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Table INTC1

B

Interconnect Difficult Challenges

Difficult Challenges > 22 nm

Summary of Issues

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

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

Engineering manufacturable interconnect

structures, processes and new materials*

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

Achieving necessary reliability

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

Three-dimensional control of interconnect
features (with its associated metrology) is
required to achieve necessary circuit

performance and reliability.

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

size, and pattern dependent processes create this challenge.

Manufacturability and defect management that
meet overall cost/performance requirements

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

Table INTC1

Interconnect Difficult Challenges (continued)

Difficult Challenges <22 nm

Summary of Issues

Mitigate impact of size effects in interconnect
structures

Line and via sidewall roughness, intersection of porous low-k voids with sidewall, barrier
roughness, and copper surface roughness will all adversely affect electron scattering in

copper lines and cause increases in resistivity.

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

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

Patterning, cleaning, and filling at nano
dimensions

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

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

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

Identify solutions which address 3D structures

and other packaging issues*

3 dimensional chip stacking circumvents the deficiencies of traditional interconnect scaling by
providing enhanced functional diversity. Engineering manufacturable solutions that meet

cost targets for this technology is a key interconnect challenge.

* Top three challenges

3

CMP—chemical mechanical planarization DRAM—dynamic random access memory

20nm LAREDBHIMECH KL I E OO FHELICRFESND T ARZNEAS Cu O FRNI7 B A8
IIEHAET B, Ultra Low-k IS4 E DB T T F v o 7o TR BILS, ZIUHOEM - HHIE
FOIEE DX — LI DA T D,

SHEOHME., BB O, T L TF <~ UAEEIT AT BOBRENBA R « B b CoF w7 IREE
CTOFHAEAF 2 HRERIE H &72 5, CD (Critical dimension) JITE X, B 5T AT Moflighi/ ) 7 O FH RN MBS
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B HELET A DUESN TETEY ., BAIRE T AT ML ORI LT Cu DIEHT ERA THICx 5,
Figure INTC1 {ZRENTWAEANC, EHEHLO BRI IR RE R B OB A BELO M T B RE BT D, 5%
TOEZA, ZOMBEIZH T AIRIRIZ DD > TR,

{ side
wall

2 grain boundary

Resistivity [uQ cm]

bulk resistivity

10 100 1000
Linewidth (nm)

Figure INTCI Cu Resistivity

TR T o AZ OV | REJERCER . 7 — S VBRI OV T O Cu D EIHTEDS, o—R~y 7D
ATOEHL LS TS, 2oL ERICED RC MEREFRIE~OREL RSN TERY,
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Figure INTC2 Cross-section of Hierarchical Scaling—MPU Device
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ASIC Dffigr
ASIC 1%, Bz 1E Cu B low-k #afZixD 1578 MPU ORI DL 4G5, —ixHIIZ ASIC
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MBEIRRD 41%) LVHBIRRE Y T CHERLE D, ASICIZDO A, BT a—UEEROE T3 2005 4512 MPU
DEAFAIERDZ (MPU technology requirements table) (ZxFL TINZ HAL TV, #URIR7: ASIC Dz
Figure INTC3 (2779,

JESIHIIZ DRAM OBUEREAIZIE, HebEELOBURRE Y T St 7 AT ML D a2 7z ST
X775, 2010 AEIZ1E MPU O AZ L 1O F 1L DRAM E—ET 5 RIS TS, low-k KEfiE (7 bV
I PEAVIE  FSG) O ANEITHR THY . 65nm /N— T F TTILI=7 LD Cu ~DOBEHNE X TN,

F=ir7mtA7n—{d, MPU/ASIC SGEED FEE D THY, DRAM ~Oji LKL T IS
%, Figure INTC4 |, BB OMERICH WO, %270 A7 & M #E % (ILD : interlevel
dielectric) fi1E% X/RLT-b D THD, BIED Cu ¥~ o7 av A 3R FE R (PVD: Physical Vapor
Deposition) (245 Ta _X—AD/ T L Cu Bk EEZE FWTND DS, A XD A r— ) 712

7R DM BHOIZ R 8 D IFED RO H1LD, Cu 85X (electrochemically deposited: ECD) (34 %*?3%{1520)1’1_
FEHI7RUERIC &> T — =y 7O PRI (2020 42) ETIEMLEILLTWDAS, -, 2327 ATk
HEZRDIPIRITHI L T, AR 72 R E T2 AT CRARS KL TSI B D, ZDLORIIRITD
W TEN 7R BLE TR A HERF T 572012, WU TS MELESID, IR 8 OB I35 Bk
[T, F = AEEETD Cu o SMD T % rREL T D720 IZIV L2 D, KET~DIRHT, (LR R
(chemical vapor deposition: CVD) | J&§J& % &% (Atomic Layer Deposition: ALD) | 33 X UNERRE U7 3
PR ARRR AT T D, BEEERD YT T ELWNERESIV T VR,

AR 7 iaii D = — X213, BRI L Oy F ANy 7 D72 O JVIRWFEER O EL, 74
w7V 7 BT MIM (metal-insulator-metal ) 25 5D 728 O XV 5 Wi B 2 O 48, FRAM (ferroelectric
memories) D728 D E\ R A 7R REE D38 EILD, ZIBOFT L EIO BT, Btkir)Z L TSR
IRRHEIX, TR AT L= al TR LA S 16T 8T B, BIIRICIE, EER ISR Al
FEMENIVEE LD KRR OER LU CHERE T 272012+ 07 i a s NI AN RO JEE R B 2R
SN,
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Intermediate
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Pre-Metal Dielectric
Tungsten Contact Plug
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Figure INTC3 Cross-section of Hierarchical Scaling—ASIC Device
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T CHERAITRIE DFFU N Tow-k MBI EL72HDE LT, FRAEREL OO Vb n 2z s # L TV <
7o, JO—JE DR EL IS, CMP %ISR OBEED, [FERDT /A AN BLRE VDR K EE D
BRRAE AT DL D, Ty T T LUANBER KOy F U S B, my T AN T T PR N
TR TR E L GBI AR oo, low-k HEEIEA LSRRV IS BFEERT IR0,
ToF T BLOBNRE T 0t A ORS A— AL ET T A A= BEETHY, KR, LW — Nk
IO — MR B ASNDIC D Te > THE THD,

5| «— Dielectric
diffusion barrier

4— Etch stop layer

| ¢ Dielectric
diffusion barrier

«4— Etch stop layer

Homogeneous ILD Embedded low % ILD Homogeneous ILD
without trench etch stop (5> x) with trench etch stop

Figure INTC4 Typical ILD Architectures
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Table INTC2a MPU Interconnect Technology Requirements—Near-term Years
Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
1 .

MPU/ASIC Metal 1 2 Pitch 68 59 52 45 20 36 32 28 25
(nm)(contacted)
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Number of meu'al levels_ (includes ground 11 12 12 12 12 12 13 13 13
planes and passive devices)
Total interconnect length (m/cmz) — Metal

1 and five intermediate levels, active 1439 1712 2000
wiring only [1]

7 3 -
FITs/m length/cm™ % 10 ~ excluding global 35 29 25
levels [2]
Interlevel metal insulator — effective
diclectric constant (x) 29-33 | 2933 | 2.6-29
Interlevel metal insulator — bulk dielectric 2529 2529 2327
constant (k)
Copper diffusion barrier and etch stop —
bulk dielectric constant (k) 4.0-45 4.0-45 3:5-4.0
Metal 1 wiring pitch (nm) * 136 118 104
Metal 1 A/R (for Cu) 1.7 18 1.8
B'c_lr_ner/claddmg thickness (for Cu Metal 1 48 43 37
wiring) (nm) 3]
Cu thinning at minimum pitch due to
erosion (nm), 10% x height, 50% area 12 11 9
density, 500 um square array
Conductor effective resistivity (p€2-cm)
Cu Metal 1 wiring including effect of
width-dependent scattering and a 351 3.63 3.80 4.08 4.30 453 4.83 5.20 5.58
conformal barrier of thickness specified
below
Capacitance per unit length for M1 wires
(pF/em) - assumed PMD k= 4.2 [6] 1920 | 1921 | 1820 | 1820 | 1820 | 1.7-19 | 17-19 | 17-18 | 15-17
Interconnect RC delay (ps) for a 1 mm Cu
Metal 1 wire, assumes no scattering and an 558 717 848 1132 1433 1695 2075 2710 3128
effective p of 2.2 pQ-cm
Interconnect RC delay (ps) for I mm Cu
Metal | wire, assumes width-dependent 890 1183 1465 2100 2801 3491 4555 6405 7935
scattering and a conformal barrier of
thickness specified below
Line length (um) where = RC delay
(Metal 1 wire) no scattering 34 27 25 19 15 13 11 9 8
Line length (um) where 25% of switching
voltage is induced on victim Metal 1 wire 104 89 89 82 78 64 57 49 46
by crosstalk [4]
Total Metal 1 resistance variability due to
CD erosion and scattering (%) 28 29 30 30 31 32 32 31 33
Intermediate wiring pitch (nm) 136 118 104 90 56
Intermediate wiring dual damascene AR |4 g1 6 | 1816 | 1816 | 1816 1.9/1.7
(Cu wire/via)
Barrier/cladding thickness (for Cu
intermediate wiring) (nm) [3] 52 43 3.7 33 21
Semi-global wire pitch (nm) (ASIC only) 280 236 208 180
Cu thinning at minimum intermediate
pitch due to erosion (nm), 10% x height, 12 11 9 8
50% area density, 500 um square array
Conductor effective resistivity (p€2-cm)
Cu intermediate wiring including effect of
width-dependent scattering and a 343 3.63 3.80 4.08
conformal barrier of thickness specified
below
Capacitance per unit length for
intermediate wires (pF/cm) [6] 1.8-20 1.8-20 1.6-1.8 1.6-1.8 1.6-1.8 1518
N - -
{f(‘)‘gﬁé‘?f[%“*) ~ intermediate wire (at 9.95E+05 | 1.20E+06 | 1.37E+06 | 1.72E+06 | 1.91E+06 | 1.85E+06 | 2.25E+06 | 2.57E+06 | 2.57E+06
Interconnect RC delay (ps) for a 1 mm Cu
intermediate wire, assumes no scattering 475 669 764 1020 1291 1455 1842 2406 2670
and an effective p of 2.2 uQ-cm
THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007
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Table INTC2a MPU Interconnect Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
1 .
MPU/ASIC Metal 1 %2 Pitch 68 50 52 45 £ 36 I 28 25
(nm)(contacted)
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10

Interconnect RC delay (ps) for | mm Cu
intermediate wire, assumes
width-dependent scattering and a 741 1104 1320 1892 4044
conformal barrier of thickness specified
below

Line length (um) where = RC delay

(intermediate wire) no scattering a7 28 26 20

Line length (um) where 25% of switching
voltage is induced on victim intermediate 148 125 124 115 62
wire by crosstalk [4]

Minimum global wiring pitch (nm) 210 177 156 135

84 75
Ratio range (global wiring 1514 | 1517 | 1520 | 1522 15-36 | 15-40
pitches/intermediate wiring pitch)

gif;avli:)vmgdualdamammm(C“ 2321 | 2321 | 2422 | 2422 2523 2523 2523 | 2624

Barrier/cladding thickness (for min. pitch

Cu global wiring) (nm) [3] 52 43 3.7 33

Cu thinning of maximum width global
wiring due to dishing and erosion (nm), 230 230 240 240
10% x height, 80% area density

Cu thinning global wiring due to dishing

(nm), 100 pm wide feature 24 20 19 16

Conductor effective resistivity (1€2-cm)
minimum pitch Cu global wiring including
effect of width-dependent scattering and a 2.73 2.85 2.94 3.10 : : 3.52 3.73 3.93
conformal barrier of thickness specified
below

Capacitance per unit length for global 2023 | 2023 | 1820 | 1.820 1720 | 1720 | 1518
wires (pF/cm) [6]

Interconnect RC delay (ps) for a 1 mm
minimum pitch Cu global wire, assumes
no scattering and an effective p of

2.2 uQ-cm

Interconnect RC delay (ps) for | mm Cu
min pitch global wire, assumes
width-dependent scattering and a 227 334 385 542
conformal barrier of thickness specified
below

183 258 288 385

Line length (um) where t = RC delay
(global wire at minimum pitch —no 59 46 42 32
scattering)

Line length (um) where 25% of switching
voltage is induced on victim minimum 127 110 116 107 112 86 81 71 68
global wire by crosstalk [4]

Power index (W/GHz-cml) [5] 14-16 14-16 14-16 1.6-1.8 1.8-2.0 1.6-1.8 1.7-2.0 2.0-2.3 1518
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Table INTC2b MPU Interconnect Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
MPU/ASIC Metal 1 %2 Pitch (nm)(contacted) 22 20 18 16 14 13 11
MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5.0 45

Number of metal levels (includes ground planes and
passive devices)

13 14 14 14 14 15 15

Total interconnect length (m/cmz) —Metal 1 and five
intermediate levels, active wiring only [1]

FITs/m length/cm” x 10 excluding global levels [2]

Interlevel metal insulator — effective dielectric constant (k)

Interlevel metal insulator — bulk dielectric constant (i)

Copper diffusion barrier and etch stop — bulk dielectric
constant (k)

Metal 1 wiring pitch (nm) *

Metal 1 A/R (for Cu)

Barrier/cladding thickness (for Cu Metal 1 wiring) (nm)
B3]

Cu thinning at minimum pitch due to erosion (nm), 10%
x height, 50% area density, 500 pm square array

Conductor effective resistivity (n€2-cm) Cu Metal 1
wiring including effect of width-dependent scattering and 6.01 6.33 6.70 7.34 8.19 8.51 9.84
a conformal barrier of thickness specified below

Capacitance perumilength for M1 wires (pF/cm) - 16-18 16-18 16-1.7 16-1.7 16-1.7 14-16 14-16
assumed PMD «g=4.2 [6]

Interconnect RC delay (ps) for a 1 mm Cu Metal 1 wire,

assumes no scattering and an effective p of 2.2 pQ-cm 3899 4718 5569 7048 9206 9369 13085

Interconnect RC delay (ps) for | mm Cu Metal 1 wire,

assumes width-dependent scattering and a conformal 10652 13575 16960 23515 34271 36239 58525
barrier of thickness specified below

Line length (um) where = RC delay (Metal 1 wire) no
scattering

Line length (um) where 25% of switching voltage is

induced on victim Metal 1 wire by crosstalk [4] 39 35 32 27 23 22 18

Total Metal 1 resistance variability due to CD erosion and
scattering (%)

Intermediate wiring pitch (nm)

Intermediate wiring dual damascene A/R (Cu wire/via)

Barrier/cladding thickness (for Cu intermediate wiring)

(nm) [3]

Semi-global wire pitch (nm) (ASIC only)

Cu thinning at minimum intermediate pitch due to erosion
(nm), 10% x height, 50% area density, 500 um square
array

Conductor effective resistivity (1€2-cm) Cu intermediate
wiring including effect of width-dependent scattering and
a conformal barrier of thickness specified below

Capacitance per unit length for intermediate wires 1316 | 1316 | 1315 | 1315 | 1315 | 1113 | 1113
(pFlem) [6]

Jmax(A/cmz)—mtermediatewire (at105°C) [7] * 3.06E+06 | 2.97E+06 | 3.23E+06 | 3.81E+06 | 4.25E+06 | 3.65E+06 | 4.47E+06

Interconnect RC delay (ps) for a 1 mm Cu intermediate
wire, assumes no scattering and an effective p of
2.2 pQ-cm

Interconnect RC delay (ps) for 1 mm Cu intermediate
wire, assumes width-dependent scattering and a 9127 11632 14208 19700 28711 28942 46741
conformal barrier of thickness specified below

