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Outline

® Design Trends for Computing Systems
m Performance & Power

m Server/Desktop, Graphics, Mobile

® Design Technology
m Standard Cells Library
m SRAMs

® Scaling at System-Level
m 3D ICs

® Scaling in SoC: Moore’s Law continues

m 3D transistors: FinFETs
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Trend for Future Computing Systems =

® Unending demand to integrate more processing,
graphics, video and specific function blocks.
® The trend each year is to provide
m Higher Processor performance levels
m Higher Memory bandwidth
m Higher Network bandwidth
m Lower Computing System Power

R&D/Design and Technology Platform 4
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Trends for Computing Systems

® Ever growing integration of more processing,
graphics, network Gb/sec, video, audio, crypto, ...

Future Console

PC Game
m,

DT/INB

!l!__ DX9

Phone

m 300 MHz

Performance

P g
Full HD/ 3D 1920 x 1080p x 2ch
1.56~2G Hz
Full HD 1920 x 1080p
HD 1280 x 720p 1G Hz
CRT TV SD 720 x 480i 200 MHz

2000 2005 2010 2015
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Technology Trend for Future Computing®=
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Systems

® Each year provide higher:
m Processor performance,
m Graphics and Video realism,
m Memory bandwidth,
m Network bandwidth, BUT

® At no higher system:
m Power

m Costs
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Mobile SoC Performance Trend
® Processor core count doubling every 2-3 years

® Frequency growing ~500 MHz every 2-3 years,
as limited by power

— Nvidia
= Qualcomm
ST-Ericsson

Performance

| MSM8250-1000

. OMAP3 I
1000|

1H10 | 2H19  1H11 | 2H11 | 1H12 | 2H12

-

Source: Linle
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Server and Desktop Processor Trend ==

® 2 CPU cores growing to 10* in just 6 years
® Cache size growing from 512KBytes to 32MBytes
® Adding GPU, Video, Connectivity, audio, ...

‘ ——
10 cores "\ i’SamlyBridge
Nehalem-EX
8 cores . - 4
Bangalore \.\:t:_; il 32noa 4
N ' 4
= 1 43
N
6 cores MCM
(l\ilth:-CL\iE 1?? e
4 cores 4
i
/ H 1 Tulsa I
| i
2 cores | e  p— L
F———
300> 2006 | 2007 5011
9 0nm S5n1m
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e G ra p h ics Tre n d TSMCropery

® More Performance, more Stream Processors

409 " Nvidia Unified
Shader GPUs
2008 - 2006-2011 . » _

1024 -

Transistor count in millions

- . Circle area is
256 !1&0! oW Cost _511 chip area ,
122 (\{alue, mm2,
- in center)
128 L) L) L) L) L) 1
2006 2007 2008 2009 2010 2011 2012
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~ Mobile SoC Integration Trend

® SoC chips integrating: GPU, video, audio,
mixed signal, base-band, voltage regulators, ...

Memory iff User iff Battery i/f
A ~ o
UsB20 ~ Wew Parddon
sp-mem| | OO0 =222
oog =
+SIM Displa i "
B | e m § %
Video
ADC 20V Battery
ouch Screel USE 2.0 DAC+ DC-DC Reg. Charger
° [ OTS_1 | Buffer (eSMFS) Fuel Gauge
SmartRefl
o marRefiex }  pmarRetiof ——— White LED Dr.
LDO any eLDOs
< L00s ARM ! .
I Auto Frequency + Pwr Ctrl DACS
* Temp Sensor,
: Dig Rf s
"« B8 Multiple o U ey |t
< SRAMs Digital IP accelerators
And interconnect
DSP F
s
o FmartRefle]
JTAG/P1500/Bist => DT | Multiple DPLLs | Apcs| [BE Amp | o
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Power Dissipation Trend: Products
have reached technology’s ceiling!

