taken equal to the
wafer thickness and the allowable lifetime is doubled to ensure a sufficient safety factor. Appropriate technique(s) to control, stabilize and passivate
surface effectsis required, depending on the technique (SPV, PCD, etc.), especially for a bulk lifetime greater than 20 Osec. For any technique other

than SPV, the injection level must be noted. No oxygen precipitation in sample, no back-side mechanical damage, and resistivity of 5-20 ohm-cm
recommended.

I.  OSF density empirically modeled by K3 (CD)1'42; CDinnm; K3= 2.75x 102 (7). The utilization of the OSF density relation by extension into
CD regimes not envisioned in the original experimental analysiswill require re-assessment.  Test at 1100°C, 1 hour steam, strip oxide/etch; n-type
material more difficult to control OSF.

J. Other epitaxial defects such as hillocks and mounds should also be accounted for, but an appropriate yield model is not available.

K. Desired epitaxial layer thickness toleranceis + 4% for a 2 to 10 xm center-point epitaxial layer thickness target value. Inthecaseof p/p epi,
the minimum epi layer thickness is designed to avoid the possible influence of  bulk grown-in defects such as COPs; this consideration isless

critical for p/p+ where the COPs are significantly reduced in the p+ substrate compared top .

L. Largestructural epi defects (large area defects >1 pm LSE signal) modeled at 99% yield where Y = exp[-Dap R.ap AcHip] (2), where R ap =
1 and Acrip applies to DRAM and high-performance MPU as appropriate.  METROLOGY NOTE: Many current generation scanning surface
inspection systems (SSS) cannot reliably size surface features with LSE signals greater than about 0.5 xm due to the light scattering characteristics
of these large structural epi defects and the optical design of the tool. Further, a metrology gap clearly exists since production worthy tools are not
available that can separate large structural epi defects from other features like large particles aswell asidentify and count epitaxial stacking faults.

10



M. Small structural epi defects (<'1 zm LSE signal) modeled at 99% vyield where Y = exp [-Dg= Rg= Achip] (1), where Rs= = 0.5 and Acnip
applies to DRAM and high-performance MPU as appropriate. Sarting Materials uses the DRAM at production and the MPU high-performance
MPU areas. METROLOGY NOTE: A metrology gap clearly exists since production worthy tools are not available that can identify and count small
structural epi defects.

N. Thesiliconfinal device layer thickness (partially depleted) is obtained by 2 x MPU gate length (with a range in nominal values of + 25%).
Range of target value refers to the center point measurement with uniformity to indicate within-wafer maximum positive or negative % deviation
fromthe center value. Thefinal device silicon islessthan incoming material due to consumption during device fabrication. It is expected that it
will be difficult to maintain the partially depleted operating mode for a planar SOI-CMOS device once the silicon approaches ~ 50 nm thickness.

0. Thesilicon final device thickness (fully depleted) is obtained by 0.4 x MPU gate length (with a range in nominal values of +25%); same as the
drain extension X; (see Table 34). Range of target value refers to the center point measurement with uniformity to indicate within-wafer maximum
positive or negative % deviation from the center value. The final device silicon islessthan incoming material due to consumption during device
fabrication.

P. The BOX thickness for fully depleted devicesis taken as the MPU gate length. BOX scales with gate length to help to control short channel
leakage (8). Range in nominal target value of + 25% allow for tradeoffs between the BOX and silicon thickness to control short channel effectsin the
fully depleted SOI devices. NOTE: For partially depleted SOI devices, the BOX thickness has less of a direct impact on device parameters.
Considerations of BOX capacitance, circuit heat dissipation, gettering, BOX electrical integrity, SOl wafer manufacturing capabilities, wafer quality
and wafer cost have driven the choice of the BOX thickness values. The BOX thickness is expected to remain between 100-200 nm for the time-frame
of partially depleted SOI devices. It is expected that it will be difficult to maintain the partially depleted operating mode for a planar SOI-CMOS
device once the silicon final device layer thickness approaches ~ 50 nm.

Q. Largearea SOI (LASOI) wafer defectswith yield of 95%; Y= exp [-Dasol RLaso Achip] (2), DLagol = LASOI defect density, R ago) =1.0
(best present estimate).

R. Small area SOI (SASOI) wafer defects with yield of 95%; Y = exp [-Dsasol Rsasol Aeft] (2), Dsagol =SASOI defect density, Rsasor = 0.2 (best
present estimate). Sources of SASOI can include COPs, metal silicides, or local SO, islandsin thetop silicon layer. These SASOI defects may also
be detected by localized light scattering (LLS) measurements (9-11).

S Yields comparable to bulk devices have been achieved with extended crystal defects, DEC. DEC = -In(0.95) /RecAeff, Rec=0.000001.
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49b Sarting Materials Technology Requirements—Long-term

'Year of Production fgr}r?\ 201?‘?2:1:; ** Zzgrir?'n Driver
DRAM 1/2 Pitch (nm) 45 32 22 DY2
MPU/ASIC Physical Gate Length (nm) 18 13 9 M
DRAM Total Chip Area (rrmz) 181 239 238 DY%
DRAM Active Transistor Area (mm% 89.5 146.9 166.1 DY5
MPU High-Performance Total Chip Area(mm’) 310 310 310 M
MPU High-Performance Active Transistor Area (mmv) 26.8 26.8 26.8 M
General Characteristics* (99% Chip Yield) (A,B,C)

Wafer diameter (mm) ** 300 300 450 D4 M

Edge exclusion (mm) ****

Front surface particle size (nm), latex sphere equivalent (D)

Particles (cm ) (E)

Particles (#/wf)

Critical surface metals  (at/em?) (F)

Site flatness (nm) (G)

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) (MPU) (cm_z) (0]

10
Total bulk Fe (at/cm’) (H) < 1x|10
idati i —2 <0.6
Oxidation stacking faults (OSF) (DRAM) (cm ) (1) |
<0.2
|

Epitaxial Wafer * (99% Chip Yield)

Total Allowable Front Surface Defect Density is The Sum of Epitaxial Large Sructural Defects, Small Sructural and Particleg

(see General Characteristics) (J,K)

Large structural epi defects (DRAM) (cm_z) (L) = 0i006 =
_ _ < 0.003 | <

Large structura epi defects (MPU(cm 2) L) |
B < 0.011 | <

Small structural epi defects (DRAM) (cm ) (M) ‘
< 0.006 <

Small structural epi defects (MPU) (cm ) (M)

White-Manufacturable Solutions Exist, and Are Being Optimized
Yellow--Manufacturable Solutions are Known

Red—Manufacturable Solutions are NOT Knowr!
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49b Sarting Materials Technology Requirements—L_ong —term (continued)

Year of Production fg r%r?] 20 1:’>32*n*m* o 22 g r}r?\ Driver
DRAM 1/2 Pitch (nm) 45 32 22 D2
MPU/ASIC Physical Gate Length (nm) 18 13 9 M
DRAM Total Chip Area (mm?) 181 239 238 D%
DRAM Active Transistor Area (mmé) 89.5 146.9 166.1 DY,
MPU High-Performance Total Chip Area(mm?) 310 310 310 M
MPU High-Performance Active Transistor Area (mm?) 26.8 26.8 26.8 M
Slicon-On-Insulator Wafer* (95% Chip Yield)

\Wafer diameter (mm) 450

Silicon final device layer thickness(Partially Depleted) 27-45 20-33 14-23
(tolerance + 5%) (nm) (N)

Silicon final device layer thickness(Fully Depleted) 5-9 4-7 3-5

(tolerance + 5%) (nm) (O)

Buried oxide (BOX) thickness(Fully Depleted) 14-23 10-16 7-11
(tolerance + 5%) (nm) (P)

DL asol, Large area SOl wafer defects (DRAM) (cm 2) (Q) h < 0.022

DL asol, Large area SOI wafer defects (MPU) (cm 2) (Q) <0.017

Dsasol, Small area SOl wafer defects (DRAM) (cm ) (R)

<0.175 <0.154

Dsasol, Small area SO wafer defects (MPU) (cm ) (R) <0.956

Dec, Extended Crystal Defects (MPU) (cm 2) (S) . 1.9x10° [IERCIEN

White-Manufacturable Solutions Exist, and Are Being Optimized
Yellow--Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Knowr-

* Parameters define limit values, independent predictors of yield, mathematically or empirically modeled at 99% (or 95% for
SOl). Limit values rarely coincide for more than one parameter. A given wafer will generally not exhibit more than one limit
value “at a time;” other parameter values most likely near median value, thereby ensuring total yield for all parameters is at
least 99% (or 95% for SOI).

** Significant gaps in metrology and wafer manufacturing equipment need to be closed on 200 mm, especially for the 130 nm
node, inasmuch as 300 mm is only now being phased in and 200 mm will still be prevalent through the 130 nm node.