Line length (um) where © = RC delay (intermediate wire)
no scattering

Line length (um) where 25% of switching voltage is
induced on victim intermediate wire by crosstalk [4]

7 6 5 4 3 3 3
66 60 54 48 42 39 33

Minimum global wiring pitch (nm)

Ratio range (global wiring pitches/intermediate wiring
pitch)

1.5-45 1.5-50 1.5-56 1.5-63 15-71 1.5-80 1.5-90

Global wiring dual damascene A/R (Cu wire/via) 2.6/2.4 2.6/2.4 2.8/2.5 2.8/2.5 2.8/2.5 2.9/2.6 2.9/2.6

Barrier/cladding thickness (for min. pitch Cu global
wiring) (nm) [3]
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Table INTC2b MPU Interconnect Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
MPU/ASIC Metal 1 %2 Pitch (nm)(contacted) 22 20 18 16 14 13 11
MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5.0 45

Cu thinning of maximum width global wiring due to

dishing and erosion (nm), 10% x height, 80% area density | 200 260 280 280 280 300 290

Cu thinning global wiring due to dishing (nm), 100 pm
wide feature

Conductor effective resistivity (1€2-cm) minimum pitch
Cu global wiring including effect of width-dependent
scattering and a conformal barrier of thickness specified
below

4.20 4.38 4.58 4.92 5.38 5.59 6.30

Capacitance per unit length for global wires (pF/cm) [6] 15-1.8 15-1.8 15-1.8 15-1.8 15-1.8 1.3-15 1.3-15

Interconnect RC delay (ps) for a 1 mm minimum pitch Cu

global wire, assumes no scattering and an effective p of 1297 1569 1759 2226 2907 2860 3994
2.2 uQ-cm

Interconnect RC delay (ps) for | mm Cu min pitch global

wire, assumes width-dependent scattering and a 2476 3124 3661 4978 7110

conformal barrier of thickness specified below

Line length (um) where © = RC delay (global wire at

minimum pitch — no scattering) e

Line length (um) where 25% of switching voltage is

induced on victim minimum global wire by crosstalk [4] 62 56 53 45 41 39 sl
Power index (W/GHZ-CITIZ) [5] 18-21 15-1.8 16-1.8 18-21 21-24 1.6-1.9 1.9-23
. * Refer to Executive Summary for definition of M1 pitch and on-chip local clock for Jy,y estimation

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known |

Manufacturable solutions are NOT known ;

Notes for Tables INTC2a and b:

[1] Calculated by assuming that only one of every three minimum pitch wiring tracks for Metal 1 and five intermediate wiring levels are populated. The wiring
lengths for each level are then summed to calculate the total interconnect length per square centimeter of active area.

[2] This metric is calculated by assuming that a 5 FIT (failure in time) reliability budget is apportioned to interconnect for the highest reliability grade MPUs.
This number is then divided by the total interconnect length to arrive at the FITs per meter of wiring per one square centimeter of active area.

[3] Calculated for a conformal layer to meet minimum effective conductor resistivity with no scattering.

[4] Crosstalk is a calculated value. This metric will be managed by IC Design.

[5] Power index = C Vi a (I GHz) e,, (1 cm)/p; p = pitch; Vyy = supply voltage; e,, = wiring efficiency = 1/3; a = activity factor = 0.03. The calculated values
are an approximation for the “power per GHz per cm’ of metallization layer.” This index scales with the critical parameters that determine the interconnect
dynamic power. NOTES: the values provided are an average for M1, Intermediate and Global interconnects. The range of values results from the maximum and
minimum effective dielectric constants.

[6] The capacitance range reflects the maximum and minimum effective dielectric constants.

[7] No change in Jy,qyx calculation model. Only frequency input was changed.
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Table INTC3a DRAM Interconnect Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM ¥; Pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25
Number of metal layers 4 4 4 4 4 4 4 4 4
Contact A/R — stacked capacitor 16 17 17

Metal 1 wiring pitch (nm)* 130 114 100 90 80 72 64 56 50

Specific contact resistance

2 : 2.00E-08 1.70E-08 1.40E-08 1.20E-08 9.80E-09 8.20E-09 6.90E-09 5.80E-09 4.80E-09
(Q-cm) for n+ Si

m :
Specific contact resistance PV NPT PPN 1S0E08  150E-08  130E-08 | 110E-08 ~ 9.20E-09  7.40E-09

(Q-cm?) for p+ Si

Specific via resistance (Q-sz) 5.00E-10 4.00E-10 3.50E-10 2.90E-10 2.50E-10 2.10E-10 1.70E-10 1.40E-10 1.20E-10
Conductor effective resistivity

(1€2-cm) assumes no scattering for 22 22 22 . . . 2.2 2.2 2.2
Cu

Interlevel metal insulator —
effective dielectric constant (k)

3641 3.64.1 3.1-34

Table INTC3b DRAM Interconnect Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM 2 Pitch (nm) (contacted) 22 20 18 16 14 13 11
Number of metal layers 4 4 4 4 4 4 4
Contact A/R — stacked capacitor >20 >20 >20 >20
Metal 1 wiring pitch (nm)* 44 40 22
Specific contact resistance (Q-cm?) for n+ Si 4.00E-09 3.40E-09 2.80E-09 2.34E-09 1.96E-09 1.65E-09 1.37E-09

Specific contact resistance (Q-cm?) for p+ Si 6.20E-09 5.10E-09 4.30E-09 3.60E-09 3.01E-09 2.52E-09 2.11E-09

Specific via resistance (Q—sz) 1.00E-10 7.00E-11 5.81E-10 4.82E-10 4.00E-10 3.32E-10

Conductor effective resistivity (1€2-cm) assumes no
scattering for Cu

22

Interlevel metal insulator — effective dielectric constant

()

. * Refer to Executive Summary for the definition of Metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known | @

Manufacturable solutions are NOT known _
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AT a— VDI TR, K x DJELTE~2 OHERE /5 27 FAT It L Tl SN DM IR O FEE L 2R,
Table INTC2a & b |Z “BA ki — S e 2 & “Brap IR (/M) — V7 BEF s R 123z o
2007 FFEOT—R<y S ITERSIVTND/ ST A2 % Tz =00 E/ Bl 0T 5 — a7 ER
L2l =T a7 ADNLENENEERL TS, FTIEEL T BN a2 —2a B 7 VAL,
Cu Fro 7, ~N—R~27 (iFEiragRE) | B REGEEE, ©7 HERERERLNT, Zor—R<y
TNCFEIDN R S QOB LI E OREIE I L TReb BLFER R ST A—F A LT, 2D 22—
2T =D O— A MR IO BliEE (IR E— 8, ~—R~27 /MR g A DA —
JEBEO, AT VYR) D2 R T, ZOFEO R fI e/ LV BLEN M BIOM A G L b
BAHER R LEE BROMBIOMA G DR E L E LG AT OWTEITL, ‘BRI — 5280 i &
7 L BRI (e IME) — 7 VL7 HEa fE 2R O i 7 IS S QD EFA D e E DD @V MET, Bl
TG AT DATIRTA—ZEL R a b= al fERDORO LN EAETHY, —J7, b MEIT A
MR E D ASINTA—R L2 — 2 a Al BbENNT-H D Th 5,

FIEL T, ZOEDNHERD Figure Al—65nm #E#xI5Z B3 2R R A (2007, 2008) 20ER)7e 4121
65nm FEHED L— L ERHERIR MR BFOM A G DO RITRHM LTS o b — T ar D AT MEL FHR RS R A
R ATV REEED S VAR T “BlfR R (e IME) — 2L 7 HeaF R OfaFH O fi/ Ml 2.5
(R TC, “Ppr RN — FERN R EE R O O e/ MEZ ATV MED > F VAT L TTO K7
B 2.9 LR, BRI — S Hah R & BB AR (/M) — L7 LERB R ITxt 975
Table INTC2a & b @ 2007,2008 “EDHZ KT D KAEIT, 5% ATV RHEIED T F VAL TIL 3.3,
W@t &0 VAL TUT 2.9 THD, ZNHDOfEIL, Figure A2—65nm a2 B9~ D i ket
(2007, 2008) BLEA72 5550 A1 EBEH TSR L 0Rkd 7=,

F o T NOLLHIEIST=T AMEENHFEL) k E (keff) ZHET T HDICELDERL 2L —LaT5 /L
DMFLET D, Dielectric Appendix FC#D Figure A1~A4 %, B KON 2 #4855 (65, 45nm) DR
low-k A>T 7L —2ar A% — ATk Dk eff D3Il — a  fE R ThD, ZOETF/VICIT, BRBEE, 7
AR, BPEERFHNI A LS rTRE L P S A HERRIEA EHI B3 TTRS20074 —7 > MEAS A J1S41T
WD, 155V =D keff (EIL, N ENOHRITHTTOENENDAL T 7L —2a A% —AITHIGL
=HDThD, k IEEHOGREMZARIUT, Zou—R~y 7 O TSI TRY, @mYI7ZRER 3T A—4
73 Figure AS D/~NAT R SOC & RC A —Y 7 F VA D IR IR LT i BEE T /W SO TRES
LTS, PERBALERREE (Z VT 4 T 7S VL, SRR DA L B — AT ¢ A N T BB e S L 7 U
PRREAEENEE (2 AT NAND A+ A2 /3 —4) LR IR DA L 2 — AT 4 A MidkRE 7 — VR DR R S
TWDEEL TS, BB DAL 2 — AT A NIdHREZ 01— VUERRIT, RC BIEZKB LT 572012
R LV —2 TR TERY, B v— SVEBRIIIEEIEE W R — ) 7 & CnD, ZOET L
DARGENE Table Al IZEEBRES I TUVD, ZORED T, NATUR SoC IZFITDIEEIERF 2 | k fEOKIRE 7 D
AL, HREEBIZ 30%005 20% K08 L CE DI TERMEN I E R EA IR —) 7 LT 3
3%, Figure A6 (2, ZOHFRANRT 7 0 —FIZ Lo CHHASIE keff 27—V 7 T —7 % Lk #URIRG 7
AT TV —a A — LB RE LT keff THIFEREHIGL TR, ZRBIEEB AWV ERN—EZL TW1D,
INHDHITBHEVELS =L TWDI L5,
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20|07 20|1o 2o|13 20|16 2o|19 20|22
PRE-METAL DIELECTRIC (PMD)
HDP-silicon dioxide (x=42) ‘
PSG (k=3.9)
SA-CVD (x = 4.5)
CVD-0SG (30<k<35) [ DY

PR S S
I R —

I

Spin-on - MSQ/HSQ (3.0<k <3.5)

CVD-0SG (k < 3.0)

Spin-on - MSQ/HSQ (x<3.0)

INTER / INTRA LAYER |
DIELECTRIC |

CVD-0SG (28<k<32)

Spin-on polymer (k =2.6) WW

CVD-0SG (24<x<27) .

Spin-on MSQ (24<x<27) - Il aesm
Spin-on polymer (xk=2.3) : | |
CVD-0SG (20<k<23) _

Spin-on MSQ (2.0<k<23)

--
Spin-on polymer (x =2.0) _ﬁ\\\\\\\\\\\\\\\\\\\\\

Alternative air gap (k<1.3)

HARDMASK (DIELECTRIC | |
PROTECTION LAYER) | |

CVD-silicon carbide (x> 3.5) &\\\\\\\\\\\\\\\\\\\\\\\\\\\

;
CVD-0SG (x<3.5) —

CVD-silicon carbide (k <3.5)

Spinon usQ w230 [
snonwso  @ssksso | [

RN S
Spin-on porous MSQ (2.0 <k <2.5)

CVD-ultra low (k<2.3)

Spin-on porous polymer
(2.0<k<25)

I Rescarch Required [ Development Underway [ | Qualification/Pre-Production Y Continuous Improvement

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

Figure INTCS Dielectric Potential Solutions
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2007 2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11nm

NVM (FERAM, MRAM)
PVD/CVD-PZT (k> 20)

CVD-SBT (k > 50)

DRAM/MIM

CVD-aluminum oxide
k=9)

CVD-tantalum oxide
(x = 25)

CVD-intermediate x
(26 <k < 45)

CVD-higher x (x > 50)

DEPOSITION and CURE
TECHNOLOGY

PE-CVD
ALD-CVD
Thermal-CVD
Spin-on

E-beam assisted -
thermal cure

UV assisted - thermal cure

I Rescarch Required [ Development Underway [ | Qualification/Pre-Production S Continuous Improvement

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

Figure INTCS Dielectric Potential Solutions (continued)

BBAR TIE/RR (PMD )

PMD (Pre-Metal Dielectric) & D R&IEIZ WD EATIZ OV T, FEESMERIC I Dk B E72 138
DER RS ET 5, ZNBOZEEAELSELDIT, EtEREnY v 7 F 7126 LT, PMD #MEIOFHEE
ALV 1 O RCFBIEIZ KT T ADEDIERK ToHs, “MI Bl O HAT RS Y70 DR E"C & RCIEIEE
JOAN=I D/XTA—=LELT C ZE eI EITRDMDELII/ ST A—473 PMD OffEHRE 4.2 T—ELK
ELTRHEINTEY, Table INTC2a & b, MPU Ed## O H#FH9 2 K (MPU Interconnect Technology
Requirements) |{ZRSAL TS, 7Yy 7D PMD #MEHZBET 25/7en—R <> 713 2008 FEOBRIZ AT T
e T D, IHIT, high-k, AZ/L7—R NiSi ~OEIZX|ZNNZ, DRAM (281 DMES — ME AR — R
DT AT IR EELIZ, NOR BT T a ARV TORBIEY R —E 7 BB (thermal budget) K
~OERIZE ST, LVi#EL7Z PMD BPEHZ DUNT, 232D DB M T AT 59, PMD OBIFEIZOUWNTIL,
PRRICF 5T HMHE . IOV IFEROM B RENE (RIBEE O T #HEk S EH DR ) 1255 )10
SN ETHNDTEAD, By 7 EKIZI81T5 NiSi DA L4 — NEMA~OM A KIE, 450°C 75 490°C
DA TOT =— LV PERSND ) LT IR EATIC A BT DNT D22 D125, S2 AZ LT —]
A LFA A E T high-k DEAIZ DWW TOFl i S BVEIREI T, BRI HE 41T NiSi H e [F T
IREHIPHICEDEZIEL TVD, ZOMEIT, Vo DOERER—E 7 ERENZBRITIT, SHITEHLOED
E72%, NORBID T 2 ARV TIL, VT v var ~OBEREN 2972012 10%FEE D PMD UL R FEE AV
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LEENDITHD D LT BEIZ NiSi A ANTZbDH 85, DRAM DS —MNEAR—AIZIBITHT AN

JRHIE 2007 FETIT 16:1 ZHZHE TSI, EOBRIDITIRTHEBbID, EORFR, 7I7X 7ot

(2&%5 DRAM @ PMD L, 9 £ RIEN %L 2> K72 AD, T A~% V- PMD EIC L5

— Mg~ 77 X< 4 A— (Plasma-induced Damage : PID) | ZEEE L XA TUNRUWA, &7 — Mk i

LT L M high-k BB~ DE S HLZ IZERL CE T REEIRE/RD9D, HikIZ, EYMIE B OREICBITS

REEIHDT-D, DRAM (Z low-k FEFHIEISBREINDTEAD, 21X 372 k (keff) DFEIL, 2010 412 2.7

5 3.1 OFPHAS, 2020 FTIZ 2.3 25 2.6 FTORBNERSNDTZAD, FFED PMD i v A1L,

Yy T HDIAS BVEIE, BLONN—E U TIREDEREZER T DI ZEMELSIL, AT E> T

DI DT BB ADHAEDOENHANLINDIINI70DT2 59, B4 (spin-on) &7 T A~ RO A G HE X,
TR ORIE~OE AN E AL CREIC S THE N AT,

Pt e R

low-k #EFOEALFIRFZ, BEEE72D Cu HARPIAHERF 35720 flfeal7e U7 OB LIZINZ T, 4
JBS)T BT Dfs#a (PVD—CVD—ALD) 23 5HE SV TUND, ZIVHDA LT 7 L —a O D A
Hbtl, THlshs/aAN—24 RC IBIEO IR T H2RERESN D FOL B LT i E 4 #lo
ITRS SCETHRESAL T low-k Bl FHERRIEO BOE A~ [LNH72 B EH S T,