TSMC Property

® Servers & desktops, even with fans and heat pipe:
1000

100 +———————————— — —— —— T T T

10+ ——————— = A P R H

Namulnidhung

1971 1974 1978 1985 1992 00 03 05 06
year

Power consumption of Intel microprocessors from 1970 to 2006

. . [ASF'—DA.C 01.. ISSPC 03, 04, 05]
® Mobile ceiling much lower, also battery limitations

Power (W)
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What Happened from 90nm to 65nm? =

T T
Processors (600 nm)

Processors (350 nm) s
Processors (250 nm)
Processors (180 nm)
Processors (130 nm)

90 T T T T

30

=l

’;-:_: 60 Processors (90 nm)

e, 5 Processors (65 nm)

GB} et Processors (45 nm) i
£ 40 Pareto Frontier (45 nm) | |
E h H H H I I

S 30~ ez - — o — - —

10 15 20 o5 30 35 10
Performance (SPECmark)

Intel Processors power and performance per core

Source: “Dark Silicon and the End of Multicore Scaling” by Hadi Esmaeilzadeh, et al,
Proceedings of 38th International Symposium on Computer Architecture (ISCA *11)
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Cortex A9 -Frequency and Power Trend

Speed (GHz) @TT
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3.0
2.5
2.0 o4
,L' It extends the frequency range.
AT But how about power?
¢ | 'd
1.5 /| -
/| _//
II 'l
/ Vd 28HPM/HP/HPL
Y4 -
’ , e 40G/LP
1.0 / .
II 7/
1 2 3 4 5 Relative Power
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Innovation Trends

® Innovations from Foundry (e.g. TSMC)
m SSTA, High-K metal gate, .....
m More-than-Moore, 3DICs

® Innovations from Design/Systems Industry
m Clock gating, Power gating

Parallel computing

¢ Multi core, heterogeneous system

System level power management

Software/OS power management

® ... and more ...
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Summary on Design Methodology
® Future computing systems require the integration of
more functions onto semiconductor chip(s)

® The need for more transistors on a chip easily meets
the growth of 2x transistors every 2 years

® Power is limiting Computing System growth

® TSMC with industry innovators must push Moore’s
law together
m Into 14 nm node, 11nm node, and beyond

®m From 12-inch to 18-inch wafers

® Offering better computing power with lower cost at
regular intervals is what keeps Future Computing
System growth exciting
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Standard Cell Libraries

® Optimized to technology

® Early available & continuous
improvement

® Include high performance, high
density and low power cells and
solutions

® Multi-VT, Multi-vVDD, Multi-Track
solutions

® DFM compliant
® Support major EDA tools

® Layout-effect considered for
characterization

® Compact size in industry
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" Special features in Std Cells for
advanced nodes

® Further Restricted Design Rules (RDR)
m Fixed Poly Pitch/Space
¢ Use poly pitch in x-direction
m Poly jog is not allowed

¢Use M2 in vertical direction as intra-cell
connection

m Uni-direction poly: no horizontal poly for routing
¢Cannot use poly for intra-cell connection

..R&D/Design and Technology Platform 17
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Selective Double Patterning

VBTN HKMG Restricted Design Rule :;::;SL barrier
Gl JUR ULy Litho Limitation with design

A enablement

Design for
Manufacturability

Low power

m B

90nm 65nm 40nm 28nm 20nm
Technology Nodes -

..R&D/Design and Technology Platform 18
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" N;)de-to-node Layout Comparison

Fixed Poly-to-Poly space

Horizontal poly Poly jog

is used

_R&D/Design and Technology PIatfornRgeVIOUS noﬁ —
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Metal2 (Vertical)

Gate Density Shrink Ratio

® M2 is utilized for mitigating 28nm RDR limitation

25 r
{2.37
20 | {3 1.98 '} 1.96 9]1.95 \ov
1.5
90nm 65nm 40nm 28nm

Technology node
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! S

td Cell Library Features

SVT Multi-VDD Library

Multi-VDD Cells

Buffers Up Level Shifter Header

Boolean Down Level Shifter Footer
Combinational Isolation Cell Always-On Cells
Arithmetic Retention Register
Sequential

Filler/De-cap

ECO

Antenna Diode
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Low Power Solution
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Gate Bias — New Solution of Speed &
Leakage

® Positive and negative gate bias solutions are provided in N28
library.

TSMC Property

m Positive gate bias — Increase gate length. Speed J, , Leakage J,

m Negative gate bias — Reduce gate length. Speed 'T , Leakage T

m Gate bias library is footprint compatible with other Vts, only add one extra
layer in GDS and no extra mask is required.