*** Numerical values are for 300 mm, although 200 mm will be the dominant polished, epitaxial and SOl wafer diameter.

4% Fdge exclusion = 3 mm is consistent with equipment and wafer fab capabilities through 2002. Reduction in the edge
exclusion beyond 2002 is desirable to increase chips per wafer.

%% [nternational Roadmap Committee has suggested that 450 mm may be appropriate for 2013.

13
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First Year of IC Production

2001 2003 2005 2007 2009 2011 2013 2015 2017
2002 2004 2006 2008 2010 2012 2014 2016

STARTING MATERIAL
CHALLENGES

Lightly doped wafer

Heavily doped substrate

SOl wafer

Cost of Ownership (CoO)

Wafer diameter

Alternatives to large
diameter

Particle testing

Inspection / sampling /
quality control

Site flatness

Conventional
Silicon

Ultra-low
Defect

Annealed
Wafer

P/P Epitaxial

P/P* Epitaxial

P/P** Epitaxial

Implanted O,
(SIMOX)

Layer Transfer
(Bonded)
Bonded

450 mm

Alternative
Substrates

Alternative approaches
3D circuit structures

Multi-valued logic

V-rich test wafers +
particle size
extrapolation

I-rich test wafers

V-rich test wafers +
high-resolution

metrology
100% inspection for Reduced
flatness/particles Sampling
Optimized sampling, Process
Characterization, Dock-to-stock
Goalpost Distr I
Specifications Specifications

Dbl-sided
Polishing

Optimized Process

New
Technology

_ Research Required

: Development Underway : Qualification/Pre-Production

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

27 Starting Materials Potential Solutions
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FEOL Front End of Line

DRAM

50a 50Db

SiGe
MPU DRAM
ESH Environment Safety and Health
50a *
YEAR OF PRODUCTION 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 [DRIVE
R
DRAM Y% PiTcH (nm) 130 115 100 90 80 70 65 D %
WPU / ASIC Y2 PiTcH (nm) 150 | 130 107 90 80 70 65 M
WPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35 M
WPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25 M
Wafer diameter (mm) 300 | 300 | 300 ( 300 | 300 | 300 | 300 | D %,
M
Wafer edge exclusion (mm) 3 3 1 1 1 1 1 D %,
M
Front surface particles
Critical Particle Size  (nm) [A] 65 58 50 45 40 35 33 D%
. -2 0.091|0.136|0.085(0.119(0.069|0.094|0.056 | D
Particles (cm 7) [B]
Particles (#/wafer) [C] 63 94 60 83 48 66 39 D %
Back surface particle size (nm), latex sphere 250 | 200 | 200 | 200 | 200 | 200 | 200 | D ,
equivalent [D] M
Particles (Cm—z) (E] 0.68 | 0.68 | 0.68 | 0.68 | 0.68 | 0.68 | 0.68 | MPU
Particles (#/wafer) [C] 468 | 468 | 468 | 468 | 468 | 468 | 468 | MPU
Critical GOI surface metals (E+9 ionslcmz) 5.0 5.0 5.0 5.0 5.0 5.0 5.0 | MPU
[F]
Critical Other surface metals (E+10 ions/cmz) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 | MPU
[F]
Mobile ions (E+10 ions/cmz) [G] 1.5 2.1 2.7 2.5 3.1 2.6 2.8 D%
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Residual interface carbon contamination (E+13 2.6 2.1 1.8 1.5 1.3 1.1 1.0 LOP
C at/cmz) [H]

AFM Surface Roughness nm [I] 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | 0.20 | D %,
M

Water Marks (#/wafer) [J] <1 K1 <1 <1 <1 <1 <1 D %
1,

Residual interfacial oxygen ( O atlcmz) [K] E<114 2114 ETM 214 214 214 2114 DM/Z’

* Requirements are listed as maximum allowable levels such that they contribute to no more than 1% yield loss.

White—Manufacturable Solutions Exist and Are Being
Yellow--Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -

Table 50a and b Notes:
(A) Thecritical particle size St = 1/2 DRAM 1/2 pitch.

(B) Y=0.99= exp[-DpRpTA(CD)Z]. For DRAM, this version replaces TA(CD)2 with the effective chip area,
Aeff=2.5F2T+(l-FZT/AChip)*O.GAChip. The kill factor, Rp, is taken as 0.2. Dp:—ln(0.99)/[RpTA(CD)2] for DRAMs and
Dp= —In(0.99)/[RpTA(GL)2] for MPUs. If a different critical Particle size (Dx) is used for measurement purposes then
Dp should be adjusted by (Dx/.5CD) 2.

(C) To obtain these values, the allowable particle density is multiplied by the fixed quality area [DW=DPp(Ryafer-€€)2],
and rounded to the nearest whole number.

(D) Thecritical particle size is taken as the allowable step height which raises the surface out of the lithographic plane
of focus. The critical size is based the budgeted portion of the total allowable DOP variation.

(E) Backside particles are modeled for 99% Yield by Y=exp[-DpRpAeff] (1), Rp = 1.0 and Agff = Achip X 0.03 x 0.8,

where 0.03 corresponds to only 3% of the back side of the chip area touches the chuck and 0.8 corresponds to only 80% of
the effective chip area is degraded by effects of the back-surface particle on the front-surface defocus effect. Dp =

(F) In past roadmaps, metal contamination targets have been based on an empirically derived model predicting failure
due to metal contamination as a function of gate oxide thickness. However, the oxides used in the experiments from which
this model was derived were far thicker than gate oxide thicknesses used today. More recent data suggest an updated

approach is appropriate. The metals are empirically grouped into three classes 1, 2: (a) Mobile metals which may be

easily cleaned such as Na and K and may be modeled by taking the flat-band shift of a capacitance-voltage (CV) test less
than or equal to 50 mV; (b) metals which dissolve in silicon or form silicides such as Fe, Ni, Cu, Cr, Co, and Pt; and (c)
major gate-oxide-integrity (GOI) killers such as Ca. Targets for mobile ions are based on allowable threshold voltage
shift from a CV test. Current targets for GOI "killers" and other metals are based on empirical data. For extrapolation to
future years, there may be reason to predict less stringent targets because effects should scale with respect to physical
dielectric thickness (not EOT) which will increase upon introduction of high-k gate dielectrics. However, in the absence of
data to corroborate such a prediction, as well as predictions of physical dielectric thickness, the targets are left constant
for future years.

(G) Based on Di=1/g*Cgate* DV*.10, where Cgate is computed for electrically equivalent to SiOp gate dielectric

thickness and DV is the allowable threshold voltage variability for this node. It is assumed that 10% of allowable shift is
attributable to Di. Di = ((3.9*8.85)/1.6)* (DV/EOT)*E+9

(H) Residual carbon in a gate stack resulting from organic contamination after surface preparation. Dc at the 180nm

corresponded to 10% carbon atom coverage of a bare silicon wafer (7.3E+ 13at0ms/cm2). Dc for subsequent nodes were
scaled linearly with the ratio of CD to 180nm. Dc = (CD/180)(7.3E+13)

(1) Device channel mobility cannot be degraded >10% due to surface preparation induced surface roughness. Current
technologies are successfully manufactured with AFM based determination of 0.2 nm RMS of surface micro-roughness.
This RMS value is an average over the range of spatial frequencies sampled by the AFM. The surface micro-roughness that
affects carrier mobility occurs at smaller spatial frequencies than those that are sampled in the typical AFM
micro-roughness measurement.

(J) Water marks are generally large enough to touch more than one die and they result in failure of each of the die they
touch. Therefore a single water mark will exceed the allowable die loss of 1%. Hence the specification is <1 water mark

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

14 Mertens, P. WW., et. al., "Recent Advances in Wafer Cleaning Technology,"” Semicon Europa Front

End Technology Conference, Munich, 24 April (2001).
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per wafer.
(K) Residual interfacial oxygen resulting from inadequate passivation after surface preparation. Oxygen concentrations up

to <1E+14 atoms/cm2 are acceptable for all processes until selective epitaxial for raised source/drains and high x gates
are implemented.