A R— 2B EHIXT L TIE, BEIC S Vs b CEAZ = “full via first” 7 HEADMKIREL
TEELNA LTI —a DA —LThDH, A7 VR (hybrid) DA% — L TlrIi@ & AR WG
NN, ELHEDAL T 7L —2a BN TS IANEN I REE T a v R /a2 2 keff BA5HZ LN TE
%o ZOD keff 13, HFHNCES> TRLEZETHY, FvFND Cu BAUIIN-> TERIE BMEIE T BRI
T 5, HAESNIMEIEOFERE R T /TA—LTH D, T 7N TOILGIHSN =T AMEE) SIS
DEEHH T A0, Z<OEKNLLIal —arEBF ARG5S, Ok IED I (Dielectric
Appendix) DI 22— ar O, %ONDOHAUTIBITD low-k A2 T2 L —a A%t DhliHE B4R
LTCW5, ZOET VD AT, ITRS THEEESIL TS, R, 7AXTMME, BI O EERIGS DY
HNCPG Rl FH ATREE TIISALD low-k BT B2, k<2.0 L7e HHMKGEFE=R (Extreme low-k) #4EHZE 2015
FELIEICBLRESNADTE 5D, =7 Xy 71 (k=1.0 D22%%Z W AT Uy RiEigIERERE) D X578, Hii-
AT T L —3a AF— LN BELRENDDE LIV,

T F LT OFIRME/SE A— 193nm DT +R AR, Cu CMP, BLONVERE T 1t AL DR 2 B
LIzA T 7 L —ar O, IREL TURERTD low-k HEFIEAEHC 8 CERERSE )2 54 HiEl
Tho, YRR, B, BLOVERRFEEZ N BEORBRRIT, AT 7L —a HERMEDORIE
EET DI llT>TELT | EELL UIRTEFEH PO TH D, Hlfiieds Cid, A —7 A%k
JERTELD L ELNNRT AR IRT IR, TAXIRE, BLOEDRDORRE (A —7" 2 7a—ZX03) IZ2V\ T
T Raemm Mot T BT D,

N—PFF X

N—R A2, ISR O E e B BRIES AL DRI O DDA T D, ZHUTiE, A2L
DA BDRIDT 27 WA < A 2 —=2 7 ORI, @ OEIREDSH S CMP Ahy 7 g bie bz b,
EV) TODTRHEREN B D, SHIZ, ZORBITIL, 248nm & 193nm TH BIVAIRHERI 7R BRI~ 4 v
AR THER RS2 LT T W £ TR IRy D @72 i by 1§52 823k biD, CMP S/ LAk
Sy OIHFNC BT DRI FNTEC T, ZORBITEIARD keff IZHTL CERETRTHIEL TEXDHMN, KRERHEL G
ZDIEEICHIR0D D, KIEDA LT 7L —ar DAF— ATl ZOEORER IO g OER &1 T HEE
RISBIRTED, L L ATV RDA LTI —ar OB, N— R~ A7 HEFIEM B E T T i
ERABIDEIL TR, =y F o T DY — 7 U A B T& D, B, CVD BEDOME EHIZ, D7edsd
3.0 FTHFFERDOEIED FIHETH D, AR TIL 2.2 FREDRWIFEEFROLOLIREIL TS,
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Iy F Py TE—ET

BT DOy T AN T I, [RFRREICE TR SO EEEIEN B D, T Ehdir) B 7= (non-landed)
ET D TFIZHD IMD PNy T o7 SH7enED, BT %I I LTl (E72pmy T 7 @I 72 TR D
720, F2, FTEO Cu BlROF vy 7 L& B, Cu OILEEFSIEL->D, Cu =L 7/ha~wA7 1L
—ar OEREN T IO DOEAEMEE R E R A F-RITR 60, BT Oy F ANy 7T IT R
keff (CEERELE B2 5720, TOFEE k HIXELIZTELLET /NS RETH D, SIRA7REEM: Cu
JEHBSNVT TEDNEASIVZBRITIR, BRR72 keff ICRDFE KT D)8 %2 5.2 5870, myF o 73R tbE
JERBH L BT DB RIT A TEITE NS, TR EEEAN T B> Tl Snd b L/
U,

Ty F R T — P T

N F DTy F ANy T DEF—OREREIT, FEFFEI COT YT 7 LITRRIZ, N TFEZEHTED
JOMETB1-0ICy T T ORI E WA ETHD, 1T, ZEFLEK (porosity) DEIVY low-k J& [
JERA OB AL EHIT, KDEY Cu AU T IS T 5720 WG CHIREICEE SN RE T D
VI Ty T T AR AOBEEMERHEL TV, LU TFIEROT T RANRKEL i\ T RO 478 O
(BT D AT, (BREMEORIBEE 2D, MU FIREDIES S XL, & RERROEIIES > & LKA H]
BEDAAI T A D~ — NI KREIR B -2 DIR-L7209%, ATV K@ Mo L7k
LIRBALT T L= a A — AR W TUIRR D=y F U T R E ORI N AV OIA T2 b F D=
VT AN T TEEBINEIZGRI T DRLELD 720N,

DRAM

DRAM HAfi Tl A2y 7B LU FRIDF /S SR 2\ TR DO FEFE RO L (5<k<40)
DBFAESREEZRERED T DN TETND, M F B DRAM 8Tl {EMHAL BRI OILRAN AT R 72
0, ZNHDPREEDFHERMEIOE NI D EL — BN T THD, EH5HD DRAM AT BN ThH,
INSHREOFHEFRMEHI BT HBMREZ RO TWHEZATHY , FERO IV E k (>40) ~DEZHZ (56t
TORELIRDIEAD,

JRIR TSI D2 T BT

JE RIS B O BRI T, RS 7T X~ 18 b7 5UFE R R 75 (Plasma-Enhanced Chemical Vapor
Deposition: PECVD) £fifia Fiz L L CT&TERY, ZAUTMA TSR I L OERE R 1 E O@BARMEHIE T3
B INEWDBERL TOD7 N—T138%, PECVD 1%, FWBIVTEIZHRE, i BRI BRI L
(PR | D) M) EORKEEAIZR I Lo T BUEELAT D 5 TH O T T vd,

BRI IR E 73Ry N L — IO DD IERD BRI 2 7 Hiflia | #iliD, BLITEZHZ HZENT
X 2T BT ~DB LML T D, TO BIRIE, BFOKEEO LA A et 52 8, £72i130t
(UV Zo7) SONGEE 1D K57 BT R DB O T RV F —Z R0 T, BiT Cu BEOL 7'z
DOEBIEDHiGE CIEA AIRER RS A Z 3 2 D TEDLMERBEUC L T, Fiiz7e (A7) #REZ2 TIAD
BHINTTHZETHD, UV F721E8E 1-#1 (B-beam) (285 =7 Hiffri ., BEIZ low-k 33K TN ultra-low-k & [#ih
s oD TR B O BRI REE 7] _EI 2 R0/ FEE ChH DI EN RISV TCND, ZOMMAITRE D m) LIzl -
T, CMP LFEHEDORGET BB AT AU R RERE 2, SHIT, ultra-low-k & FREFIEO AL T, L
727 (closed pores) DFFRTE K (templating) 72123317 D780 =2 (porogen) FRZE7DS, ZIVHDBAFEH DX
27 FIRZ Lo TRES IV TND, IRHHIS JORFERE RO W7 0O %854 (ultraviolet: UV) = /L — D fii [f]
([ZBE 2FAENHE SN TE TR, BFERERPE A<, BEICBAFEH 7 TH LB FHRIRI. Mk
RIUT, BRI REME R B, Rey = U $PBOBRZ: | B L OBIED fa MO R E G 2k 75 2 < O
B DAV EIZHWS TS,
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77 (Air gap ) BT

R—F A low-k MEFD CuT 27 WA < U EEIZX T DAL T/ L — a3 K EE O, Zhbo
Hofa DA I D0 — R~ 7O RFENHIEN TS, OIS LT k E2Y 1 12T END,
T Xy T IIBIN R BRI A B FE T AR RN k EE DD I0RA72 A7 ) R E 72D,
BB T X T AT TV —ar D7 7 a—F NERBEAMERDT-DIZBR IS 25D, 2 THOT 7
2—FIIRD Z oD A7V — (1) BLAR A A LUXZERITER E LB I B DK
(non-conformal) CVD ESEA1THOH D, (2) flfxlEx v 7 2L CEIRERE nT R E I & R Rl A
Ao N(TavAREL AT —2ar 3500, DILOELLNNIETHIENTED, ZNHDTE
1355 % FIREN—RF 7 L35 (27 X vy 7 OIAKIE, #1838 L OPERER 7B O IBIIE LD
VBRI FTEE) o

YRR 1 (VRUT) B SR B A

BT AT D —JVER I OB IA TR 2 7 M6 230 TR LTl TUTIN[ LS S i O [, ik
el TS D7259 (Figure INCT6 /), KiREfE PVD, A4 1k PVD, CVD OJIHIZBEIZHENLL TV
B, B — D720 W OO IAZ i DRAM D 7 AT v 27 D762, keI B
7235, BITE ALD (Atomic Layer Deposition) (242 TI/TIN BAFEHTHY, 2 aE HNWDHZET, W HDIA
B DR EEMEAEL JH 7T Z T NR— VDY T A7 %75 T ZENTE, WO AL NHIFFCE5, TIYTIN
ANUTREIE, RO ERAEE O HUED =6, 2L X777 7 A RS T A B ERL DL 5 THHD
LHIREND, WN[2,3|D &7, S 27T 57~ ALD "7 DOBIFEITETHTHY, TYTIN D)7 HEH
EMRE D AR T CEDHINT2D, TOFER, a2 T 7 IBBUTKR TSI LN AR D, TERD
PVD & CVD ANUTHANL S B EdL, 137 AT RO T VIO IAL IR E Wl SN, T VIO IALFL
LRSS LAUT, ALD /NU71E PVD & CVD B Bt TR DB AU D72 59, Bl e L&
T AR MAOMD AR A~OERHHED HIL T, ZhusEbian, BUko a7k /U7 EEEk
EVHEMEREEIL, K0S TRt DT> TV TEAD, TIN DA HEiL, W-CVD O7 VA —HTh
5 WFIZED Ti & F OISO IETHHZEND, 7y#a G £ WV —F 2 iU, N7 EEE 522
IR ZEMTTREIC AR D, BELTIR, AL Z I/ RAZ Y RIZ WIZE XL T Cu 24528 S Tg,
OB HERD PVD TaN/Ta 6 L<IZ ALD Cu U7 MU T HAffE L TERESN S, X AYFORh (2P
L) [A)1F, ESNTWDTiEEBIZ, A ZTNT T 7 OMEIOfRRRFEME L TRFSiLTn5, HBEERAY
X Ni OIH72O kR, 2 2787 Z 7 O ELEL TIRFTS LT,

Cu BB E S IEEES A EH I T DB LI A~D Cu OYEEER LT 5728 DA TR, Fm
TO Cu BHROZZHLILEE IR . 72 b~ A7 L —a M MRS AL 07b O Tk Cidze
B2, TaN/Ta[SIIEA %D TN T R EF CH D23, Ta, Ti. W[6,7]1D 2 bor Va2, kit
Wy (1= 3 —AR) IR B H LM BN CH D, FIEEPVD, A4 AL PVD X° CVD IZL DAL, kDT =
T I R E DA BE A~ FEIE T )3 D BELRIC 2 72 2 DT IS B ENEET D, FHE, A4 1k PVD DO
TIdEESIUTC, 32nm HRETHEDLIENT D THAD, AT, BLWHEE T AT MEERFoay Y 785,
DY @—7 VB CIRRER AR ~TE T HTI25RD . PVD AU T HEBME ST 5, Lo L7en3blinh
® PVD FIEEANT T, T a7 WE < v OIFED EEHD TLEI =0, Cu DERAYFIZLHHEDIALME
IZBRA DRSS,

FER TR LR DML L CHIFFSND ALD AT [8-111DBHZE I, FEFITELDEE N0 AL TND,
ALD @ TaN & WNC 2BAFESIUILD TODN, TLrha~ A7 L — T al B+ 255000 E 97,
AL D FERREIZ DWW CERRID R D, SRR DO ONEDEL T, BEXRAYF Cu &0 BAFR R HIREEE 155
7212, PVD Cu @ EIZ PVD Ta DZ<EWEE AT 55 1E03%5, ALD @ Ru l3ED LIZEEESAYF

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



20 AR

CuZ DI ENATRE T, FUEIRAES BAFTZ8, ANUT PRI HOW TR L, SHITHEA TR R A X
230, —Dl% ALD TaN /ALD Ru. $9—21% ALD WNC /ALD Ru D 2 J&H#E&E YT AH )L ThDH,

ALD NUTEEEH T 5720 Dt KEZRBERIL, ALD B OMEF ChHL 7Y 1 —H FE 2 FUE
Low-k IENDZEFLANRETHIETH D, KA EREOMEE T v SN T ELIRE T 582> TZo
MEZ R CEDHD B LIV, ALD /U7 OENEIZEAHIOEDORE AL, ALD T/ S TORWAL
— 7Y CHD, ZhUE, PVD NUT—RIZH LT, ALD N7 —REFICnEEINL 7R T AR— AL
CoO DHINES -3 282D,

Cu B O OESDOFERFFEL T, B O T, 2 Cu-Mn G803H5[12], 2O BEAT,
PVD Cu-Mn 54> —RE@%H3524LT, PVD NUTZRETED, BRAYF Cu KEEICT =—/195
ZET, Cu KNS Mn PMEBL  EIR AT 2o T 2D, 7 =—/V#% 0 Cu O B Mn I, CMP LEEO#E
RAIZBET 5, ZOT T BADLIOEDDENL AL, Mn 23 FEE T I T 2R LN EThD,
AUE, Cu-Cu OET LD FEIZIEF IR MEITA B T2 69 2812725,

ALY T O 5O EDOER AL, Cu & D LA Th D, ZDHBODOHIZIE, F & LT SisNa, SiCN,
SiC O L 97, 77 A~ CVD I X DM TAMEH SN TS, ZHudid, =7 ha~vAf 7 L—v
a v EHLEEDH L KOZNOOMEHIFEERN WD, FZNFERENmL 2o TLED &) [HE
KoL, o7 <A 7 b—ya UitEadeET 5 Cu & OFREIREDIEIEN, 32nm XD MPU/ASIC
THEE S5, W, CoWP[13], NiMoP %0 X 9 7, BRI RE/Ae SR ER ST, =17

fa~Ag 7 L— a3 UIEOKIER EHHER SN TS, LavL, TEMCIE, @RRESREY v~ 7T
BlfRy 2 — M LD EVIRTOY A7 RS H7-0, EAIFEEIZR-STWND, Ty v/ 7atA0d )

O & OOF N2, Cu & o Eiiftm[14l~0 CuSiN MIEOEK Th 5, Ziut, Cu £z SiH4 &

NHs CHEEGICI 5T Z LICE D EREIND, =L 7 ha~A 7 L— a ViitEod#EiT, CoWP &ffi-7-

A L0 R&E RV, AXVEREE Y — 27 OEEEE(L D325 Z LN TE D, SO ThEERE ik
AR ORFFEBAFE NS EL & K4, Pt & XY T L Cu R OB O A— D X 9 g 20983
DT EMN, BIEIEGHIFICE D Cu Bl OBPUEASET 5 Z LN TE D,
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2007 2010 2013 2016 2019 2022
| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11nm
LOCAL WIRING o o ‘
TiN, ...Barriers for seamless fill
W conductor (ionized PVD,
CVD, ALD)

I S

|
e

RN
AR contaci i alematves

(Cu, Rh, Ni, etc.) | : i i

TiN, ...Barriers for high A/R CVD
W contact fill for DRAM (CVD)

TiN, WN, ...Barriers for high A/R
W contact fill for DRAM (ALD)

TiN Barriers for enhanced PVD/
CVD Al fill (PVD, ionized PVD,
long throw PVD, CVD, ALD)

METAL 1 and INTERMEDIATE
WIRING (for Cu)
TaN, TiN, ...(Long throw PVD,
ionized PVD)

TaN, TiN, WNC, ...(CVD, ALD)

Self-forming barriers through
alloy additions (CuMn, ...)