50b *

YEAR OF PRODUCTION 2010 2013 2016 |DRIVER
DRAM Y2 PiTcH (nm) 45 32 22 D %
MPU / ASIC Y PrrcH (nm) 50 35 25 M
MPU PRINTED GATE LENGTH (nm) 25 18 13 M
MPU PHYSICAL GATE LENGTH (nm) 18 13 9 M
Wafer diameter (mm) 300 300 450 D %, M
Wafer edge exclusion (mm) 1 1 1 D %, M

Front surface particle
Critical Particle Size  (nm) [A])

D %
0.034 ‘ (WE D v

Particles (cm_z) [B]

Particles (#/wafer) [C] 24 48 D %
Back surface particle size (nm), latex sphere 200 200 200 D%, M
equivalent [D]

Particles (cm_2) [E] 0.68 0.68 0.68 MPU

Particles (#/wafer) [F] 468 468 468 D %

28
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First Year of IC Production 2001 2003 2005 2007 2009 2011 2013 2015 2017

2002 2004 2006 2008 2010 2012 2014 2016

Front End Of Line Challenges

Improved
passivation

Interface control for deposited high-x
dielectrics, epitaxial Si and SiGe

Integrated

Chemically compatible post high-kx gate
stack etch cleans

Cleaning and drying high aspect ratio |
structures (e.g., deep trenches)
, suractan
-Wetting structures |
Megasonics
-Contaminant removal

P Displacement f| I
-Liquid removal

|Alcohol-based drying

ganics)

Laser CIe-

Reticle/mask cleaning with near-zero

defects Cryogenic aerosol /
Cryogenic aerosol
Removal of small particles without oamibubbie |
affecting materials and structures P scrubbing
Adva non-damage
|___megasonics |
_ Research Required : Development Underway : Qualification/Pre-Production

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

28
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51a b Inm
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SiO2
80nm
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SiO2 10 20
SiO2
Si02
1
Si-O 0.3nm
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a

YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007 DRIVER
DRAM Y2 PITCH (nm) 130 115 100 90 80 70 65 DRAM
WPU / ASIC Ys PITcH (nm) 150 130 107 90 80 70 65 MPU
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35 MPU
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25 MPU
Equivalent physical oxide thickness for MPU/ASIC
1.3-16 {1.2-1.5(1.1-1.6 |0.9-1.4 MPU
Tox (nm)  [AT
Gé{té’ dielectric leakage at 100°C (nA/um) 10 30 70 100 300 700 1000 MPU
High-performance  [B]
Physical gate length low power (nm) 90 80 65 53 45 37 32 Low
Equivalent physical oxide thickness for
; 2.0-24 |1.8-2.2 {1.6-2.0 ({1.4-1.8 (1.2-1.6
low operating power T,, (nm)  [A]
Gate dielectric leakage (pA/im) LOP [B] 100 100 100 300 300 300
Equivalent physical oxide thickness
2.4-2.8 |2.2-2.6 {2.0-2.4 | 1.8-2.2 [l YN R O I B2 I <)
for low standby power T,, (nm) [A]
Gate dielectric leakage (pA/um) LSTP [B] 1.0 1.0 1.0 1.0 1.0 1.0 \
Equivalent physical oxide thickness for DRAM
_ 5 4.5 4.1 3.6
transfer device T,, (nm) [A]
Gate O’I(:’IE‘CtI:IC leakage at 100°C (TfA/um) DRAM 4.1 4.6 2.6 2.4
transfer device [B]
Thickness control EOT (% 3c0) [C] <t 4 <t 4 <t 4 <t 4
Gate Etch Bias (nm) [D-1] 25.2 21.2 17.8 15.0
Lyare 30 variation (nm) [D] 6.31 5.30 4.46 3.75
Total maximum allowable Iithography 3o (nm) [D-2]] 5.15 4.33 3.64 3.06
Total maximum allowable etch 3o (nm), including
photoresist trim and gate etch [D-2] 3.64 3.06 2.57 2.17 1.62 AWV S MPU/ASIC
Resist trim maximum allowable 3o (nm) [D-3] 2.10 1.77 1.49 1.25 0.94 RERRMPU/ASIC
Gate etch maximum allowable 3c (nm) [D-3] 2.50 2.10 1.77 1.48 1.18 (MU MPU/ASIC
CD bias between dense and isolated lines [E] <15% | £15%| <15%| <15%| < 15% BESREVRIESREYMMPU/ASIC
Minimum measurable gate dielectric remaining (post >0 >0 >0 >0 >0 >0 >0 MPU/ASIC
gate etch clean) [F]
Profile control (side wall angle) [FF] >89 >89 >89 90 90 90 90 MPU/ASIC
Drain extension Xj (nm) [G] 27-45 | 22-36 | 19-31 | 15-25 9 0 MPU/ASIC
Waximun drain extension sheet resistance (PHOS) | 440 o | 460.0 | 550.0 | 660.0 | 770.0 | 830.0 | 760.0 |MPU/ASIC
(Q2/sq) [H]
Extension lateral abruptness (nm/decade) [1] 7.2 5.8 5.0 4.1 3.5 3.1 2.8 |[MPU/ASIC
Contact Xj (nm) [J] 48-95 | 39-78 | 33-66 | 27-45 | 24-47 | 21-42 | 18-37 |MPU/ASIC
Sidewall spacer thickness (nn) extension 48-95 | 39-78 | 33-66 | 27-45 | 24-47 | 21-42 | 18-37 |MPU/ASIC
structure [K]
Spacer thickness, elevated contact [L] — — — 15-25 VYIS VES L) ‘ 10-17 MPU/ASIC
Spacer thickness, single contact [N] — — — — — — 5-8.5 MPU/ASIC
Maximum silicon consumption (nm) [N] 23-46 | 19-38 | 16-32 | 13-26 | 11-23 | 10-20 | 9-18 |MPU/ASIC
Silicide thickness (nm) [0] 35.8 29.2 24.8 20.4 17.6 15.4 13.8 |MPU/ASIC
Contact silicide sheet Rs (Q/sq) [FP] 4.2 5.1 6.1 7.4 8.5 9.7 10.9 [MPU/ASIC
Contact maximum resistivity (Q_cmg) 07 4.1(_J,E-0 3.2(_)IE-0 2.7(_)IE-0 2.1(_)IE-0 1.8(_)IE-0 1.6(_J,E-0 MPU/ASIC
Gate electrode thickness [R] 65-130 (53-106 | 45-90 | 37-74 MPU/ASIC
Active poly doping for 25% depletion allowance 1.14 1.50 1.66 1.66 1.87
(C,”_y) 5] 9.2 E19(9.2 E19 E20 E20 E20 E20 E20 MPU/ASIC
Average gate electrode sheet Rs (Q/s5q) from table 5 5 5 5 MPU/ASIC
[7]
h. 1 1 for W leti <1/4L
channel concentration for Widepletion <174lerr |4 o £1g(6.0 E18(8.0 E18|1.1E 19 |1.4E 19[1.6 E19|2.3 E19|MPU/ASIC
(cm”) [U]
Uniform channel concentration ((,‘/17_3), for V;=0.40.8-1.5|0.8-1.5[1.5-2.5(1.5-2.5|1.5-2.5|2.0-4.0 |2.5-5.0 MPU/ASIC
[vi E18 E18 E18 E18 E18 E18 E18
Retrograde channel depth (nm) [W] 21-30 | 19-27 | 16-23 | 15-21 | 13-19 | 11-16 | 10-15 |MPU/ASIC
Undoped dielectric layer thickness (nm) [X] 500 465 435 400 365 335 300 |[(MPU/ASIC
Alkali diffusion barrier layer thickness (nm) 50 46 43 40 36 33 30 MPU/ASIC

26



?f;}foped bit line dielectric layer thickness (nm) 200 193 187 180 174 168 162 DRAM
cell dielectric layer thickness (nm) [Z] 200 193 187 180 174 168 162 DRAM
M-1 dielectric layer thickness (nm) [AA] 250 242 233 225 217 210 203 DRAM
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Notes for Table 51a and b Thermal / Thin Films, Gate Etch, and Doping Requirements

[A]. This number represents the effective thickness of the dielectric alone, at the maximum operating frequency of the
technology, without substrate or electrode effects, and is determined through an electrical measurement of capacitance
corrected for substrate (quantum) and electrode (depletion) effects. A more detailed discussion of the measurement of
EOT is on a separate workbook page. The color coding of each node considers the ability of known dielectrics to meet
gate leakage, uniformity, and reliability requirements. If there is no known solution to even one of these requirements
for the mid-value EOT, the node is coded red. Likewise, the node can be coded yellow if a solution is being pursued for
any one of these criteria. For Low Power technologies, it is expected that EOT values used by different companies could
range +/- 0.2 nm, i.e., about +/- 10% for short term nodes to +/- 25% for long term nodes.

[A1] Model 1 for EOT is 0.024 times the Physical Gate length

[A2] Model 2 for EOT is the thickness that gives 8 MV/cm field if all of the power supply voltage drops across the
dielectric, i.e., Vdd/8MV/cm.

[B] The gate leakage, specified at 100°C, is taken to be the same as the transistor subthreshold leakage at room
temperature. This leakage is specified in the PIDS chapter section on Logic—High Performance and Low Power
Technology Requirements as the off-state leakage (excluding the junction and the gate |leakage components) at room
temperature. Since the device subthreshold leakage is expected to increase by a factor of roughly 100x between room
temperature and 100°C, the gate leakage is expected to be only about 1% of the total leakage under worst case
conditions. Equating the gate |leakage to the device sub-theshold |eakage was assumed to be satisfactory from a circuits
operation standpoint, but it should be noted that not all design approaches (companies) will allow such a high gate
leakage. The gate leakage is measured on the minimum nominal device, and the specification is taken to apply to all
transistor bias configurations, that is, both when Vg = Vs = 0 and Vd = Vdd as well as when Vs =Vd » 0 and Vg = Vdd.
Numbers for low standby power devices come from the Japan PIDS TWG. Numbers for DRAM assume all of the allowed
cell leakage (in FEP Table 52) comes from the transfer device.