Capping barriers through Cu
surface treatment (CuSiN, ...)

Selective metal capping barriers
(CoWP, NiMoP, etc.)

Engineered barriers compatible
with air gap dielectrics

In situ dielectric formation/
modification

Engineered barriers for low
resistance Cu process

GLOBAL WIRING

TaN, TiN, ...(Long throw PVD,
ionized PVD, CVD)

Barriers for through silicon vias
(TSV) for 3D interconnects

I Resecarch Required [ Development Underway [ | Qualification/Pre-Production SNY Continuous Improvement

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

Figure INTC6 Barrier Potential Solutions
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BLHRIZ IR ESHLD, MPU, ASIC, DRAM 250Dz 27— h VECRIZ DWW T, X7 AT VN g | &
ERESNDI259, ALD Hifffid CVD EfAEHHE T, v —2D720 W HLDIAL D=0, FFFIHENALL
N2 D, IRTIRITH WD ERAYF Cu OKIEZERET H7-O121%, B— VR a s 2 7 SO WD IA I
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(2 —BRNEVD ZENRFICE R D Th D, Fo, W-CVD Tl v 7 AL DA AT > 7 3
DIVAHM, ZIVTIERSIA, Si UvT 7 W B 77 NI EDHLEG N EL<e 57280 RO ARz
T, I HIMEPIR TR CTERWNEE LR L CLEIZLITRDTEA), ZOT b RGBT 50, Fi2iX
ZOJEEIRL T IENAREL D, W DAL BT NT T LDBEEHAZ T, MBI 7 o2 LT, BRAYF Rh[4]
LEARAYF Cu[l5]23superfilling” GRRLT 7 TN EL, O — LR ORREN ) ZElhA R~ 3288
SN QD AX 7% % /302 DRAM IZEIT DT A7 ha 2271 (2009 E X 17:1127%2%) O W #
DIABDTZOITIE, ALD 1285 W SIEOMGERIZR BT DS LB T D, SiefERIIZIL, 2010 FEE T :7’74«\"%
b 20 X HETARESNDAZ I/ % DRAM DL A7 ﬂﬁ“é:’%ﬁ;ﬁﬂﬁfcﬁg* TINABT-DIZ,
BEL BrEAROBIFIZEWD ) B T e b7, 7L E— 2 L ERRE L CRkeer 25 é:hé&é:
BT, X~ AREEITH WD T2 D EMERE CVD/PVD D7 i — [ 16]De R 7S T K 7Z A9,

MPU <° ASIC D 1 J@lc#B I ORI OBREL T, Cu itz WD OMMEELL, AL DRk
FR D30TV R SR DO TR TH AR B ZEITEAD[17-19], ¥ —DD72W DAL LD EW T AT R
(RS T D72D 1, BERAYF Hff 36 L OEEE O B B keI e 341D, AvF#flfE CEP (Chemically
Enhanced Planarization) 720> CMP Z#t 53 52 LT, — A DEEE ChiEe Tt kA [R]RF :‘%JZ@“E%%%
BAFE T, LLIRND, G 7 =— /L ORI Cu ~DBEERADINERNZ LT, 7L A EIC
FNZ7R0  EHENE B E B2 D535 ThD, ZOZEIE, CEP Hiffioft FRFZ RO, #D Cu @?:f%&/%ﬁ

ZBEWTH, e Ve~ A7 L — 2 a TR ER SN D RER T L AL DY IREIE D e/ N AR DS
~ L UBHBRITER AV Cu 2 BT HI121%. IREEHEOHININAN G DT LS TND, FDfE . FHEihE
LIABRIZ Cu DFEEERIFIL, FERICTL 7 ha~ A7 L —a OBERAR B E—RE L TEBSNRT ISR
B2, Cu BlfRD =L 7 b~ A7 L — L a it dGE T DI ERIER R IT Cu— Al[20)728° D Cu 4%l
IZEThD, ATilL, PVD Cu A& —REEHH5Z L TRHAIh, 2D%, AvFHEOT =—/ /L TR
PIRITYERT 5, Cu BaL i mOMERRIA Cap Z U MEHTHZET, =L rha~v A7 L —a it 50 %
UGB TEDRERDGOHITND, flidBEMRE L T, @R a T 52 é:f BEHROBINI A5
%o MPU X° ASIC IZHWHIAE 1 BEUHRIS L O R8O f/MED Cu B, B HELIC A IRGTY
A TITEZ - TVD[21-23], LAL, ZHHDBELBRO BRI IHEAHEARISC TR > TnD T
BT NRIZENZ STV D, 7 a— ULERO L)L Tl 1350 HRIAWESRRDS WSS T20 | A X
ThRDOEBN I I FTZTIRNEAD, /N TF D7 o — SVEROEHIRIZZO 10 4T 40%FEE F5-
FTHIENTREIND, ZOZEIE, RERETHD, 7087en, Zma— ULEIE, JVEWERREE 5 XA
ATy oN | F@a%%@?ﬁ)ﬁaﬁ&% B LEHEIC L 5.2 0 N Th D, ZOHPT EH- DR
EARRIT HI2OIIE, Cu O FENRAE, SIS, AL~V ZEOHIEIN YT D, MPU OB XM
%m%kofiob\ Ta—SVEROE YT EEXT EEIZERELIp- T, e EEo7 a— VBRI
ROEDS>THIZEAEEDLRW D | B BELDZBITZ T IRNEAD, @ROBFUTIRERFEDHD |
TP ZUZ, IC T 7 DR IENIEARMRE R A LB T D OEDDOBIENIFRRIR ThH D, LLaenis, 2
ENE DB MR T RARIZE S TXEATII AL,

fIZFE T EOTFIEEL T I —H DR, FIRTA N =2 RELTDHIERH LN, WH LT v 7 A
ARVHBE BN EZ H- 2 TLE), il FEREO A LA RIL, —IKoT IC ZRIREIC T HHETE L ToE
HE TSV 2528 ThD, ZOHMEMHTHZET, T _RCTORHMREZ I CX, D ZEEMEE K
95 Si AN COMRKRE AR T D LA TR TED, BB I m< e TLA 7 m— LB
WL /N D720 I OEDDUT R TOMRERIT, BXFHEE TR, o —UHTR, omb)7aki
HEDOETHD, Fo, TNODOREE RIS 270 O & B CHAIF ORI Iz T L, R EOWFIERH
FEIMTOILTND, K0, BHERZRERR I, BRE, 1 —R T/ Fa—TER e D, =KL IC DT T
Dk, BEE TSV Ou—R~y 7 ZLTEOMIT, Fra v 7 v TV Ofi Ttk &g,

BT NAALWBE DB OIS ORKIT, BB I AL Z B RO T m e A~ OE T E
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EDNT Do RIS BREFVLEENMEZ ) ESEL72D D MIM /3 A OB T 1A L UM EHTIE B 23
LESTND, Al Cu b, FEHERIIRANSAT AL T NE ST TODD R & TGRS 570 -
TeALZIEDTHF AL IZNDDT A AD R AR T S/ DI HEL T 273b Ly,

2007

| 2008 2009 |

2010 2013

2011 2012 |

2016
2014 2015 |

2019
2017 2018 |

2022
2020 2021 |

DRAM 1/2 Pitch

65nm

45nm 32nm 22nm 16nm 11nm

LOCAL WIRING
Seamless fill W conductor (ALD)

High A/R W contact fill for
DRAM (ALD)

Enhanced PVD/CVD Al fill

High A/R contact alternative
material (ECD Cu, Rh, Ni...)

METAL 1 and INTERMEDIATE
WIRING

ECD Cu

ECD Cu enhancements
(combinations with CMP and
CEP)

Alloy additions to Cu for
reliability improvements
(CuAl,...)

Low resistivity ECD Cu (high
purity, large grain, etc.)

Self nucleating layer for ECD
Cu SNL ECD

GLOBAL WIRING
ECD Cu

Conductors for through silicon
vias (TSV) for 3D IC (W, Cu, ...)

Cooled conductors

PASSIVES
Electrode materials for metal-
insulator-metal capacitors

Magnetic materials for inductors

WIRING for ALTERNATIVE
MEMORY
Material and process
optimization

Il Research Required

Figure INTC7

[ Development Underway [___] Qualification/Pre-Production

RS cContinuous Improvement

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

Conductor Potential Solutions
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FNRENDHTHA), ZHD ALD BIEAJEIL, B IEFICHERT UL T, 24Ul 777 o
RII—RICHEESNAHZ LD,

ALD WN[2,3]7 2t AL, CVD TiN &3, NUT LR ER SOOI 5L DL TSN TS, =
VAINTZTELTO WKL T, BRO->EXCulBLD > ERhE SATND, Cu DIFTERIFIEL
B, Ru[413RhOFEIEREE L THRESILTODIE THEMSIL TS, Al DAL DS CVD Al O
RS B A Z DEAT OHED IA RO ISR ZFFAR T D ALD [ZHEESIA ThAD, DRAM OE T
ARG R B NED AT TOF =70 B e 7 o 2D BIFIT KR L L Tkl T ChY . ZhbIcBELThH
ALD FEEERITNEELI2D T A, A0 1 L REER, 77— VLER ClE, 4 %lbrr 7 An—
PVD CEFEDA A A PVD 728 DR PVD Cu[24,25]12)° Cu EffH>Z 7 v AD p ERI T E L <
FH2L DD, ZSOEMTOUEN, MIEED AL w0 —HEIZ L TEATEY, 45nm R OHRD
LN HETOBLSEMEE 32nm TOETER AIREMD A 2. TETZ, SHIZ PVD 12455 Cu lERERKI. LV K
X7 HEDO 7 a— S VERRCIIB &SNS TH A, LnLanD, ZRHOUER PVD HU D) T A
21 1o I E B C OB D @OV EERIE R A TR B R 72<720 | RN TIXALD (> TROBILS
17259, I EEEfD >E[26]. ALD, =L7 7T 7k Cu Hifi[27] | 2EEETHEED Cu EIER O
FEDMGET HNDHTH A, ALD Ru[28]1F Cu FERUZH L TN LAV Y T AR Z7220 3, Cu B > &2kt
L CKRZE R R ERTERE ThHZENEIESN TS, ZD7=8 ALD Ta ° ALD WNC 728 Do) 7
JEEFAA B DO THWLILALDEALILD, PVD Cu OIBE N BRI CEH D LTkt B R D fiF
WREL T, EIFD - X% AW B8 OV T HAN 29101385, 7233, DA~ — Nl ifiL, Efifd - X
T AR T AR U EL T H O ATREIC 2D 59020, Cu ERIERE RE LT 528 THD,
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s e
e nom) [
e et o e

Enhanced PVD Cu

[ N
-

CVD or ALD Ru

Electrografted Cu

ALD Cu

Other

ECD Cu nucleation layer
repair

EEE Research Required BB Development Underway [———1 Qualification/Pre-Production SN Continuous Improvement

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

Figure INTCS Nucleation Potential Solutions

FAHARIZBE I D AR R B

SEHAEEAT L, SEHERI B S AT LD T a2 T — |25 TR A R TREE 2> TUND, 72T
{EHERITIRIFBE & 2 AU SE RO RBREAITI L, fefa /07 b AT & U TIEREL CUVD, — 7, IERIZZR VT
TR AL | BEFEA B DAED IS D HT LB BT LY MEE DB TN I L K T TuD, (b7
FERRAOBTEE (CMP) OFFZMEINL . HAFANC AL IZZ 8005, Kifa, AR, ~HEBZEDOHIEWEL V-T2 5
32 DY VEATI TR T 2B LDRIE 22> T D, SEHEEEAN R RN T 2 — =0 7 SHICTEFERA
B HEORWEE ~OERNEED, FrEOFHLERREHIENE LI D EME AR DY LI ETERSN
Do

Figure INTC9 O F-HAIZBIT DR FEAIZ =1 B I BILT-, IO 3T, EEHIBIZ OV TORY
iz R LTS, ZORHENE, ZOROEEE ETEFEHE O RS IV O DRI R BRI &> TR
EXELTCOK LR T, EEHBRITHEEIEE B AN B S5,

M FIRICIL, O R F 28 (STD 2507, STHIESRE 7 0 AT 8 7208, oo CMP L%

EREOBEREZILAL, Fo—RK<y 7 OMOIECIIFEIZiRILLIL TN 2D TH D, STI OMLEMEI,
& BRI T O & kx5 (PMD) TS LD B LW T o U A% i3 5 Z S 0 R AR HAT
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IZBW TR 5 Bbins, BAED PMD AL TR T, ECaPy I [T OX—7y NE OV IIERN
D=y MERETIEDS) &, T DRAM [WiT OZRGE (FEET IR 5) Ol 2MEDIL TS, &R
& CMP 1, Joiiaa s> 7 TIEblIR B TlrE7e<7eh . AEVIZIBTHEELIR ) H S A IO FLELRET
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AT O FUOHIE~OEHITEFIICHDHEZ X HNLD, ZNODOT-DIZE AT THT LXK R
ThbH, BT EMTTIL, Filo/2h T P AZREEOR LY, BRI LB PRI R IR
HUWNTHHEEL7Z PMD CMP ORI HAIMEES VD TH A, RFEFIEATIEE)OIL, flZIZ7 NV~ =0 LT
FEL TV (GeSbTe) 54D CMP D XH7e =72 BRIV e SN 5 THAD,