[B1] The areal gate leakage is modeled as the allowable gate |eakage divided by the physical gate length. However, it
should be noted that the total gate leakage is the sum of three |leakage components: 1) leakage between the source and
the gate in the gate-source overlap area, 2) leakage between the channel and the gate over the channel region, and 3)
|eakage between the gate and the drain in the gate-drain overlap area. The magnitude of each of these three components
will depend on the gate, source, and drain biasing conditions. The color coding of leakage nodes is based on UTQUANT
simulations of tunneling current from an inversion channel to the gate for the mid-point EOT. These simulation results
are given in a separate worksheet. It should be emphasized that the tunneling current density will generally be much
higher between the junction and gate than between an inversion channel and gate. Thus these simulations represent a
best case (lowest leakage) condition, where the gate-to-junction overlap area is minimal. When oxide will meet the
leakage specification, the node is coded white. Based on the literature, optimized oxynitride dielectrics are expected to
have a leakage current about 100 times lower than oxide; nodes are coded yellow when optimized oxynitride is needed to
meet the leakage specs. Nodes requiring alternate, high k dielectrics are coded red.

[B2] The unmanaged gate leakage power is the total static chip power that would occur if all the devices on a chip had

gate leakage equal to the maximum allowable value. Power management will require the extensive use of power

reduction techniques, such as power-down or multiple Vt devices to achieve an acceptable static power level.

[C] From Modeling of Manufacturing Sensitivity and of Statistically Based Process Control 3
Requirements for 0.18 micron NMOS device

[D1] Biasis defined as the difference between the printed gate length and the final post-etch gate length

[D] The total gate length 3o variation encompasses all random process variation including point to point on a wafer,
wafer to wafer, and lot to lot variations. It excludes systematic variations such as lithography proximity effects, and
etch variations such as CD bias between densely spaced and isolated lines. This total variability is taken to be less than
or equal to 10% of the final feature size. A conventional MOS structure is the basis for these calculations. MOS
transistor structures which vary in any way from the conventional structure (e.g. Vertical MOS transistors) will have
different technical challenges and will not fall within these calculations. The data is computed taking into account
lithographic errors during resist patterning and combined etch errors due to both resist trim and gate etch

[D2] The allowable lithography variance s2L is limited to 2/3 of the total variance, s2T of the combined lithography and
etch processes. It is further assumed that the lithographic and etch processes are statistically independent and therefore
that the total variance is the sum of the etch and lithography variances. This implies among other things that the printed
features in the resist have vertical wall profiles and be sufficiently thick to with-stand the etch process with loss of
dimensional fidelity.

[D3] It is assumed that the resist trim and gate etch processes are statistically independent and therefore that the
respective variances, s2, of the two processes are additive. 1/3 of the combined trim-etch variance is allocated to the
trim process, with the remaining 2/3 allocated to the etch process.

5 p. Zeitzoff and A. Tasch, “ Modeling of Manufacturing Sensitivity and of Statistically Based
Process Control

Requirements for 0.18 micron NMOS device,” Characterization and Wetrology for ULSI Technology :
1998

International Conference, D.G. Seiler, et al. eds., page 73
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[E] 15% CD budget is a combination of measurements from Etch, Lithography and Metrology. By 2004 the 2nm
dense-iso values achieved today will no longer be within specification. Work is currently underway to improve upon this.

[F] It isimportant that some dielectric remains after the gate etch clean step. Between technology nodes the dielectric
thickness decreases and there is an onset of using high k materials (2004) to replace the gate dielectric. Both advances
represent challenges to ensure there is an amount of remaining dielectric and the ability to measure the remaining
material.

[FF] Profile can be a major contributor to etch errors (see inset). Accurate measurement of vertical profiles remains
difficult. Long term, the effect of edge roughness on device performance needs to be addressed and methodology of the
measurement determined.

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

[G] Xj at Channel (Extension Junction) = 0.55* Physical Gate Length (with a range of about +25%).

[H] The maximum drain extension sheet resistance is modeled by allocating 7% of the allowable source and drain
parasitic resistances to the drain extensions. See worksheet of RsXj. The drain extension sheet resistance value must be
optimized together with the contact resistance and junction lateral abruptness (which effects spreading resistance), in
order to meet the overall parasitic resistance requirements.

[1] Channel abruptnessisin nm per decade drop-off in doping concentration = 0.11 * Isolated Line (nm) - based on
Short Channel effect.*

[J] Contact Junction Depth = 1.1* Physical Gate Length (with a range of about +33%).

[K] Spacer thickness (width) is taken as the same as the Contact Junction Depth. Validity
established using response surface methodology in “ Response Surface Based Optimization of 0.1

um PWOSFETs with Ultra-Thin Oxide

. . w D
Dielectrics

[L] Spacer thickness for an elevated junction (where there is no deeper contacting junction) is taken as the extension
junction depth (with a range of about +25%)

[M] Spacer thickness for an single junction device (where the extension junction is formed after the spacer isin place)
is taken to be one half of the extension junction depth (with a range of about +25%). Provided the lateral junction
motion is 0.6 x Xj.

[N] Silicon consumption is based on having the silicide thickness equal to half the contact junction depth
[O] Silicide thickness is taken to be 1/2 of the center Contact Xj to avoid consumption-induced increase in contact
resistivity. Less than half of the junction can be consumed.®

[P] Contact silicide sheet resistance: assumes 15 pyW-cm silicide resistivity , i.e., TiSio or CoSiy

4 y. Taur, :25 nm CMOS Design Considerations,” [EDM 1998, Technical Digest, IEEE, Dec. 1998,
pages

789-792

° A. Srivastava and C.M.0sburn, “ Response Surface Based Optimization of 0.1 um PMOSFETs with
Ultra-Thin Oxide

Dielectrics,” SPIE Proc., vol. 3506, (1998), page 253

6 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
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[Q] The Si/Silicide maximum interfacial contact resistivity values were calculated assuming that 100% of the PIDS
total allowed MOSFET Source/Drain resistance is allocated to the contact resistivity. It further that the transistor
contact length is taken to be twice the MPU half pitch, where length is in the direction of current flow. Since the PIDS
allocation is in terms of Rs XW, The equation for the contact resistivity rhoc is: rhoc = Rs x W x M. These values should
be appropriately modified if different transistor contact lengths are assumed. (See worksheet on Contact Rs). Note that
this contact resistivity is the maximum allowable and cannot be used for real devices. The values of contact resistivity,
drain extension sheet resistance and drain extension lateral abruptness must be co-optimized in order to meet the
overall parasitic resistance requirements.

[R] Gate thickness is takes between one and two times the physical gate length
[S] See Poly Doping worksheet

[T] Gate sheet resistance taken as a constant of 5 ohm/sq for near-term nodes for circuit performance.

[T1] From the gate sheet resistance and film thickness requirements (average). Assumes metal gate at and beyond 100
nm node

[U] Drain Extension Concentration for W depletion < 1/4 Logic Half Pitch. Values were interpolated from

calculations done for the 1999 ITRS.7

[V] Uniform channel concentration for Vt = 0.4. 8  values were interpolated from calculations done for the 1999

ITRS. Neither quantum mechanical nor potential increase in short channel effects were used in this calculations. These
effects do, however, tend to offset each other. NOTE: The assumption of a constant threshold voltage of 0.4 V may not be
consistent with the leakage current criteria. To reach the leakage current criteria may result in unacceptably large
threshold voltages for the scaled power supplies resulting in severe performance degradation. In addition, high
concentration channels could severely impact drain currents due to impurity scattering.

[W]. The retrograde well profile must be less than 0.5 times the drain extension depth to improve short channel effects.”
10 values were modeled as 33% to 45% of the gate length.

[X] Assumes 10% uniformity and stress <2 E9 dyne/cmz.

[Y] Assumes dielectric constant of 4, 10% uniformity, and stress <2 E9 dyne/cmz. Post CMP flatness taken as <10% of
initial thickness.

[Z] Assumes dielectric constant of 4, 10% uniformity and stress <2 E9 dyne/cmz. Post CMP flatness taken as <15% of
initial thickness.

[AA] Assumes dielectric constant of 4, 10% uniformity and stress <2 E9 dyne/cmz. Post CMP flatness taken as <15% of
initial thickness.

7 B.G. Streetman, “ Solid State Electronic Devices,” 4" ed., Englewood Cliffs, NJ: Prentice Hall,
page 174

8 p. Muller and T. Kamins. Device Electronics for Integrated Circuits, New York, NY: John Wiley
and Sons, Inc.,

1977, page 324

Y S. Thompson, P. Packan, and M. Bohr, “ Linear versus Saturated Drive Current: Tradeoffs in Super
Steep Retrograde

Engineering,” VLSI Technology Digest, (1996), page 154

10 . De and C.M. Osburn, “ Impact of Super-steep-retrograde Channel Doping Profiles on the
Performance of Scaled

Devices,” [IEEE Trans. Elec. Dev., vol. 46, no.8, (1999), page 1711
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51b

YEAR OF PRODUCTION 2010 2013 2016 DRIVER
DRAM Y2 PiTcH (nm) 45 32 22 DRAM
MPU / ASIC Y2 Pitc (nm) 50 35 25 MPU
MPU PRINTED GATE LENGTH (nm) 25 18 13 MPU
MPU PHYSICAL GATE LENGTH (nm) 18 13 9 MPU
Equivalent physical oxide thickness for WPU/ASIC Tox (nm) [ATR 0.8 0.4-0.6 0.4-0 MPU/ASIC
Gate dielectric leakage at 100°C (uA/um) High-performance [B]] 3.0 7.0 10 MPU/ASIC
Physical gate length low power (nm) 22 16 1 Low POWER

Equivalent physical oxide thickness for low operating power T, 0.8-1.2 0.7-1.1 0.6-1.0 LoPp
(nm) _ [A]

Gate dielectric leakage (pA/um) LOP [B] | 1000 | 3000 | 10000 | LOP
Equivalent physical oxide thickness for low standby power T,, (nm) 0.9-1.3 0.8-1.2 07-1.1 Lsp
A
ga]te dielectric leakage (pA/um) LSTP [B] 3.0 ) 10.0 LSTP
Equivalent physical oxide thickness for DRAM transfer device T,

(mm)  [AT

1.55 1.05 0.55 DRAM

Gate dielectric leakage at 100°C (nA/um) DRAM transfer device [B 0.7 0.3 0.2 DRAM

Thickness control EOT (% 3c) [C] <t 4 \ <t 4 LFA B MPU/ASIC
Leffective control . <20% \ e SV b/ MPU/ASIC
Gate etch bias (nm) [D-1] 7.1 \ 5.0 3.6 MPU/ASIC

Lgare 30 variation (nm) [D] 1.77 ‘ 1.25 (X MPU/ASIC

Total allowable lithography 3o (nm) [D-2] 1.45 1.02 UN#A MPU/ASIC
Total allowable etch 30 (nm), including photoresist trim and gate
etch [D-2]

1.02 ‘ 0.72 R MPU/ASIC

Resist trim allowable 3o (nm) [D-3] 0.59 \ 0.42 WL B MPU/ASIC
Gate etch allowable 3o (nm) [D-3] 0.83 0.59 (-SB MPU/ASIC
CD bias between dense and isolated lines  [E] . <15% \ = VN Y/ MPU/ASIC

mMinimum measurable gate dielectric remaining (post gate etch

clean) [F] >0 ‘ >0 L MPU/ASIC

Profile control (side wall angle) [FF] 90 \ 90 90 MPU/ASIC
Drain extension Xj (nm) [G] 7-12 L) 4-6 MPU/ASIC
Maximum drain extension sheet resistance (PMOS) (£22/sq) [H] 830.0 \ CZOMVRR AN MPU/ASIC
Extension lateral abruptness (nm/decade) [1] 2.0 \ 1.4 1.0 MPU/ASIC
contact Xj (nm) [J] 13—26\ (OB AL RN MPU/ASIC
Sidewall spacer thickness (nm) extension structure [K] m (SRR S BN MPU/ASIC
Spacer thickness, elevated contact [L] 7-12 \ 5-9 4-6 MPU/ASIC
Spacer thickness, single contact [M] 3.5-6 \2.5—4.5 2-3 MPU/ASIC
Maximum silicon consumption (nm) [N] 6-13 \ 5-9 3-6 MPU/ASIC
Silicide thickness (nm) [0] ) 7.2 5.0 MPU/ASIC
Contact silicide sheet Rs (Q/sq) [P] 15.2 | 21.0 DRI MPU/ASIC
Contact maximum resistivity (Q-cn’) [0] 6'4gE-0 3'8250 2'4gE-0 MPU/ASIC
Gate electrode thickness [R] 18-36 \ VB A MPU/ASIC
Wctive poly doping for 25% depletion allowance (cm™>) [S] 1.8E20‘2.5E20 2'9:E2 MPU/ASIC
verage gate electrode sheet Rs (Q/sq) from Table [T] 5 \ (] 7 MPU/ASIC
Channel concentration for Wdepletion <1/4L.rr (cn>) [U] 5.0E19 |1.3E20 |5.0E20 | MPU/ASIC
Uniform channel concentration (ci ), for V,=0.4 [V] s'g;glo 0.2;19.8 1.2;3.0 MPU/ASIC
Retrograde channel depth (nm) [W] 7-10 5-7 3-5 MPU/ASIC
Undoped dielectric layer thickness (nm) [X] 300 250 200 MPU/ASIC
Wlkali diffusion barrier layer thickness (nm) 30 25 20 MPU/ASIC
Undoped bit line dielectric layer thickness (nm) [Y] 146 131 118 DRAM

cell dielectric layer thickness (nm) [Z] 146 131 118 DRAM

M-1 dielectric layer thickness (nm) [AA] 182 \ 164 148 DRAM

White—-Manufacturable Solutions Exist and Are Being
Yellow--Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -
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CMOS

SiGe

PMOS

CMOS

4-5eV leV

Frenkel-Poole

CMOS
PMOS
PMOS
NMOS
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PIDS
CMOS
NMOS
Si-Ge Si
CMOS
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3-10nm

20nm
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First Year of IC Production 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
GATE DIELECTRIC |
Oxide Extensions N—doged Oxide
Modestk (5-10) Oxide/Nitride; Oxynitride \
Al,Og3; Other \
Medium « (10-20) ™
Unary Oxides O o) oM 2,03, Gdy,O3, Sc,03 \
Silicates a,Y)Q,), * [EA N
Highk (>20)
Amorphous aand Y A e are Earth Aluminate Alloys
I I I ] T T T
Single Crystal aAl;0,4, BaZrO 03, La,0O
INTERFACE LAYER FOR GATE
DIELECTRIC
Oxide extensions N-doped Oxide
1 1 1 1 1 1 1 1 1
Oxynitride, Nitride Oxynitride, Nitride
Il 1 Il 1
Other
Alternate dielectric directly on Si |Direct dielectric deposition on Si
] | ] | ] -
Furnace, RPECVD, RTCVD, JVD, MBE, MOCVD, ALCVD;, sputtering , oxidation of metals, iorganic
Tools and methods for dielectricsjand organic sources, etc
| ] | ] | ] | ] | ] | ] | ] | ]
PROCESS FOR INTEGRATION OF
DIELECTRIC AND GATE (vertical or horizontal) Replacement Gate
GATE ELECTRODE
Poly-Gate
Silicides on Poly CoSi,, NiSi on Poly
I I I I T I
Silicides on Poly Si-Ge CoSi,, NiSi on Poly Si-Ge; other germanides
Dual metal gate | ‘ | ‘ |
Metal 1 for NMOS @; E.) AR ENAVAR I MSi,, MN, , MSiN, ...
| 1 | 1 1 1 1 1 1 1 1 1 1
Metal 2 for PMOS @f E ) U U0\ (| Co, WN, MSi, MN, , MSi,N, ...
[ [ 1 [ [ [ [ [ [ [ T [ 1
Tools and methods for electrodeqCVD, sputtering, clustered with dielectrics; inorganic and organic sources; other

NEW STRUCTURES FOR

ELECTRODES AND GATES

HIGH MOBILITY CHANNEL
MATERIALS

Dual-gated SOI

Vertical Transistors

Strained Si and Si-Ge-C

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

Research Required
Development Underway
Qualification / Pre-Production
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16-35

PIDS Logic Technology Requirement High Performance Near-Term Table
/
10nm 600Q /O Thermal and Thin Film Doping and Etching
Requirement, FEP 5la, b
1x 107
Q -cm? n+ p*
2x 1020/cm3  p*
nm high-k

65nm

pMOS

nMOS



pMOS

nMOS

worksheet

plasma immersion ion implantation PIII

Laser Thermal Annealing

ALE
, Doping Potential Solutions
CMOS
100nm
nm
EOT
PIDS 51 EOT 25%
2007
30



high-k

PIDS
PIDS

SDE

50nm

Transient Enhanced Diffusion(TED) Boron
Enhanced Diffusion(BED)

30

"Defect Engineering”
TED

"Low resistance deposited and thermal doping”

SALICIDE



"Device structure"

"Channel engineering”