EREE TR T, BIfE DRAM BL O Ty 2 AFY TSN QDAY LUz CMP IERBICE S L%
BIDTHAD, X T AT CMPIIRKER 3D 27 REB LU DRAM B 7 FEARICAE SV CTETZD3, HAHFED
T INARAZH T 723 27 N R RS S I, ARV DMRARCHR~OBATZTE T3 DI 24, &N
THTHA), CulsLZUIT D CMP 1, VT | #iigfg B LU0V N—R w27 D& TOMERRER DI DN
TEESILTNDIEND, FITEIZHE L TWD, LS Sl 4 220 T 572D DE5 A3 DR
/) L72oTND, EBIT, R—T X low-k M B & Lo EME L L 7RIS IC I 1T DK e, ERhFFER, > —h
HRPUEMERE R EA~OHAMFRREICHE B MED B TWD, F/MEH Cu BodR iR O E FHGELIC LD FE 5B
72 IHUED EF-OREND | LR BRI RO HILTND, ZHUTINA T, A% BRI DRz
JEIXLOMETE 720 | RGO <D DRI B <72 A L7 >TD, 2SI T ERIELZ ALD 428775
ZEEIOE TR T A BT SO RIZES T D CMP ARy gl L T2 2\ T REIE A BRI
BWOIELHDEIRDTHAD, NITIUEDIOMEIOBHRIEL FFEREDIC DN TE DS TV TH A, Z
NHETHRIRMAR Cu BLONIT 7 a B ADOMIZERFE EFE T D, £/o, APE TS TIERICITH->Th,
BLARE = S A O B2 DA IE O IS IS LR T AT 72 B2 725,

o1/ gBEONAL T 7V —a b BRSNS THA), ARX v/ H D= D EA RO
HALITZEN TR, WERICEERL D THD, AAIVF =D D LB X, Mt eA T — 3
VDAF— LR FEFULFERRITEE DD D, HDOFEOT SAAZRBNTUL, Fo T AT a2 7 NIk B
RIRICEZHZ DD THAY, TAIF 7V VB~ OB LA FER AL TE TS, SESF @RI L
OB ENPAERMEATY (NVM) Fo 7 1RSI EL TS, CoWP D XH7e B A O F LRSS 1
B, EHRMEA LIS T X vy 7 HiEE EBLT 54D HELL TREID 23 Tn5, ZbiL, BIED
EZABIEN ST TIEZRL, CMP IZXD TR EEDS LB IR, 3D IC I\Zh F- B2 ER s i
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LB IR T DBRIIB | EHEATONDIEAD, U — DN TIEL R G T D LT E I >
THEHEL 72> TRY, Tl bSN - GE B2 D280 =— 725, CMP B OT =— i, L7 e
BAREIVEBIZERNSNICD D 70> TD, ik, PEFSRIR IR O AL IS 272010 E T F
TR LS TN THAD, ZOMREBNLS T BEE 7L, 300, BT Ext R e T DR O R O A
OETRDOND, Telfr DT DI =R X —% G52 55 EEL T, N7 3R 77V BHNEar 4
IR AR IFEN B & & SIND TH A, A TA BT ELZ ORI O 1 > THHN, fix 7r N
AL MRHEAITAS BERASN QD ISR T, IR, MRS IO Defect Z2IE C&HATA4
VEHNEE T TTHAIL., SHIITHE Y o A (APC) & "l REL §-5ThHhA), FHTHIL U T O 1T,
Jass 72 MR % e/ IMET DT O IR AR A CHEAWET 2L BEL IR D Th AD, AR AT EEL — R
TAZBEL CIEFIZ BV — 2 FE8L 572012, RS ICHHFEE CER T b 0 Th ),

RBROFHACEAROPHIFRITLVHEL 2> TND, TNHDF T Ta i, BRBEOIRAN A TORELE
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THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



Bofk 27

FERARL AL~ LD EBUZ AT IS DR AR MIELINDHTHA),
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T AHDIZEERLDOThD, JVLFA72BREIHER LT OL P ERNIE ., BRI AR 229532 LIk
HIEFER AT IR T DD D THA), A S TODIRRLL, 2N e o HRISE T 550105
ART UL 72 B700,

WH LA DHIEDIL, B e RIS QD AN—R 3y RB XYW 7 by RO MIF I KiE 72 i
RIS TH D, 4 B, EERRRL Sy RIZFEIZ STI TEEDOIL WD, BRI EICAT)—LDM A B bEEE
2D EDNHRDEE & 72RO /Sy RO BAR DR E FN TS, AL EAT O 2132 D FikE I8 A
BT 27201 N AEFEFRE R E LELTHTHA), /Ny ROa T 1 a=r 7 JiEOsED
VEETHD, M, KBRS AEPEMED SIS THEREE [RIRF I ZSEBL T D HAR O BIR N ERE TS,
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2007

2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |

DRAM 1/2 Pitch 65nm

1lnm

MAJOR APPLICATIONS
Dielectrics

Shallow trench isolation (STI)
[direct]

Premetal dielectric (PMD)
[target and selective]

Interlevel dielectric (ILD)
[memory]

New applications
[i.e., Si nitride]

Conductors

Polysilicon [selective and
target]

Tungsten / buff [contact and
via]

Copper/barrier

[4.0 > k eff > 2.5]

Copper/new barrier
[2.7 > x eff > 2.0]

Copper/new barrier
[2.2 >k eff >1.4]

New applications
[i.e., new contact]

EQUIPMENT

Integrated clean and endpoint
detect

Onboard metrology and process
control

Combined CMP and chemically
enhanced planarization or
ECMP

Additional low stress and local
force planarization methods

Very low stress/force and loss
control planarization methods

45nm
i i

32nm 22nm 16nm
i i i i i

IR

|
|
[ A

el L

Il Research Required [ Developme

Figure INTCY

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS:

nt Underway |:| Qualification/Pre-Production

This legend indicates the time during which research, developmen

S continuous Improvement

t, and qualification/pre-production should be taking place for the solution.

Planarization Potential Solutions

2007
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2007 2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11nm
! ! ! ! ! ! ! ! ! ! !

CONSUMABLES
Fluids

. .

BEN
General cleaning solutions \\\\\\\\\\\\\\\x

Cleaning and buff solutions
tailored to applications

High solids slurries

Slurries with low solids /
defects / cost

Optimized formulations from
tunable platforms

Fluids for chemically

Pads

applcations "
Abrasive containing pads
Range of alternative pads for --

planarity/defects/cost

I Research Required [ Development Underway [ Qualification/Pre-Production SN Continuous Improvement

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

Figure INTCY Planarization Potential Solutions (continued)

Ty F L T IRRAR AR
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FTREMEANE Y, T /L BOR T, BRI B "7 — AR BRI Lo TR S22 2720 . B L,
R AEY T A A BT IRONDIDITRY | BRD T AL — i, mPy 7 EARY THELL DL b
Do /NI T ROEINERP GBS D Z 8T, D TEREZLGE WA R, ZiUd, nPy 7 LAY DM )T
EREAPE CE OB TRRD B AT T RO KM TIHARDSL O ZE2 TR T 5, Bd THOKREIX, ny
7 EAEYORGR TRRZIEEG L CTHRBOBHE I TAEE TEDT LTI T, RIFHRENRE LB RO K
KAEDFFGNRD B EL TS TTOND0S LALZRL Y,

T F L T HEAN OB Tl BRSO TR ERLZEM T D701, B, A1, HOVIIZDRA
MEIDEHESN A0 v 7 I BIT DGy T 7 DMEIRE L CE B Th D, IRPHES el =kt
T?® CD (Critical Dimension) filli#lZ g9~ ~<| Ly F 7 EBREEOMEHEFEZFI AL T, ME O &
BNEEINDLTHA), N—RTRIDALT T —2al A — ARSI LT, J0REH7 Tk
% T DI DIZ L EEL VANAF — MIMETHHE LIS, ZIHDAF—AZLE 5T, LER (Line Edge
Roughness) B TE, LU ANMEE L TELHZE T, BELIZHBITDEWMBIR TR TED TH A, Bk
7 CCP (Capacitively Coupled Plasma) ¥ — A Ak BB L T ZEIZE S TURE—EDT A
REIZ TR FRET OSHED L 2V 7§ HZE LRERIZ, MBIORBYEIZH BN IS TED IS ND,
ZLUEDIRGHERMERS ULK (Ultra Low-K) ME}, S8R M= T v o 7 Hly, 7o 0 72 A=K
DI DAL rN— R~ A7 EANDOEEED F £ T D, BLRO ICP (Inductively Coupled Plasma) Hifia-fikfe
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T LIRS DRRENMENR DD, X A— VT T RO WAL 7K 53 & D SOSRD LH 72 BRERER D 7= D121,
Ty F U TRT T FRRIZL DR FA—VNEE A, RT =V T ATy T ie—FELic 7 m
TATI—NEREI, AT, Ty F U RO P ANREEE L, PVD DX T AL AT NI D)
LUV, ZOLHR T Ty T 4 — LK, fix OZEEAE IR O5GAER0, HAHWTTy T 7 HOHEFEY)
DRGUCEHTHZE THRENREEI /25D 7 v ACH H e FBE LRV R D, TTRXICLDT
T EARORFRNEZONW T, BBEFEO— DO ThHD, IbEATHIRO A TR, BT LEEL2
DB LAY,

IN—TEF 45nm I e DAL TIE, PRAM ° RRAM, MRAM, FeRAM D 5725 He sy MEEALOHTL
WIS AT T SAA BB, FIRT A AR LN EH EBDILD, ZNHOHLNT
AR, ARVEIME O v 7 HEIRO A EIRIZ L, BTN\ D RN Z RS S5 LE7257255, =
NHDT SARNL, AEUER)7: CMOS O FEOL HR3ME FHEID Y, AEVFHE 13/ 7 = ROBHREICH
FIAEND, TNHFT LW ATVOEHEEN T, Feimn v 7 7 SARIZPEEL . ZRHDOHAMIL, fFRDK
B TG IE T2 THA), F-. ZNHEDT SAAL, lBEIL, Aa o=y L R AT LE T
HEMA R, BEAE. HANITTIUICTITWEBS AV ND, SREZ B EHTIL, GeSbTe C#EAM:
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BTy T U T AR IR SO LNy F U T ANEEND, Fio, V=AU D I — R = —
BT v 7% 500°C TRt AEHTE DRFHNIT D 2 ENMET D000 L, HAETY —2A K v
I TCROBRAFEIZ, FEk, HMET 272D B2 FMTH Y, BERFETH L, LrLRns, BikoY
— AT AN SGET 5 2 & & T T ARSI Ko TOREREIR O ERICHISTE 5 & RiAEN S,

BLIR D ARV EART ORI LI, FLIEE 7 CThoX v/ SV X Ok i 7 AT MM bIZ k> T T
bDETAEIND, LNLIRND, LT VAN U F 2T DBUR O Y — ZF L, A bkl
TEES I, FEREIFOERITH IS TEDHEBDND, VY7 T7 4= DDA EN 2D KA AR
TITRDE T NG == TEADP ISV TRY, FRC, AEVHIN CBE CTh b, MEITILU TEEICHE
FNIN =T 7T HIET, ek — SR ED, BURO Y — 256 VT, ZH DR A 2K T
HZEMTELETRIL TS,
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DTy F L TINBBLIRD T80 | JEF BEDREWNEET 2% W T, =y F L —hDJa)_ EMIFESH TOD,
FEDOT ~ATEVT 4 —bTyF U 7 BEETHILINTANTHY , REAFEZATIIZOIZ, LEL T
A LEHIET DEONRDBLITENPWITES N D RE TH D,

HERIRBAIZ T 27 T A~y F U 7 OFEWEIL, FICHREE 2> TRY, S TERWETH S, 1C
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2007 2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
45nm 16nm 11nm

DRAM 1/2 Pitch

METAL ETCH
Aluminum alloy etch

New electrode materials
(e.g., Ru, Pt, Ir, Ni, Ag)

Si etch
Metal barrier etch (e.g., COWP)

Metal hard mask etch (low )

SEMICONDUCTOR ETCH
SiGe

GaAs

DIELECTRIC ETCH
High k materials (x>100)

Moderate k materials (10<k<60)
Standard k materials (3.5<x<10)
Low k materials (2.7<x<3.0)

Ultra-low k materials (2.0<k<2.6)

Extreme low k materials
(1.5<k<1.9)

Air gap (selective)

ADVANCED MEMORY
MATERIALS ETCH

PVD/CVD - PZT (30-40)mC/cm?
CVD BST (20 mC/cm?)
PVD/GST

Binary metal oxides

Complex metal oxides /
perovskites

65nm
i

32nm 22nm
i i i

N

\\\\\\\\\\\\\\ 1
puw | S
[ L

s
=
_m e
—— s

_

H Researc!

This legend indicates

h Required [ Development Underway [___] Qualific:

the time during which re

on/Pre-Production S Continuous Improvement

rch, development, and qualification/pre-production should be taking place for the solution.

Etch Potential Solutions

Figure INTCI0

BCARAE I DR AL B

Cu M ULK #MEHZEAEIEE L, 2 Z 7R R O/ ST 2 b0 @ T Ay MHAEEIZ L0 MessbL T
WL LW REREEHE A~ DT v Lo DRk Ukt TD, FLRER ORI, #ERIEC e m o —
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F DT AR ANHIEE, FIBEER OFRIERRZE, CMP U, AT, 2 U CRlE% ARG Fh5,

RIALERDT=D DFTLNERIL, A2 F—T A ADFE DY B ZED | AR U T @ OEHENE, ffaEE
DIBED T T H A= DIEEN 2D, T T L T ET v 7 O A=, SARbF2 b, I m 5
{bERL U F DAABEL KD T 7 X AL DT 5D, Table INTC4 @ a, b 1L EIZ Cu & low-k #afapiEla =7
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Do
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HDOM. CD BRAILIOE LT G la->THEY xRS A=V 5 SR ZEI IO TH D,

REALE IR DAL R T ar OIEFE ThHE MR IHIRZNDHD, WO D7r—A flZ X, CMP T
VX, EIRHIR R R LA T 7 A 7 aE REE O I AN DT E TERRSIV TN D, A 2K il
HYEDMA G OENRT 2 — N RE OV R THLZEMHAL TS, B2, T2T VE < U
R DBCRRNL o F T 7 1 DI et — o ZEZ LT DB O T HFIER R, LT
Y F T inssitu T T LT HBDOL U ANHBEL AU T HERERR LN R TCADA — N AT DI T T [
DY FTAS—DIEET ¢ NG END, LA low-k M EFDT=0D1Z1, keff OEIIIOHIFREZFLIM: low-k #fa
TR VT B DiREZ T2 OILEIMOF A= EE | BIOR T —I 77 a2 200 in-situ 125 £
DB LAY,

DRAMZEFENCUlR~ATT DL B0 7T S ZNE S AR U R AR FOREIC e LT T
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LV, Yo —\OFRME, B, LTy Uld, @RI OERIIIEY L R —T 4 I VBN BEE L7
AUTT2D720, RENITEAVTOTIWNT WL Fo, MEHIRES LTI D72, (AT6OREE HMAEED
TS (FTR=NBELL), TP 7 mtR) & AT ERAHESTREVOIT L L TODR2 B IR 50
IZLETHLHS LAV,

BCAR O R AL 6o D BiTaf il e A 27T, EIZ Cuklow-kMEIDA LT 7L —ar DA — AT EE
S TUW5, Figure INTC11 22, IO AR DUV CIL, low-k OffifxiRI L@ E DT SO BN 72
BDIEAD, ZIVHOMEIDT- =T 7 LU ARREE, 2L T HITEZ 503 LV MAEEDIREIXE
FEME LR D T20T Tl < MBI IR D T kBN A0 B 1% RAF T ZE D KD, FEFITEWBKIET, &7
A ML ORETEY T OV (FERM L/ S —T 4 7V DR ) 1%, 2 kiR 2 <, SN X, HroNU T e
DAL B —T 2 ARV EERESE DT L7 PAFINRITIUT D720, LT E BT REIZEWER LD
ORI T, BRI 27 MR LR AU T 720, R D AZEA~D Cu DIRAZEET 5T
WDIT, = NRREH D Cu PR LT Uiz,