PIDS

First Year of IC Production

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

2012 2013 2014

2015 2016 2017

Shallow Junction
lon
Doping

Low Energy lon

Plasma Doping

Activation of
lon Doping

Spike Anneal => | Ise Anneal

Laser Thermal Anneal

Other, e.g. Microwave, E-beam, other

Low Resistance
Deposited and
Thermal Doping

Undoped - -> Doped Selective Epi/Poly

Other, e.g. PGILD,Solid/Gas Phase Doping,MBE/ALE

Self-Aligned Silicide, Co, Ni, alloy, Other

Contact Selective Deposited Silicide
Selective Deposited Metal
Laser Silicide Formation
Device C Planar Cl ontact
Structure Raised Source/Drain I\

Alternate Device Structures: Deposited Structures

Channel Engineering

Normal Channel [N

Super Steep Retrograde Channel

Abruptly Doped Epi Channel

Alternate, e.g. Fully Depleted SOI

Defect and Surface Engi ing and Model D for Doping

Defect Engineering

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

Research Required
Development Underway
Qualification / Pre-Production

CD

(CD)
(high-k)
(300mm)

(OPC)

(FEP

FEP

CD
(PSM)



3nm CD

31
in situ( )
1nm CD
CD
31
1011/cms
ECR ICP
MTBC MTTC
2005
31
(LER line edge roughness) CD
LER
LER
LER
LER



OPC PSM

CD
FEP
248nm 193nm
157nm 700nm 248 400nm 193
200nm 157
193nm  157nm
13nm
Zr Hf
CD
Si0 SiN
CMOS
P+ (Pt, Ir, Ni, Mn, Co) N+
(Ta, Zr, HFf, Ti)
CMOS

CMOS



FEP

31

(STI)  100nm

STI

STI

CD

15

1

STI STI

) FEP 5la b

DRAM
High Aspect Ratio Contact (HARC)



CD

First Year of IC Production 2001 2003 2005 2007 2009 2011 2013 2015 2017

2002 2004 2006 2008 2010 2012 2014 2016

ECR
High Density Plasma IcP

New Material Main Etch

Low Damage
Overetch

Neutral Stream
Low Damage

Chemical Downstream

CD Control

K~5-10
High k Dielectrics
0
Metal Gates
248 nm
Resist Trim
_ Research Required : Development Underway [ ] Qualification/Pre-Pr

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




DRAM

DRAM 3 4
2
/ 1.4
DRAM MbDRAM MbDRAM Mb
Mb 2 DRAM 52
DRAM
52 DRAM
DRAM 130nm
8F"2 (F :
minimum feature size ) DRAM
25FF/cell( )
Si02 Si3N4
3 130nm
50
Ta205
Ta205
22 Ru Pt
Ta205
50 Ref. K._Kishiro, et al., Jpn. J. Appl. Phys.
Vol.37(1998) pp-1336-1339 130nm MIM( )
(Thermal budget)
CVvD 500
650
90nm HAC (High Aspect Contact hole)
250 BST
45nm BST



32nm

6F"2

DRAM

S0C

DRAM

6F"2

S0C

DRAM

1500

DRAM

10

DRAM
DRAM

S0C

S0C DRAM

DRAM



52(a) DRAM

Year of Production 2001 2002 2003 2004 2005 2006 2007
130 nm 115nm 100nm 90 nm 80nm 70nm 65 nm
Minimum feature size (nm) 130 115 100 90 80 70 65
DRAM Product (A) 512M 1G 2G 4G
Cell size factor a (B)(O) 8.0 8.0 6.0 6.0 6.0 6.0 6.0
Cell size [um?] (C) 0.14 0.1 0.06 0.049 0.038 0.029 0.03
=0.26*0.52 | =0.23*0.46 | =0.2*0.3 | =0.18*0.27 | =0.16*0.24 | =0.14*0.21 | =0.13*0.2
Storage node size [um?] (D) 0.051 0.040 0.020 0.016 0.013 0.010 0.008
=0.13*0.39 | =0.115*0.35( =0.1*0.2 | =0.09*0.18 | =0.08*0.16 | =0.07*0.14 |=0.065*0.13
Capacitor Cylinder Cylinder Pedestal Pedestal Pedestal Pedestal Pedestal
Structure MIS MIS MIM MiM MIM MIM MIM
Taz05 Taz05 Taz05 Taz05 BST BST BST
(Ref. U) (Ref. U)
Dielectric constant 22 22 50 Ref. U 50 Ref. U 250 300 450
SN height H [um] 0.9 0.9 0.9 0.9 0.65 0.53 0.38
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 [um?] 1.48 1.30 0.87 0.72 0.32 0.23 0.16
Structural Coefficient (F) 10.9 12.3 14.5 14.8 8.5 7.9 6.2
teg@25fF [nm] (G) 2.0 1.80 1.20 1.00 0.45 0.32
t phy.@25fF [nm] (H) 5.9 4.5 15.3 12.8 28.7 24.7
IA/R of SN (OUT) for cell plate depo. (1) 7.6 8.5 13.4 13.3 28.9 25.7 25.2
HAC diameter [um] (J) 0.16 0.14 0.12 0.11 0.10 0.08 0.08
Total interlevel insulator and metal thicknesy 1.00 0.96 0.93 0.90 0.86 0.84 0.81
except SN [um] (K)
HAC depth [um] (L) 1.90 1.86 1.86 1.76 1.51 1.37 1.19
HAC A/R 12.2 13.5 15.5 16.3 15.8 16.3 15.3
[Vcapa. [V] 1.8 1.8 1.8 1.5 1.5 1.5 1.2
Retention time [ms] (M) 64 64 64 64 64 64 64
Leak current [fA/cell] (N) 1.05 1.05 1.05 0.88 0.88 0.88 0.70
Leak current density (nA/cm?) 71.3 81.0 121.6 121.9 270.6 378.2 448.9
Deposition temp. [degree C] ~ 500 ~ 500 ~ 500 ~ 500 ~ 500 ~ 500 <500
Film anneal temp. [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
White-Manufacturable Solutions Exist, and Are Being Optimized
Yellow—Manufacturable Solutions are Known
Red-Manufacturable Solutions are NOT Known - Cell area
Notes for Table35 a and b: F
(A) 2001 Overall Roadmap Technology Characteristics, Table 1a and b
(B) a= (Cell size)/F2 (F : minimum feature size) SN =
(C) Cell size= a*F? (Cell shorter side =2F) F
(D) SN size =(a/2 -1)*F* (SN shorter side = F) “—>
(E) Cylinder structure increase the capa area by a factor of 1.5.
(F) SC = (total Capa area) / (Cell size)
(G) teq=3.9* EO* (total Capa area)/25fF
(H) t phy. = teg*Er/3.9 If polysilicon is used as a bottom electrode. t phy. =(teg-1)* Er/3.9 t phy

() AR of SN (OUT) = (SN height) / (F - 2* t phy.)
(J) HAC diameter =1.2*F (HAC : High Aspect Contact)

(K) The thicknessis assumed to be 1.05;m@2180nm. (10% reduction by each generation)

(L) HAC depth = SN height + Total Interlevel insulator and metal thickness

(M) DRAM Retention time (PIDS)

(N) (Sense Limit* C*Vyg/2) / (Retention Time* MARGIN) (Sense limit=30% leak, MARGIN=

11




52(b) DRAM
. 2010 2013 2016
Year of Production 45 nm 32 nm 22 nm
Minimum feature size (nm) 45 32 22
DRAM Product (A) 8G 32G 64G
Cell size factor a (B)(O) 6.0 4.0 4.0
Cell size [HmZ] ©) 0.012 0.0041 0.0019
UiV NP:8=0.064*0.06 =0.044*0.04
Storage node size [Hm2] (D) 0.004 0.0010 0.0005
RO /N0it]=0.032*0.03 =0.022*0.02
Capacitor BELESCIM Pedestal  Pedestal
structure ol Ll Ll
BST ?7? ?7?
Dielectric constant 800 1500 3000
SN height H [um] 0.21 0.15 0.08
Cylinder factor (E) 1.0 1.0 1.0
Roughness factor 1.0 1.0 1.0
Total capacitor area [um?] 0.06 0.02 0.008
Structural coefficient (F) 5.0 4.9 3.9
t phy.@25fF [nm] (H) 17.2 10.7 8.0
IA/R of SN (OUT) for cell plate depo. (1) 19.8 14.3 13.3
HAC diameter [um] (J) 0.05 0.04 0.03
[Total interlevel insulator and metal thickness except SN 0.73 0.66 0.59
[um] (K)
HAC depth [um] L) 0.94 0.81 0.67
HAC AIR 17.4 21.0
\Vcapa. [V] 0.9 0.6 0.5
Retention time [ms] (M) 64 64 64
Leak current [fA/cell] (N) 0.53 0.35 0.29
Leak current density (nA/cm?) 1738.3 3893.8
Deposition temp. [degree C]

Film anneal temp. [degree C]

< 650

< 650

[Word line Rs  [ohm/sq.]