012 FTITA T 7L —2a AZHOWD AL E TRESIDAY IR —T Alow-kiEfaEl L, KEVWVRT O
(XD Ty T 7 LRG0T T K~ e Hdg R SRS AN IA T 7280 | 72 3% [ LB~ DO PRI A4 L
TWD, ZIUTFHEEROHENNCS THIOZ A—  MEFAEDOIR T | #EBEORAR | £ L TEEMEOHR 72
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FEIRERE N — AT, 7y FEROLTFWE , RiETEMEA] FL—Ml, 2L TUHDWE, EE IEWE AT
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Table INTC4a Interconnect Surface Preparation Technology Requirements—Near-term Years
Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015 | Driver
DRAM %2 Pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25 D
MPU/ASIC Metal 1 % Pitch (nm)(contacted) 68 59 52 45 40 36 32 28 25 M
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10 M
Wafer diameter (mm) 300 300 300 300 300 300 300 450 450 D M
Wafer edge exclusion (mm) 2 2 2 2 2 2 2 2 2 D% M
Front surface particles
Killer defect density, DpR;, (#/sz) [A] 0.023 | 0.016 0.02 0.025 | 0.016 0.02 0.025 | 0.016 0.02 D%
Critical particle diameter, d. (nm) [B] 325 285 25 225 20 175 16 14 125 D%
Critical particle density, Dy, (#/wafer) [C] 80 54 68 86 123.3 155 195 123.1 155 D%
Back surface particles
Back surface critical particle diameter (nm) [D] 0.16 0.16 0.14 0.14 0.14 0.14 NA NA NA D%
Back surface critical particle density (#/wafer) [E] 200 200 200 200 200 200 NA NA NA D%
Edge bevel particles
Edge bevel critical particle diameter (nm) [F] 130 114 100 90 80 70 64 56 50 M
Particles (cmiz) G) TBD TBD TBD TBD TBD TBD TBD TBD TBD M
Particles (#/wafer) (G) TBD TBD TBD TBD TBD TBD TBD TBD TBD M
Metallic Contamination
10 C;tl(t)lrﬁ%t ;‘D’f“"e metals 10 10 10 10 10 10 10 10 10
10 C;t’;’;‘;ﬂf’z%k (S;)"f““ metals (Cu) 500 | 500 | 500 | 250 | 250 | 250 | 100 | 100 | 100
Mobile ions (10" atoms/eni’) [J] 25 25 25 25 25 25 24 2.4 24
Organic contamination (10” C atoms/cm”) [K] 12 1 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Cleaning Effects on Dielectric Material
g’ig’;“f‘gﬁ;ﬁﬁmc constant inerease due to Btch, | 5 500 | 25006 | 2.50% | 2.50% | 2.50% 250% 250% 250%
[MLe]iximum dielectric constant increase due to rework 250% | 250% | 2.50% | 2.50% | 2.50% 250% 250%  2.50%
i\(;leg;;rrélg; effﬁ\c/}]on dielectric critical dimension due 1% 1% 1% 1% 1% 1% 1% 1%
Maximum effect on dielectric critical dimension due 150% | 150% | 1.50% | 1.50% | 1.50% 150% 150%  1.50%

to Strip + Clean [M]

Manufacturable solutions exist, and are being optimized

7EFR Table INTC4 &b:

Manufacturable solutions are known

Interim solutions are known
Manufacturable solutions are NOT known

[A]XFT7— KA EE (Killer defect density) 13, 238 £099%(ZAH 35 K Ma %, 2Y=0.99=exp[-D,R, Al DAt H
T 5, ZZTAMIHNT 7 il DI RME L, RyIKBaDF¥ 77—, 35 B T2 K37 A REEA R BRI Hhf
FThD, FEDR LY =—/~ EOXT—KYGE AR T, RIE, 7 S—T A7V ORESIIR, FAL, BIORFEDT /N

AALAT RN TS L DBERNARTFT D, ZIVET, VT4 v 23—F 47 )L B4 X (Critical Particle

size) ;dc SN KEZ/S—T 47 /IHL T, 3T Rp %02 HEEL TX7z, Aeff |4, Front End Surface Preparation
IHERIUAEZET D, DRAM Tl Ag=2.5FT+(1-aFT/Awip) X 0.6Adipe ZZCF 138/ NHE, a 13V 700 77
74, T 13T v 7 HIVODRAME Y M (7L P 2575K) | Agip IEDRAMT 7 A X, MPU Ci, As=aT(GLY T,

GL 137 —hz.  Agr 1T —EOHI,MARUTIW TR T 5720 DR, 1FETRD 350 TIE7ZRuy,

[B] ZVU7 171V 73—7 12 )V4% (Critical particle diameter) ;dcl IHE FVUGEDIH T, B/ N—T T ~HED12LE

FIND,NFEAE D/ S—=T 4 7 VIRIGILDDIAARIT—IE TIRUN28D | ZOEIE SRR R EBE 2 H_ETh D,

[CIVVT 4TIV I8—=T 47 FARIOKEI =T 4 IV D RKaF7—HR, %02 LELIZGAEO—FZRL TN,
[HIRDE—R =736 W TODIRE T, —fMRANTA IR TlE7a . BARRZRGHRBIZ R 72O DIE T D, U x—
INBIZODSR—=T 47V, Ry X 314159 X (Vo= " — T =T VORRINES)? 2V CEHRSND, Vo—
INDIZODIS—=T A I NG TVT AT X—=T A7)0 F AT DS, OV D/S—T 4 7 )V AN DfE

& :%?ﬁj—;ﬁ 7LC &) D @%K !j: U\ T D J‘E D o Daltematc:Dcn'tical X (dcriticall daltemate) 20

[D] and [E] V=— ERIDZIT ATV /3—T 47 )V DOELELERIIFEOL KIFPER ¥ 2 A hDORDERNGDH

%

.

[F]1 &[GV =— 2y RO IV T AT 73—=T 47V H A XTI, DRAM 172 B F D2EEL TD, HIDTEE
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EREODIT DRI T E A ETFLELIRNS, /=T A I VA A R E A CE DL IS T T EE THD, T D HUET
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DNVTND, T —HE, IREEIEIB3LL FOCUMEARR) — 2725 | Z L, 1E10LL FChI P AX DA a5 | ZEZ 3 AFE
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WO T T A2 EMTERNEV I EADY 7 7L ADFEFENLEERNTFED )Y, Cu TELUTRNEID BV, 15YLie
FEIXFIZFHI R THY | ZTIRSNIABITFGEHE LT & T, AERTIEZR U,
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TWD, HHCu BANNT o AR RIE T NR AT DO TN TEZ, ROIEAN B BIL, BHRRV 7
MZXATDDB Ths, HFEDWESEII VA HHA~OILEERLS, Ll WolzATVas iz Abe BRI X0k
WL, M35, 2B CRIZIE, TS ARHEZ B LS EAIRELL T, 1E1S BLESC, 1E1L BLFEWESFES TR,
ERT /A ADHEIECEIEDJES IR L TD, MO T A, ZOEIFFESHE L TIRO & T, AR TIEAR0,

[NESERO B A 1E 7 B b RO S Z L gL\, AIE A ARG BT Th-> Ch RO BRI S ka5
LU, EOBEEZAECDLH, LI IHDFEE DTN b7 2 75 HERR S5, BEEOIGYRELLC,
TR ROfEE VD, BUARIZRIL T, 22 TRSNADIREITFFAL ~UZ DWW TOFRRETHY, 7a hor Ko
YEHEOK2 5 TH D,

K] AFBYTEE ., LU ANRIBEL a8 % ECMPIR D BEE 2T = — EITERFTH A Rah— R e CTFEET
%o FREHYLEL UL —R 2Ry k| EVIBTA ECu DALEMIDIENFE->TWDE, FD TS -5 FIEfE
THAREMED D, Cu D EDENFBLZFInmDOBTA 3B LF4E+14 JF{/em® DRFBIFAFBELGLTZHT, H—R
DOFEEYIE, REUNSRESNIZL AN T 0 AT v L SNO /=T 4 7 )WZH KT D, BlfjikiL Trashoy
RERUEHER DN TEY, 180nm /—RDD, 1Z., Si Vo— "KHHEDHEHERI0% (7.3E+13 DR T/em?®) IZFYS 42,
ZIUTfES HARDD, 1ZCD LD TR — 7S5, D~ (CD/180) (7.3E+13)

[L] =vF 7 HEEL YRS O 7 a A%, RO BRI F i B RIETZENDN TS, B IUE R
BB ORI 72D, 2O % i/ NRICL , @LPLIFEEL T ZENR AR THD, Tt/ H—=0 T DVT—7120%
HIBEL VRS S Eh . FERICFRBEOEE L KT T, ZNOOEIT, PR CEXHFHBEROHLEDFREITH D,
FHEFEOLEIT, MIS FX /S ZOWEIZLDT TV NaEDORTED, —HIZA LT 7L —a ks COEDORHIC e
BN, UM U TR Lo TRIESND LB DD, 1| DO—fRIRT 7 0 —F 3 V) DR R E NE
Lz Ba—H— 32 —arPhDZENLERIERC BGZE_DEZETHD, VIl —TaNHDRTEDE
Ly T U 7 IR S A— T RE L CODE DB D, 20120FD AN HIRD DI LITKAE<2. 1 ~DHERIED 2
1b%& R TS,

MIBUED =T 7 LB IR Low-KIED 1 — R & BAZ L TH A=V % 52 TG, LInULRs, ZOH A—
COFPHT, ZDOHEDT = NIEEHS TR TODDIT TR, Ty T 7 LREEO%DCD v A TEDIZZ5
72U LAV, FEEDLA7e = NS OHES . CD BAXEEICZA)0G LV, PaEnoyF o 712k ->T
B A=k TR0 I o T A RS ZENTEHD T, oy MESFOHDOCD vAOFIF Ty T 7 Lt m
BTADM S OFEFRTHHIE LAV, HITETEAHCD AT/, Lo T LE T HEEDBowing (%, 2274
—NIRTA T — DS EFZIDAIE, L OCu DRARFBAEND B T HT-OIZH /NI LT AU 5700,
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Table INTC4b Interconnect Surface Preparation Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022 Driver
DRAM %5 Pitch (nm) (contacted) 22 20 18 16 14 13 11 D
MPU/ASIC Metal 1 % Pitch (nm)(contacted) 22 20 18 16 14 13 11 M
MPU Physical Gate Length (nm) 9 8 7 6 6 5 4 M
Wafer diameter (mm) 450 450 450 450 450 450 450 D% M
Wafer edge exclusion (mm) 2 2 2 2 2 2 2 D M
Front surface particles

Killer defect density, DpR;, (#/sz) [A] 0.014 | 0.017 0.022 0.02 0.018 0.017 0.016 D

Critical particle diameter, d; (nm) [B] 11 10 9 9 8 8 7 D%

Critical particle density, Dy, (#/water) [C]
Back surface particles

Back surface critical particle diameter (nm) [D] NA NA NA NA NA NA NA D%

Back surface critical particle density (#/wafer) [E] NA NA NA NA NA NA NA D%
Edge bevel particles

Edge bevel critical particle diameter (nm) [F] 44 40 36 32 32 30 30 M

Particles (cmfz) G) TBD TBD TBD TBD TBD TBD TBD M

Particles (#/wafer) (G) TBD TBD TBD TBD TBD TBD TBD M
Metallic Contamination

Critical front surface metals (1 g aloms/cmz) (H) 10 10 10 10 10 10 10

Critical back surface metals (Cu) (1 0 atoms/cmz) [ 100 100 100 100 100 100 100

Mobile ions (10" atoms/eni’) [J] 2.3 23 23 2.3 2.3 23 2.3
Organic contamination (1 0" C atoms/em ) [K] 09 0.9 09 0.9 0.9 0.9 0.9

Cleaning Effects on Dielectric Material

Maximum dielectric constant increase due to Etch, Strip +
Clean [L]

Maximum dielectric constant increase due to rework [L]

Maximum effect on dielectric critical dimension due to dry
Strip  [M]

Maximum effect on dielectric critical dimension due to Strip
+ Clean [M]

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are NOT known

Manufacturable solutions are known

2.50%
2.50%

1%

1.50%

2.50%
2.50%

1%

1.50%

Interim solutions are known |4
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2007 2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11lnm

Cu/LOW-K POST CMP and
POST DEPOSITION
CLEANING

Control of Cu roughness, control
of Cu surface (CuOx or CuFx),
control of Cu corrosion, control of
Cu removal, slurry residue
removal, particle removal, clean
Cu in the presence of low-x

Wet method

Amine-based (basic)

Acid-based

Fluoride-based
Surfactants/wetting agents
Corrosion inhibitors/chelating agents

Dilute acids and bases

Non-damaging megasonics

Improved scrubbing techniques

Advanced wet cleaning

Dry method

H,-based plasmas
Cryogenic aerosols

Advanced plasma cleaning

I Rescarch Required [ Development Underway [ | Qualification/Pre-Production S Continuous Improvement

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

Figure INTCI1  Interconnect Surface Preparation Potential Solutions
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2007
I

2008

2010 2013 2016 2019 2022

2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |

DRAM 1/2 Pitch

65nm

45nm 32nm 22nm 16nm 11nm

Cu/LOW-K POST-ETCH
CLEANING

Cleaning porous materials,
cleaning materials with C
content, cleaning hydrophobic
films, minimal dielectric removal,
minimal CD loss, CD control,
minimal x-value shift, cleaning
high aspect ratios

Wet method
Amine-based

Fluoride-based
Surfactants/wetting agents
Corrosion inhibitors

Dilute acids and bases

Dry method
RIE ashing/cleaning

H, -based plasmas
Cryogenic aerosols

Advanced dry cleaning techiniques

POST-ETCH RESTORATION
and PORE SEALING

Surface restoration,
Surface densification,
New surface creation

Eliminate barrier penetration,
reduce surface roughness,
improve adhesion

lon bombardment

Supercritical fluids

CVD "caulking"
(Parylene and BCB)

Deposition + etch-back
Plasma treatments
ALD (CDO)

Wet surface modification

I Rescarch Required [ Development Underway [ | Qualification/Pre-Production Y Continuous Improvement

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

Figure INTC11 Interconnect Surface Preparation Potential Solutions (continued)
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- 3D
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— Nanowires/nanotubes
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— Spin
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Table INTC6 High Density Through Silicon via Draft Specification

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM 2 Pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25
MPU/ASIC Metal 1 ¥ Pitch (nm)(contacted) 68 59 52 45 40 36 32 28 25
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Minimum Interlayer HDTSV Contact Pitch (um)
High Density 32-50 | 2944 | 26-38 | 22-34 | 20-30 | 1626 | 1422 | 13-20 | 10-17
HDTSV Diameter (um)
High Density 16-25 | 14-22 | 13-19 | 1117 | 1015 | 08-13 | 0.7-11 | 06-10 | 0509
Maximum Via Density (cm’)
High Density 9.77E+0.6 | 1.21E+07 | 1.53E+07 | 1.99E+07 | 2.31E+07 | 3.91E+00 | 4.82E+07 | 6.10E+07 | 9.61E+07
Minimum Face-to-Face Pitch (um)
High Density 5.00 438 3.83 3.35 293 2.56 224 1.96 172
Maximum Layer Thickness (um)
High Density 7-25 7-25 7-25 6-20 6-20 6-20 5-15 5-15 5-15
Total Thickness Variation (um) <1 <0.75 <0.5

. SEM Courtesy Of Tezzaron [11]

Figure INTC12  Two Wafers Stacked and Bonded Face-to-Face with a High Density Via Contact
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TRERE L FERITE DD E ATV, Zdhh | EalE, BIRDOT AT LT p—< A (T
7B AERO Culowk BLEROBEHRCTIT/2W) KRS EL720I12, KFAOT —F 7/ F v OD2=—072
FEEAFI AT DWW E RO FEUZSH D, FATAMRE/RE D L7 ORI R IZ BT, CMOS %)
DI AR—F U MOBIRIIRDEE Th D, EEREAIIN TWDED, 2O BT FOR M —R
I NIREE TEFET DITIIRIZ 3L TR,

HPIRDFR
IR 7251 SRR D AR 72 R TR DG FARTE L IR T D, LNL7ein G| fDITERY
PR FIAFAEL QD (8 BARE A DO/ N e AN—7 | B i\ T B 22N ORISR TR
\ZEMASINDEET ), T L CEHIWEMEE TH D, 1575/ SAM DR/ NEO V7B AN—71%, Je1-LIEEl s
W BRZERIN T ERET 28 O/ NEBOHAAEHIZLDL DO THY | LRIV TEEREL G
PEAFRET D, — DD NADEI OB G () ST AR, BB T B CIIEA C &7V Vil
AL, 7 —EER B~ =RV R RS TS,

ST —q g T g

T FANBRHDONFKT —F T 7 F v
ZLDHFEARDT —F T I F Y IFRESNNTNDN, ZIHDIFEAETILLTD 2 5O B TI)—DHH 1D
BT 5

1. ALY —F 7 7F ¥
ZO%E BEOZ A FIEREEY 22— AESHVEIR (B 21X VCSELS) LA & Aittidsh %, £
AR RIE, RERA L FABI BB LD SOHEL, £ L THEL, AR/ CMOS itz 4Rk
TOENLRENDHDHZETHD,
2. SMBOICIRT —X%T 7 F
ZhblE, 27— EBOIAR—R EO—2&H W DOA 7 X A NIRE A Z AT R R A
MR 2H51ETHD, ZOT7—%T 7F v OFRMOFLRFRIE, L—F RN A T XA (T bbb (%
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AL TRIE T DBENIEN) THHZETHD, ERAFIRRIE, T v T IURET HEROMEHEA TS
%o M DOH AT, FEEBRDT V4 Ailgld, ZHAFE R T D201 H (U,
MU D E S DB T v TR TUnET 5 F 2 AREICT D),

HFFE N OFILA
P
A LG FAREDYGE . SRR Z B D 8 - MR IR R LV RO SR 2 E R T DI LN ATRET
HD, HFaAL R—F MO BRI T DR EL, JUA =ML OA—F —ZHDHEFHIE I TLD[1],
ST FNATITVT 4
FEHRT. B8 MR OB E LW O RN— AU T A LA T ORIl 2 4l
TEAHEMAERI>TD,
AF 2 — Ny —:
HBLAR T B B ARN—T DR NETEM K ORTEIL, RAF 2 — RN H T ay 7 563 AZ 81
EINTND, LU, RO #fg i AT M FBESNDEE 2 o 7 ARG, ~f7n7'n
Ty O=—R & E RTINS,

BEANCAR S U — oAb, S
AR =7 L —ICBIAIMEN . FREICRIT 5 R rREEh R

HZHDAH DD T —F 72 F +
WFR VO DEREEINT-HFEDIZFEAL L, LLFED 2 52OT7 —% T 7F v DHh | DOFNELTIHZL
INTED:
SERL T/O:
LA AL R — R NET VANV OFRERT > TN AIAEND, TR EIENE R TOT v 7 L4k
HEDIBEITIHE T2 BL T Thid,
T AATY—KT/O XA
INBDOT =X T 7T L, T VXNV OmET v I NLERE TSI, D E G BT 5
WK VO T 729, [FERIZ, JEFHI V0 T 7 IIE a2 T D0, THO N E BITERIE FI
S IL, T U HOVEREET 7 IR & D, AL VO OF7e G R 72803, TR T 4 A7V —L /0 12D
WTART—ZHfIT D RN E N ETHD, — ., TAAZ)—b T =% 77 F (L, JrarR—xr
"~ Ara7ath— F A BB SN S ES T TR LINA THAY T AV K OERLD
FHFIDW EDE TR

ey A
R\ ORHIIE & O Y SO OAR ST — | EEREE VO ORTREM:, TVl 77 AR UL RE=— R D
BRI N b

BERNI AT AR, B

BHaes
RS COYERARZ 1T D FEARFREIX. CMOS TA v & HIM: DB DR F 7 ST —a L iR — R
’NeBfliGEd A2 ThDH, ZNHDAL TR—R L FOWIEBIEL7-3E DY UL FOVANO TG T
50

TN — R
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EHARTE DT O DIERRDA L T 7R Iy 75547 e O/ 80T VO 1ZEL F DA R—R b
WSOMFEITETEMLELL TS
SR
BFREDE SIS WIRITEEE TSI NDD BT EFHS NN — R T 6D, D7 —AT
L ERIXERIE FIZEs T - A7 DU XN AIEETH D, BB D —A T, HFITERE L
STCarha— /L CEAE PRI ITHEHEND, MEREOBRID, L—FIIF 75 A (o —TF
TR —R) 8o T A F A BNEVIGD, BB RTA—Z I NT— R, a R, Bt AR RO
B TSR A T D, JEROFIEL T, VCSELS, &Ry —H— K O & -8
AT —RL—P =D, IebIAEHOITOBIEET 850, 1310, & TN 1550nm Tihb,
SRR
L—HFDOEE . IR A L ZAFII T T EA DT TERLENED, &8 — Uk — 48
& DY AR L, CMOS Hffte D AN ETERIIZE< 2], F72 Si. Ge XU SiGe & HVVTIERSILT
WD[3-6], BE/RFN/ANTA—21E B BEEE . A)E &, LETE B O R, ikt
ANBEBEOLER, HAEEDE R OT A Var Thd, Bt I~ &Rtk T 5720 7F
RE L HRI USRS TOB[ 7],
RS T AN
BAERET ANH T, — RN TA 7 X AICE B LT IEE TR VDD, B0 E2 B Y
X, EDEAET S AG B R ORFED B B AL iAVEa e — L 52 L ThD, Bk TED~7
ANVRIZBEARIEL AT HI2OICHNODIL, — DOERE TV TEEDE FRiEE FERIZT 5, ZfE
LEE: CMOS S ZE 5T JEIBIE TG (RN Y L A —ZEFER D20 73 b 2 ST G STV,
HEE/RMERE T A= IREA 2N, BIWEEIE, U0 R, HE R, &R0/ T —  ZEFRES T8
FHE R O CH 5,
<GB
EERIE, T 7 EONRIRE B/ MEK TIRIET A TR TH D, ZNOHITEZ, BRHHERA~DIED RN
7oA CIRERIC T HECRR | e OV [RIERECRR | D 52354 FIREIC T DM B D, BN LN T ORKE
JEPTERI L NI ANIE DOV RERARE /NSy F 2 rTERIC T 508, JEs UL MIC7e D88 (2 AuEsE
HBITRO W TR T ) IZBWTTHD, S TWAHTC, FEE TR RIIZERAIh TS
SN LT A 2 AR X, F120E Si02 77V N8 FIZ SiL SizNy Bl T Si;ON, 27 JEDOREIETH
B[8], HELRFA/ T A—Z T =y MKV DOIE L, IR M AN O YT Th D,
AE AR TIER
FEEEX, SN DR — U R OF A ~HEE AT LTI HO DD, EERFHEIEEIX, fa
R AN T TAL A MEETHD, FEA BT HEIHEKIL, FHIT AT AZB O TUIEFR
PR EAE R LASD, AT VA, G (L — W — /3 O E) & oLl RO E Iy EI 5T
DIZHWGILD, BBIHRKET A XL, A7V X ROHIND ~ DD b BELWE ORHMIEIE Th D,
R DA A L ER OB E L CMOS RSO IR — 2 hOBHFS Ik U CEREZ R BRSSOl
UNLZRA3s, ZEFi%, JEIR, 2L ORI RO ATHErEE 5 [ X 3 720 OFE SRR DBAF L -7 F 725
PN ELMELII TN,

RF/~ A7 aBiiR
W OAR HFIREER kT DA AR R BN, T 7 OHHE 0 RF #Wid~A7nm
Bz B CHIDFRAE BE n 2 Dnidtie WD THDH[1[2], 20T L a AFARE INARIERR,
ZAGE, T T R OSHEYIIME B AR BRHOEBESRIAKICE > TF 7 =T LAN REZERD 1L T
Hb, ZOLEDIEERFIL, Xy —U L IC gz EL T H BZEREE THOZENRRIN TN,
AIREMEDBH DRI D FBEIX, RF 35033y —Y Uy RO OEREZBHL TR EMAGSNAZETHD,
ERERRT, SN DY AT MM EITHAFL € IEEH R B L L CEITa—NMeSn=T P25

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



Bofk 57

BLLUTHRRINTWA, B4 7 a i+ NSO —r7p B LRIREICF 1B 5 OB Oii L5
B Fio TG, 7 a— LRSI T A0 T 7 a—F O AR SN RIN TV D, 7 a— Ll
~NDZDOT T —F O IR S TREN TS,

BALENRE
AN T DN—Z LT AT DO R AR IR L O PR LR 0D 5812
‘RF /"~ A7 OERHIN DB ER DRI T A —Ak
‘RF /"~ A7 AR AT O 1C BRI OV o r— R B B b
2T T a—FIIEEL TN — R OT A AR E DN — R D+ 5372 fif R

TN EWE R TS FTAE
TN ETTREL2]1F, K 1THz 236 AL E TOREER A V2 RF EAREED A
TVYRTHD, b, ATRETHIUE Cullow-k F721E Si0, TSN~ A7 AN w7 R K OB & %
WL TRIESND, 207 7 a—Fd, MESRE LT 352 LBl AT AOEHRIRZ DRV YEET 52
EINTEDTDMNII T D, ZOT 7 /vy — 3t L RF J0H /NS RIcmncndins Lt
7, Fo P MEESRE ICHE T TEAMb L,

HALE R
AKX AR SiCMOS EDFE VI A LT T L —a INA[RE THHE R EIR
SR AR Si CMOS EDE V7T 7L — g INAIRE CH AR ST —F T~ LY F 1362

[=/=]

A

AR AT — &= AR Si CMOS &E Vo IR LS U INIPIRO R H#R 2 BRI 2 B 8 % (B
TR ATREZ R/ NS T T~V HERIT L L TR A= — T, T~ LR THsT A - 7 i
IEA T 720N,

ALE =R B R, B REEN, TE L, BRWEEME, ~ A7 aAN TR O 7 e Ak
— I R OZFDMES ST/ RTA—HERET DAV AN Y TR D A r —F8 )T 413, ARSI —
HOT AL — )L T TSN T UG,

H—RF ) Fa—T

H—iRF ) F 2—7 (CNTs) 1358 4 DFEEFUTIB N TELOFED IR R E L THRESH TE 2, Thb
DEWVERIGELEMAEIT, SRR EITFERRE CRE T HIEN TELILEMES T, Al ~
D A[FEVEDH LI E L THIRA 5 W\ TWD, ZDO® 7 a Tk, Bl ~DINHEL CTEETHL I —AR T
I Fa2—T DFFEICOWCRIET 25, ZO'7 a3 L TD, 5 HSCRIZSCEFICHF 52 IRD, FR
IZHIZELCThD,
= e

H—IRF ) F a—T XA —R | BSOS DA T T R OVERER (8 LI DRI R
BEREBZONTNWD, B—R T /T a—T 13—l DREIDREENHIeHT 77 v —RBHERIC
2ol D THD, H—AR T /) F a—TIIENOLOREILE O A A TREF AR O EYRE
P, ERERBRMBIEDIIRLEELNMEE D7D, FFROMAROHAFEL T, KBREREE ORRRE L
TOISHICE/2FEOBURA B L T, BORR A XD EL . A ARz L DCuDiht EH-3512
DIVT, CNTELAH I DT I 7> TnD,

CNTIZHJE (SWCNT) F7213 28 MWCNT) D EBLLFAET D, SWCNTILT27Z O DT T7 = 5380
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B7poTRY, BURPZREAE1.4nm T, 0.4nm7)>HAnm D& T B4 5[1,2], MWCNTIZEA#ED R0 D

757 MG TERY AT Emm 5 100nmFEE £ CTEHEN 45, 2L, MfFE R LOMEI%0.32nm
TN, ITI77 7 AN TOTT77 2 — b ORIRREFRIL THH[2], SWCNTD 77 = M7 E7=iL, MWCNT
EIRLT B IR IS G IR TR E X B RO M- A 7R T, LLRRD, REZRER
(D>5nm) DY-EIKRD T T7 2 30T B A DT RN — TG 50, NSV RE vy 7 A G T 5720
iiﬁﬂﬂfﬁ{zﬁ@;ﬁc:?}ﬁ%é[z-ﬂo

SMCNTO DS EARDMENINTHEFNEEMD T DI ENERREBLGDED OHIVTUVD[1,5-7],
ZAUE, EROHEINT L CRIZENZLE O B TR X 220\ DIZK LT, /T a—7 OFun
275(55%(&’3 DT B2 ThHhDH, MWCNTIZ DWW T, BEROHEIMZIDEVOMWCNTOE BTN

ZHRIL T, BHVOMWCNTOE BN DT 22808, BRI T /WIS L0 RIS TVD[6], ZHHD
%{EJJ IR SE R TITRERAS U TR,

CNT DF s

CNTIZ—WTtlh, 7T 7 =2 DR 5 /U R R B R 1-[A] DR IEF S S D728 . Cu/Low-kBCAR
2T o ORI EA AL TWVA:

1. mEEM (D)

—RICH R DT CNTIZ BT 8 - BEELONM AR ZE I T E T < BRESN TIY, B O H AT
FRITER4 8 P CD40nmE (35T BRI ;muu@%/%n—7 TIIumDHIFHER D, M B FIESIZCNT
OEFEMETIE, ERROCUEREV EL 72D, LLARNE, HOCNTO R OEEML, B, 37abb,
CNT-& B A COBGELE 1L, CNTOETH M OHELA 2V RAE T OB e/ MEHLCHIFRS 15,
TEET v RO ANRTF T DIECTHHE TR, EARHIIRTHD, BSWCNTIL DO EET v
NEALTEY, 2O EFEHUL6.5kQTHS[2,9],

2. TLUha~ AT L — A itk

757 = HOGR[E s p 2 IR FEFE G IXCNTIT 0 U CHL 7o B0 SR LA LD & A— U W S Bl < 4L
HZEMELIZ, CuD 10°A/e® DFFAR BT L1306 AR IS RE PR BB 10°A/em™ 2 7257,
250°CEVIEIRSRM T, 10°A/em® BAEDEW BT AMWCNTIZ L TS AL COB[10], LasLZRAS
5, FEAVNICNTEGRRO i KRBT L 3B A 1T Lo THIBRS LTS,

3. BMAE M

INZ.L7=CNTOREST 16 DB T F R 728 T L[ 11 E S FLIED RO EER T — Z DIME[ 121957~
S TVDESHNT6000 WmKDA—4 —LIEFIZ @\, 7V 7Ty 7 @ R FHONT G S 7 D 5
BRDD[13], BURHLECNT RO i FEECNTD AR A fif > CIBRAUR O HALT2 . MWCNTOZMAE M
1400 WmKIZiZET 5, gt LT, CuDBMEENEIT385 WmK THY , AT L FOBMSEMEIT, 900-2300
WmK. L7255 TD, CNTHOBMRENIIEE 1M CHY B MOBMRE T, HEH TN BRI
U,

LZEFE L DR
EHLOFOBARS M B L SNDEFTLASN T, ai}:/uk“@@a%%@Iﬁb“)%'@(:umcw-kﬁaff%[l3]&CNTT%%#£&71
HZLEINTEDAREMENR B D, B2 X, 55— HAYE T, BET TR a3 Ee T D201, CNTERM L, &7

— MY F LRRREIRNT ) F a—T PUEEEISNDT2D ., f/s Tb{ii@CuﬁE@?JZ@i))iﬁ@ LR THA
9o BUFRORCIEMES HEEL /2 DR\ u— VLR A B E W R D556 . CNTIXE R MERED AL 2725
FTIENTED,
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SWCNTIZR DI 72 FERETA L T T PR A~D I A EL THERB LT 22 EMTE S

1. SWCNTOH

RS B AL OB 95, Cu/Low-KALARE [RIER 2 ~1E0D 8 FE 1 FEEE AU 72 SWONT O U LA
FLOARIRE CulicA- T 31T DA XSO IR R A 42 (19~ D Cu/Low-k &2 AR 3 2 AR e il L 70 5
ThHH), ZOEFELOBINIL, RCIEEIED ZHH) T o RERO B/ R I 54 52595 1,14-16],