White-Manufacturable Solutions Exist, and Are Being Optimized
Yellow--Manufacturable Solutions are Known

Red-Manufacturable Solutions are NOT Known -

Year of First Product Shipment 2001 2004 2007 2010 2013 2016
Technology Node i 130 nm 2002 2003 90 nm 2005 2006 65 nm 45 nm 32nm 22 nm
Upper
Electrode metal
High ON
dielectric Ta,05 Al,O3 BST, STO Epi-BST
Bottom poly-Si p/
Electrode metal erovskite
(A) Metal : Ti, TiN, W, Pt, Ru, RuOy, IrO, (B) Perovskite: SrRuOs3; N. Fukushima et al., IEDM Technical Digest,
pp. 257-260, 1997.
52(c) DRAM

12




DRAM

53a 53b DRAM
35fF/cell( ) 100nm
NO
100nm 60 high-k 90nm
SoC DRAM
DRAM
DRAM F
4F 2 DRAM
53a DRAM
. 2001 2004 2007 2010 2013 2016
Year of Production 130 nm 90 nm 65 nm 45 nm 33 nm 23nm
Storage node area, top view [(DRAM 1/2
pitch)?] 2 <2 <2 <2 <2 —
[Trench structure bottled bottled bottled bottled bottled bottled
[Trench area enhancement factor 1.3 1.9 1.9 1.7 1.7 1.7
Capacitor  dielectric  equivalent  oxide]
thickness (nm) 4.5 3.9 2.6
[Trench depth [um], (at 35fF) 8 7 6.5
lAspect ratio (trench depth / trench width) 45 65 80
Metal/Poly-
Upper electrode Poly-Silicon [ Poly-Silicon Si Metal Metal Metal
1: Epi-high-k 1: Epi-high-k
/ / 1. Epi-high-k
Dielectric material NO NO High-k 2: High-k 2: High-k [/ 2: High-k
Bottom electrode Silicon Silicon Silicon
2: Metal 2: Metal 2: Metal

13



53b DRAM

YEAR OF PRODUCTION 2010 2013 2016
DRAM Y2 PITCH (nm) 45 32 22
MPU / ASIC %2 PITCH (nm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Storage node area, top view [ (DRAM 1/2 pitch)?] <2 <2 <2
Trench structure bottled bottled bottled
Trench area enhancement factor 1.7 1.7 1.7

Capacitor dielectric equivalent oxide thickness (nm) 1.2 0.6 0.3
Trench depth (xm), (at 35fF) 4.9 4 3
Aspect ratio (trench depth / trench width) 91 104 114
Upper electrode Metal Metal Metal
Dielectric material & E_p:_;.high"(/ b EIOI-/hlgh-K 1: . EPi'high'K

: High«x 2: High-x / 2: High-x

2: Metal 2: Metal 2: Metal

1: MIS / (Epi)-high-x

Capacitor structure/ dielectric 2: MIM / High-x

White-Manufacturable Solutions Exist and Are Being Optimized
Yellow—Manufacturable Solutions are Known

Red-Manufacturable Solutions are NOT Known -l
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ITRS2001

Flash EEPROM

FEP

PIDS

Poly-Poly

Poly-Poly
CvD
54a  54b ITRS
Poly Si  Poly Si 2005
ITRS 2002
Table 54a FLASH Non-volatile Memory Technology Requirements—Near-term
YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM Y% PiITCH (nm) 130 115 100 90 80 70 65
MPU / ASIC Y2 PITCH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Flash technology node (nm) [A] 150 130 115 100 90 80 70
Flash NOR tunnel oxide thickness (EOT - nm) [B] 9.5-10.5| 9.5-10 9-10 9-10
Flash NAND tunnel oxide thickness (EOT - nm) [B] 8.5-9.5 | 8.5-9 8-9 8-9
Flash tunnel oxide thickness control EOT (% 3c) [C] <t 4 <t 4 <t 3.5 <t 3.5 <t 3 <t 3 <t 3
Flash tunnel oxide minimum Qgp @ 1x 1072 Ascn? (C/cn’) [D]| 0.2 0.2 0.2 0.2 0.2 0.2 0.2
- S P 2
Z_;sh tunnel oxide defectivity @ minimum Qgp (def/cm”) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

15




Flash tunnel low field leakage (nA/5V) [F] 100 100 100 100 100 100 100
Flash program/erase window AVy (V) [G] >3 >3 >3 >3 >3 >3 >3
Flash erase time degradation t,,/t, [H] <2 <2 <2 <2 <2 <2 <2
Flash program time degradation t,,./t, [I1] <2 <2 <2 <2 <2 <2 <2
Flash NOR interpoly dielectric thickness (EOT-nm) [J]| 13-15 12-14 11-13 11-13 10-12 9-11 9-11

Flash NAND interpoly dielectric thickness (EOT-nm) [J]| 14-16 13-15 12-14 12-14 12-14 11-13 10-12
Flash interpoly dielectric thickness control EOT (% 30)

<% 7 <% 7 <+ 6 <+ 6 <t 6 <+ 6 <+ 6
[K]
';I.as(zc;nz;paly drelectric Tpax of Tormation t>5° 7 <gq4 1 990/800 / 900(750 / 900(750 / 900 L NN LN LL L LIRELL:

Flash interpoly dielectric conformality on floating
gate EOT,;jn/EOT . [M]

Flash maximum charge loss 10 years @Room Temp (V)
— single/dual bit (%) [N]

>0.92 >0.95 >0.95 >0.95 >0.95 >0.98 >0.98

20/10 | 20/10 | 20/10 | 20/10 | 20/10 | 20/10 | 20/ 10

White—Manufacturable Solutions Exist and Are Being
Yellow—-Manufacturable Solutions are Known
Red-Manufacturable Solutions are NOT Known -

Notes for Table 54a and b:

[A] Flash devices tend to lag the current CMOS technology node. This entry provides the F value for designs in the

indicated time period.

[B] Tunnel oxides must be thick enough to assure retention but thin enough to allow ease of erase/write. This difficult

problem hinders scaling.

[C] Tunnel oxide thickness control must guarantee correct program/erase windows.

[D] Minimum QBD value (Constant Current Stress) to guarantee device write/erase cycling
[E] Tunnel oxide defectivity to guarantee device write/erase cycling.

[F] Leakage value to guarantee device charge retention.

[G] Between minimum and maximum values of the program/erase distributions.

[H] Time degradation after maximum specification number of write/erase cycles.

[1T Time degradation after maximum specification number of write/erase cycles.

[J] Interpoly dielectric must be thick enough to assure retention but thin enough to assure an almost constant coupling

ratio. Charge retention with scaling down is the major issue.

[K] Thickness control to assure correct coupling ratio and minimum thickness for charge retention.

[L] For long (>5 min) and short (<5 min) thermal processes to avoid tunnel oxide and device degradation
[M] Uniform step coverage is important for charge retention.

[N] To assure device functionality.
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Table 54b FLASH Non-volatile Memory Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
DRAM Y2 PiTcH (nm) 45 32 22
WPU / ASIC Y2 PiTcH (nm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Flash technology node (nm) [A] 50 35 25
Flash NOR tunnel oxide thickness (EOT - nm) [B] 8-9 8 8
Flash NAND tunnel oxide thickness (EOT - nm) [B] 6-7 6-7 6-7
Flash tunnel oxide thickness control EOT (% 3c) [C] <t 2.5 <t 2.5 <t 2
Flash tunnel oxide minimum Qg @ Ix 1072 Ascw® (C/cn?) [D] 0.3 0.3 0.4
Flash tunnel oxide defectivity @ minimum Qgp (def/cn?) [E]] <0.01 <0.01 <0.01
Flash tunnel low field leakage (nA/5V) [F] 100 100 100
Flash program/erase window AVy (V) [G] >3 >3 >3
Flash erase time degradation t,,./t, [H] <2 <2 <2
Flash program time degradation t,,/t, [I1] <2 <2 <2

Flash NOR interpoly dielectric thickness (EOT-nm) [J] 8-10 6-8 4-6
Flash NAND interpoly dielectric thickness (EOT-nm) [J] 10-12 9-11 9-11

Flash interpoly dielectric thickness control EOT (% 30) [/(]
Flash interpoly dielectric T,,, of formation t >5" / < 600 / 750 600 / 700 600 / 700
co L]

Flash interpoly dielectric conformality on floating gate
EOTin/EOT yare  [M]

Flash maximum charge loss 10 years @Room Temp (V)
— single/dual bit (%) [N]

>0.98 >0.98 >0.98

20/10 ([ 20/10 | 20/ 10

White—-Manufacturable Solutions Exist and Are Being
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -

FeRAM
FeRAM ITRS2001 FEP PIDS
FeRAM
ITRS FeRAM
FeRAM 25
DRAM 500
1 FeRAM
2001 2016

25 J. L. Moll and Y. Tarui, IEEE Trans. Electron Devices, ED10, 338, 1963.
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0.7 3 4