2. BB DOSWCNTHE

28 DSWCNTDELH I 35 KS0%FREECNT D72 DRI DB A RN T HZ LN TE D, £, BT 5l
BREDEEREB TR0 T HILINTED, ZDOZ T — VBRI IE L W E ) AR 572012
ARTHD, FR, BIEAEHRROEST Tl e, FREAMICIY KESHDHN T — I LV ECHRECRR IS LT
ZDEH7EFINC, BTV B[14],

3. REREFELOMWCNT

W25 N T R COMWCNTIZE RS LAUE . MWCNTIH O § R CORENEL A G TEH I LNEL
SN EERAICHEAS L COD[3,4,17]), B i .OMWCNTIEF I REV Y B T2 A T80
WIESITEY[3,18], Fo, BHERAVLET /ZED, BB OB ENRSWONTS HUWINIRSHERFES L TR, 773
TOBDBERE R EEUNIHL TQOD7e01E, ROKEZREROMWCNTIL, CuR°SWCNTS 2 HIHERER)
(ZEES ATHEME A FF > CUWVD I EAVRIBSILTUND[6], ©DEIEMWCNTIE B/ m— LB/ m—r L
BRI ZER G DS B U,

4. 757 x4 VR (GNR)

TT7 2T JVIRATEN IV TORNCNTEE ZDIENTED, ZDT T 7 2 JURATHERD N 75
THMTTHDI I T TT7 4L TRE =T DI ENATHE THDIZH ST, CNTOR 7 E D
L E B ERRNTWD[19-23], stFREAFIET 2715 70 b | B8 Fo -8R L COME AT 5
HEL RHENDZETHAI[19], b UERERA IR MG CRWEA BT CRGELSAL, Y H B TR
GNROIEAARETE—ROBI¥E725[19,23], ZOZEIE, Sl &R 72 W CNTIZ LA~ 72555 O GNRO AF73
STHAY,

Vi 220

WO A T 72 B FE I X CNTIC LA TRE R D Cu/Low-k i D Al REZ IR IZ )y » TH SR R L %
IRUTCETZ0N, BT e NREFTRREN <RSI TS, CNTER LN E T D EE R SR EE LU
W29,

1. CNTO =i FE R b A T 52 &

CNTO I HHIBE THHHAITIRY BN CCuaE R T AL AREE 72D, /YL T-SWCNTIZF =
— 7 [#BR0.34nmD— E DR TEZ R 72BN Z TR T 2 03[24], £ DGRE LTZCNTIZBLLK, $57-<
BRCoHHZEDNHE ST TUND, Table INTCTIZITEEMED e/ N HED Culid R OYEREE LRI 7- 10270
4 JESWCNT D g/ INE FE 2 7R L CND, HARTHO72 R YA XD R Culid B kL Tk L <2 dic > T, &
RENDINEEY /NS P25, LD EL e A XDNTF ) F 2—T DEBRLBEE RO HF—D/TA—HT
HD,
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74 ) BRAOE O A B TENER Tlpm THHSWONTO B InmEHEE SN A[25-27], 2vH
7 MEFULISWCNT D B A HHLD 10%I 272N EHEE S ID, D281, KVEWVIRNE RE Va4 7k
P 25D ZEZEHRL TS, B InmOE T LT3 X TEJBOSWCNT O KO AR5 FE 1
0.66nm> T 5,

Table INTC7  Minimum Density of Metallic SWCNTs Needed to Exceed Minimum Cu Wire Conductivity

Technology Year 2007 2008 2009 2010 2011 2012 2013 2014 2015
Wire Pitch (nm) 136 118 104 90 80 72 64 56 50

Cu Resistivity (u$2-cm) 351 363 3.80 408 4.30 4.53 4.83 5.20 5.58
Minimum Density (nm’*) 0.204 0.197 0.188 0.175 0.166 0.158 0.148 0.138 0.128

Technology Year 2016 2017 2018 2019 2020 2021 2022
Wire Pitch (nm) 44 40 36 32 28 26 22

Cu Resistivity (u€2cm) 6.01 6.33 6.70 7.34 8.19 851 9.84
Minimum Density (nm’>) 0.119 0.113 0.107 0.097 0.087 0.084 0.073

2. & JBESWCNTDEIR il

B S OSWONTRE 7 2 B AL FEDOHIII I REE T D, M, ToF D fita 95
SWCNTODL T30 D1 A& R EE LRI [2], EERDOT 22— T DE/OT 2—T D L% E35
ZHZI, o) BIZEFIL CSWCNTO R OEEMENEE NN 2, HEAROSWCNTI LB IR TL CTE
A TITZ2L, CNTDO LT P AZ G SR RN R SE A2 filE LA BTl

3. CNTOfaAIMER R
ZORFRIZIT, FEFITHRRE AT 71K ERCNT O R A il 5 2 & CTh 2, TEEL T il
Bl i, EER R LK il R 2 L0 ESHITHRERIZ2E D2 L TUD[28],

4, (P T Z N FEBT AL

CNTED & B EMBD= B I NI RA LU DT b 2 7 NMEHIR S A5, ZO X572 S8 EMm>
HCNTHNERA~DEFIREIBIE DO A+ 70 8 Bl LD, A LeBARIC 2 Z7 NI EBRIIZEBLS T
%[4,30]), UL, K&Eear 27 MEHAEREL QO O, Bif/eas 27 MERT A2 ECHRT
7R PR LT CTHDH I EERLTND, IR PIa 27 e FEBL T 572D121E, W OSWCNTIH[24]EE512
MWCNTHOFREI[2,17]DFINFEE DT, T _XTCDYTT7 = ik A g 27 MO CIEBED G
PChD, ZOZ L, KT T D HRITKIL TEUTHIRAI Th 5, CNTHRIZH T HCMPAZ D ERIZ
KT DRRRIR 72D THAI[21,31],

5. HERMEOCNTE FEB 5L

CNTIIW A L7250 SRR I THUE CTh D, CNTR AW AE L2 T 3CNTO EXIRP U A Z T 32
EMRHEINTND[18,32], DT L EMEDCNTEZ AT D NSO EA A7 i A R = b7
2o

6. % LRI HAAYEDHHCNTHLE
SR CTHEAE SN TOVA D B 72 CNTIZ600°C VD) S 2T 7 Jay— L TR W SR CORE
TSIV TS, — ., 400°CREEELIKIE COCNTIE A & T, A L7t R A S Tua[20], LLR
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5, RIREARIE LT AL CRIBE BT — AN %, 512, CNTESHRR LT TOCulicfiz
BEXHZ A2 ENHREITIT e, Z3d 21T CNTEERE AN L. Cuw/Low-kEffrE D HHAMEDS MBET
HD

CNTEFRIAZE THLZENBIEI RS0, BIEDBIFRICCNT 2 SIS A SO A5 013H £D
1372\, CNTE AW F 3L Z LB ASVLSIZ 2 2D IR HETITITE, RS THRMHT s~ X
LoD T A BRE T LS E RN BE T A ED M ET D, ZDZET, CNTITHITRA 24—
VIR R L7 o TG, L BT NDIERD 2 725F CNTOREHRE, S, RSO, xiprtlE
FRONLE A ALY B2 M _REMEN RSN D,

AR IRIRIR

FEITIRAT 7 a — DVER ORI RIZINZ T, 2=—27 BRFIREFFD, X 0 HEARNREIE N 20vdb
Do ZIUHDORARIZRIRIE, o FERRL]. A UAEARl EEIBIO X O eair A ET, T b Dk
FEIIBIROUHIEPSZH Y . h—F VTR AT L E L TEZD WD) avt 7 NIEER, AFEICH L
TSR EE Vo T ERp=— AP0 L TIHET Do AT, W< ODOIRARLIERIIZ IV T, 3
U< FAEA ORFEDHFZED kG ., B =& N CT& T (4], EoREICRT 252 < OEE AR EED,
AR RRIRICB D TEI SN TE ), 3 A MEEROREEZFREICAE LN S, Hlbshia
— K~y bEFREL 7572010, EBICAENRT 7 a—F RN ME L ST,

PLEOBGHIZIW T, IC HEAfTOFRRIZ M T 7 BT 2 ERICHE S LB ORKE 2 525, 1< 20>
DFFL T2 7 N E BRI RETLZ DN TR T E T2, WL ONOMSNE L2772 —F (2O TR T
T, ERICHEDNDRRRKIL, 77V r—ya VEICRR D LTSN, MO LTl
27 7 —F 2N OB GDELRERH L LTRSS, TWEFEBTH ET, 3 XTOREEDH
LEA A TR U CROE R A TEFIC I AN D 72, #iH 2 £ 12\ D B ENE AR5 2 L 2N
FHThD,

BORREAN 1L, 1959 D/ X— |k« ) A A %30 E U CRENGT DT E 7z, W Culow-k ~Diinif
T3 R, FCIRE LT HEEN R BN AT~ U, MBI NSRBI CTh 5, £ < O & IR
AEEDFIET D0, ENLRNIPEEIIARIRICELET D 12D ORE 22 T AN T T 53, ROV D
DOHRES EOBERIZHEX DUNERHHTHAD -

B EERORBEORE L LT, ZOT7 70 —FRNED L HICEET 0012

ZOREN EN BT 5002 (2L TEDRLLIZ?)
ZOHEMIL, WO ATHEIZ 72 D DH 2

ZOEANOREINE, TRINDEARHHIZB T, DX IIC=—XT#ET 5D ?
ZIUXEDREE, FEMTE D00, HHWAL, FIREET L THAIN?

T DERRZANTHEHT D721, MUZBHR D LERENITTH A 5 0>
ZOMRREANTEAT D202, Y7 hu=T, ~N—Kou=7, £ IGH, FEOHRT, F0kD
IREACISEE T A D 2

L EO XD PR . B E CICRRT OMER D DD, o, FRLHOBLURITE D)2
9. KM EBVITEHT D720, RHORNE L /MR HRE T L3 h?

10. EOXHIZL T, ZOHEHMBERICBITTHTHA I ?

NS Otk o

oo
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B KT HRIE

(T80 S 1 e eyl N/ A A 2= N

BB WS DR Z O AT AR TIE, HIEC, R OB IO/ RE A 5 X H T2 &3 AR
AEECTH D, FDT=OITEARO A — V0 7 %3 2 5t HI2IE, MEHREE:, ST, 35t =77 e
Ral—Tar OMEBMENETETEEI > TQ0D. BUROERGEEHY — Wik, ZEldi R oMk
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2007 ITRS INTERCONNECT APPENDIX

DIELECTRIC
Assumptions Assumptions Assumptions
CuD.Bheight = 35nm CuD.Bheight = 35nm CuD.Bheight = 35nm
Hardmask height = NA Hardmask height = 40nm Hardmask height = 40nm
Via height = 112nm  Via height = 112nm  vja height = 112nm
Trench height = 126nm  Trench height = 126nm  Trench height = 126nm
Minimum L/S = 70nm Minimum L/S = 70nm  Minimum L/S = 70nm

Assumptions Assumptions Assumptions

K(Cu DB = 4.0 K(Cu DB = 4.0 K(Cu DB = 4.0
K(Halrdma\sk) = NA K(Hardmask) =30 K(Halrdma\sk) =30
Kug = 27 Kug = 25 Kug = 25
K(trench) =27 K(trench) =25 K(trench) =25
Ko =3.0 Ko =29 Kot =29

Figure A1 65 nm Dielectric Potential Solutions (2007, 2008) Aggressive Case
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Assumptions Assumptions Assumptions
CuD.Bheight = 35nm CuD.Bheight = 35nm CuD.Bheight = 35nm
Hardmask height = NA Hardmask height = 40nm Hardmask height = 40nm
Via height = 112nm  Via height = 112nm  vja height = 112nm
Trench height = 126nm  Trench height = 126nm  Trench height = 126nm
Minimum L/S = 70nm Minimum L/S = 70nm  Minimum L/S = 70nm

Assumptions Assumptions Assumptions

Keungy =49 Keupgy = 45 Kcupg = 49
K(Hardmask) = NA K(Hardmask) =41 K(Hardmask) =41
Ky =29 Kug =27 Kyg =27
K(trench) =2.9 K(trench) =27 K(trench) =27
Ke =32 Kegr =33 Ky =33

Figure A2 65 nm Dielectric Potential Solutions (2007, 2008) Realistic Case
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Assumptions

Cu D.B height
Hardmask height
Via height
Trench height
Minimum L/S

Assumptions

Keupgy = 3
K(Hardmask N
K(V|a) =2
K(’[rench) =2
Ky =2

30nm
NA
80nm
90nm
50nm

5
A
5
5
7

Assumptions
Cu D.B height

Hardmask height
Via height
Trench height
Minimum L/S

Assumptions

Kcupg = 39
K(Hardmask) 2.5
K(wa) =23
K(trench) =23
Kest =26

30nm
35nm
80nm
90nm
50nm

Assumptions
Cu D.B height

Hardmask height
Via height
Trench height
Minimum L/S

Assumptions

Kcupp =35
K(Hardmask 2.5
Kug = 23
K(trench) =23
K =26

eff

30nm
35nm
80nm
90nm
50nm

Figure A3

45 nm Dielectric Potential Solutions (2009, 2010, 2011) Aggressive Case

Assumptions

Assumptions

Cu D.B height =30nm
Hardmask height = NA

Via height = 80nm
Trench height = 90nm

Minimum L/S = 50nm

Assumptions

CuD.Bheight = 30nm
Hardmask height = 35nm
Via height = 80nm
Trench height = 90nm
Minimum L/S = 50nm

Assumptions

Assumptions

CuD.B height = 30nm
Hardmask height = 35nm
Via height = 80nm
Trench height = 90nm
Minimum L/S = 50nm

Assumptions

K(cu Y 4.0 K(cu DB " 4.0 K(CU DB = 4.0
K(Hardmask) NA K(Har(:lmask) =30 K(Hardmask) =30
K(wa) =27 K(Via) =25 K(V i) =25
K(trench) =27 K(trench) =25 K(trench) =25
Ketr =30 K widdie-ste= 40 Ketr =29
Kest =29
Figure A4 45 nm Dielectric Potential Solutions (2009, 2010, 2011) Realistic Case
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Effective Dielectric Constant; keff

Typical circuits(2ZNAND+Inv.) |/ IM wires 7 [ Global metal(GM) wires
connected with average long- with module-size length | | with chip-size length
intermediate(IM) wires divided by divided by
having multiple-stages \_optimized repeaters /| optimized repeaters

T oV D RiCuARGC2V RyCyRCr

in order to improve speed(T

< short IM > <long IM > <long GM >

GM with reverse scaled
width Imld thickness
)

|| repeater | repeater

|

Scaling of both Ry and Cy; should be steadily done
) by 30%0 per generation.

min

Figure A5 Critical Path in High-End SOC and RC Scaling Scenario
Table A1 Assumption on Interconnect Parameter Estimation Model
<Assumption on Interconnect parameter estimation=

Design rule x0.70/node-scaling, Reverse-scaling for GM

Chip-size

Module-size

Constant(=7min sq) as 1-clock cycle limit

Repeater Inserted for SGM and GM wires
Gate density X2.0/node(based on ITRS2002 MPU-R.M)
Active power density x0.6/node with average-long IM wire
Logic depth X0.75/node-scaling

4.01

3.5[2-87-3.27

3.0

2.5

2.0

1.5

2.60-2.94

Manufacturable

solutions Red Brick Wall
are known (Solutions are NOT known)

07 08 09 10 11 12 13 14 15 16 17 18

Year of 1st Shipment

Figure A6 ITRS 2007 x.zRoadmap Revision
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