FeRAM
2001-2004 FeRAM
0.7 4 64Mb 16Mb
180nm 2004
4 1 55a
55b
2005 2004
180nm
2004-2006 256Mb 130nm
3 4 0.7
2 1
- 1T-1C 2002
2T-2C 60%
1T-1C FeRAM
2003
60%
3 3D 2007
55a
(a) 2001 60 aF? F
a 2005-2007 10
2010-2016 8 DRAM
6
2
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PZT Pb(Zr,Ti)O;  SBT SrBi,Ta,0, SBT Pt

Ec
SBT PZT
PZT SBT Qsw
PZT
PZT SBT
FeRAM
MOCVD
Iro,
SrRuO; (SRO)
PVD Sol-Gel CSD
MOCVD
RIE
CD Critical Dimension
RIE
2005 Q.w
BLT (Bi,La),Tiz;O4, 26
3D Qsw 2005
PZT SBT PZT
La SBT Nb
FeRAM DRAM
ITRS 1999 DRAM ITRS
1999 Cs 25fF/cell
1Gb 0.18um 320fF F2/3 F

26 B. H. Park, B. S. Kang, S.D. Bu, T. W. Noh, J. Lee, and W. Jo, 682, Nature, 1999.
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27
AVbitlme AVbitllne
140mV AVpitiine
140mV  Cyitiine
Qsw
20-40 uC/cm?
3 3D 3D
2007 55 Qsw 34.5 uC/cm?
2005 BLT
55 FeRAM
2005 2007
Table 55a FeERAM Technology Requirements—Near-term
YEAR OF PRODUCTION 2001 2002 2003 2004 2005 2006 2007
DRAM Y2 PrrcH  (nm) 130 115 100 90 80 70 65
MPU / ASIC Y PrTcH (nm) 150 130 107 90 80 70 65
MPU PRINTED GATE LENGTH (nm) 90 75 65 53 45 40 35
MPU PHYSICAL GATE LENGTH (nm) 65 53 45 37 32 28 25
Feature Size (um): F [A] 0.5 0.35 0.25 0.18 0.18 0.18 0.13
FeRAM Generation (Mass production)[B]
Standard memory (bit) 1Mb 4Mb 16Mb 64Mb 64Mb 128Mb 256Mb
32KB 128KB 512KB 2MB 2MB 4MB 8MB
Embedded memory (Byte) (256Kb) | (1Mb) | (4Mb) | (16Mb) | (16Mb) | (32Mb) | (64Mb)
Access time (ns) [C] 80 65 55 40
cycle time (ns) [D] 130 100 80 70
cell area factor a [E] 60 40 24 16
cell size (um?) [F] 15.000 4.900 1.500 0.518 0.324 0.324 0.169
2
Total cell area (mr) for standard 15.73 20.55 2517 | 34.79 | 21.74 | 43.49 | 4537
memory [G]
2
rotal cell area (mr) for embedded 3.93 5.14 6.29 8.70 5.44 10.87 | 11.34
memory [H]
Projected capacitor size (um?)[1] 2.00 0.98 0.50 0.26 0.13 0.13 0.0
Capacitor area (um?) [J] 2.00 0.98 0.50 0.26 0.13 0.13 0.09
Cap area/proj cap size[K] 1.00 1.00 1.00 1.00 1.00 1.00 1.34
Helg/{t of bottom electrode/F (for 3D nla nla nla nla nla nla 0.17
capacitor)[L]
Capacitor structure [M] planar planar stack stack stack stack D
272C or 1TI1C [N] 2T2C 1T1C 1T1C 1T1C 1T1C 1T1C
Vop (Volt) [0] 3.0 3.0 2.5 1.8 1.5 1.5 1.2
Minimum switching charge density
. . . . . . 0.0
(ucser) 6Vop[P] 4.4 71 11.2 17.2 34.5 34.5
Minimum switching charge per cell
(fcscell) voplo] 88.5 69.8 55.8 44.8 44.8 44.8 36.1
Retention 085°C (Years)[R] 10 Years | 10 Years | 10 Years |10 Years (10 Years |10 Years |10 Years
Fatigue with assuring retention[S] 1.0 E12 1.0 E13 1.0 E14 | 1.0 E15 1.0 E16‘ 1.0 E16‘ 1.0 E16‘

27 A. Nitayama, Y. Kohyama, and K. Hieda, 355, IEDM 1998.
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White—-Manufacturable Solutions Exist and Are Being
Yellow—Manufacturable Solutions are Known
Red—Manufacturable Solutions are NOT Known -
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Table 55a and b Notes:

[A] Feature size "F" is defined as the critical dimension in the cell.

[B] Embedded Memory (Byte) strongly depends on applications, and assumed to be 1/4 of Standard
Memory (bit) here.

[C] ,[D] Values for1Mb are estimated based on Ramtron FM1808 (256kb): 70ns/130ns and Fujitsu’s
ISSCC 2001 paper (1Mb,accesstime=80ns).

[E] a = Cell si zelF2. Assumptions: planar --> stack (x 60%), 2T2C --> 1T1C (x 60%).
[F] Cell size = a* F?
[G] Cell area* Memory size (bit).

[H] Cell area* Memory size (bit) . cf. JIS (Japanese Industrial Standard) demands chip area < 20mm?

for 1C card applications.

[1] Should be doubled for 2T2C. 2001-2004: 8F2, 2005-2008: 4F2, 2011-2017: 3F are assumed.

[J] Should be doubled for 2T2C. 3D will be a pedestal structure.

Storage Node
[K] More than 1 for 3D capacitors, otherwise: 1.

[L] For instance, 0.17 means that the height is 0.17*F. (Planan) Plate

[M] See figures (right).

[N] Besides cell structures, configurations are being investigated; ex. Chain-FeRAM. Plate

[O] Vop=operational voltage. Low voltage operation is a key issue. % ::::;:de
[P] This value can be calculated by 17) divided by 10). (Stack)

[Q] Calculated by AVbitline* Chitline with the assumptions that AVbitline=

140mV is needed and Chitline is the same as DRAM. 4,#1:'3‘&

[R] Depends on applications. 85C comes from the specifications for IC cards.

[S] 100MHz*10 years=3E+16. Some 1E+15 isrequired to compete with SRAM and DRAM. (3D) Storage Node

Table 55b FeRAM Technology Requirements—Long-term

YEAR OF PRODUCTION 2010 2013 2016
DRAM Y PITCcH (nm) 45 32 22
MPU / ASIC Y2 PrITcH (nm) 50 35 25
MPU PRINTED GATE LENGTH (nm) 25 18 13
MPU PHYSICAL GATE LENGTH (nm) 18 13 9
Feature Size (um): F [A] 0.1 0.07 0.05
FeRAM Generation (Mass production)[B]

Standard memory (bit) 1Gb 4Gb 16Gb
Embedded memory (Byte) (23526N|:I|Bb) 1&%’1’;? 5(12G|ﬁ)B

Access time (ns) [C]
cycle time (ns) [D]
cell area factor a [E]

cell size (um’) [F] 0.080 0.039 0.020
Total cell area (mn?) for standard memory 85.90 168.36 | 343.60
[c7

Total cell area (mn?) for embedded memory 21.47 42.09 85.90
[H]

Projected capacitor size (um’)[1] 0.03 ‘ 0.015 | 0.0075
Capacitor area (um?) [J]

Cap area/proj cap size[K] 2.53 4.06 6.37
Height of bottom electrode/F (for 3D

capacitor)[L]

Capacitor structure [M] 3D ‘ 3D
272C or 1TIC [N] 1T1C 1T1C

Vop (Volt) [0] 1.0 0.7

Minimum switching charge density (uC/cm?)
@vop[P]

Minimum switching charge per cell (fC/cell) 30.3 23.9 19.1
evop[0]
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Retention @85°C (Years)[R]

Fatigue with assuring retention[S]

10 Years (10 Years|(10 Years

Year of First Product Shipment 2001 2002 2003 2004 2005 2007 2010 2013 2016
Technology Node 130nm 115nm 100nm 90nm 80nm 65nm 45nm 32nm 22nm
Ferroelectric M aterials PZT*, SBT PZT, SBT, New Materials (BLT, etc.)
Deposition M ethods PVD, CSD# PVD, CSD, MO% MOCVD, New Methods|

*) SBT at present gives less than adequate switching charge for 2005 and beyond.

#) Chemical Solution Deposition

Figure 33 FeRAM Potential Solutions

SRAM  DRAM RAM
10'° FeRAM
FeRAM
IC
FeRAM
SRAM
FeRAM
DRAM
DRAM
FeRAM
FeRAM
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FEP

FeRAM

MOSFET

MOSFET

FEP

Low-k
MOSFET DRAM
High-k

Critical Dimension (CD)

FEP

FEP

FEP
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