® Gate bias solution provides more flexibilities for designers — using
single Vt + gate bias to achieve speed and leakage requirement.

No Gate Bias Positive Gate Bias Negative Gate Bias
«> <> >« >«

Fixed Smaller Larger
spacing spacing spacing

R&D/Design and Technd
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SRAM design challenges at
advance nodes
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acro Area Shrink Ratio — 90nm to 20n

TSMC Property

® (one cell-size flavor example) Maintain 80% cell efficiency, bit
cell size shrink ratio determines the macro shrink ratio in 1Mb

instange
Macro Size
(mm2/1Mb)
1.3mm2 (cell-
0.999um2) @
52%
0.68mm2 (cell-
0.525um2)
.%A
0.39mm2 (cell- .WA
0.299um2)
) o 0.112mm2 (cell-
Wesumz)
0.199mm2 (cell-
0.155um2)
i i i i —>
90nm 65nm

45/40nm 32/28nm
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SRAM Design Issues and Solutions

Local variability with increasing density Statistical simulation with 5-6 ¢
coverage

RDR causing array efficiency
degradation

Increasing leakage/active current in

macro level

Vmin support for DVFS application

Speed degradation at WCL

R&D/Design and Technology Platform 26
©2011 TSMC, Ltd.

Fully utilize poly cut. Double cell
pitches as one layout unit in a mux1-2
design

35nm Lg in word-line drivers for
speed/leakage optimization

0.24um2 2P mux1 cell for Vmin down
to 0.8*V_nom, or dual rails with
0.127um2 cell

0.24um2 2P mux1 cell for high speed

Open Innovation Platform ™




High poly resistance Use short poly fingers. No poly or MO
routing for critical blocks.
High metal resistance Segment WL or WL repeaters for large
macros.
Vcemin support for DVFS Read/write assist circuitry or 2P mux1
applications bit cell.
Increasing variability Statistical simulations for 5-6 o

coverage. AC write Vccmin simulations
to ensure proper WL pulse width.

G-rule compliance for Jump to different metal layers.
WL driver

_R&D/Design and Technology Platform 27
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SRAM Low Vccmin consideration

® Larger bit cell (6T)
m 0.145um?2

® 2P mux-1 bit cell (8T)

® Custom bit cell/sequential elements following logic
rule for small arrays (e.g. < 1Kbits)

m 8T, 9T, 10T

® Assist circuitry to improve Vccmin

m Bit cell optimized for read Vccmin before applying Design
Assistance

R&D/Design and Technology Platform 28 i
S e = —— Open Innovation Platform ™
© 2011 TSMC, Ltd.




High Sigma Design

TSMC Property

® Thanks to HKMG, o (Icell) improved but memory density doubles, 6 o
design margin should be considered for 16Mb SRAM array

® Defining sigma coverage (sigma number, Z) based on bit density and
yield requirement

® Including of worst bit condition in characterization and verification for
design robustness

Sigmalcell (uA)

W 28HPM HD
m 40G HD

TTG, vdd, 25C  §5G,0.9vdd, 125C S5G, 0.9Vdd, -40C

_R&D/Design and Technology Platform 29
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Read/Write Assist Circuitry

® on ARM test chip
m Data-aware write assist & body bias for bit cell nwell

m Mainly to enable post silicon Vccmin modeling learning

® on advanced Process Qualification test chip
m Write assist
¢ Lower CVDD
¢ Negative BL
m Read assist
¢ Bit tracking WL underdrive

® Schemes investigated (on-going)
m Bit cell body bias control (significant area penalty)

m BL pre-charge level (does not yield Vccmin improvement as
claimed)

m Boost CVDD (significant power penalty at high temperature)

_R&D/Design and Technology Platform 30 e
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ow Leakage Solutions

TSMC Property

® 35nm Lg in word-line drivers to optimize active/leakage power
® Sleep mode to shut down periphery circuits

® Shut-down mode to totally cut off the current path to array and
periphery

SP(D127)

16kx16(256kbits)

120

100

80

%

60

40

20

Stdby SLP SD
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(Advance node) Low Leakage Solutions™

® Continue to support existing solutions including
long Le WL driver, sleep mode for peripherals and
shutdown mode for entire arrays

® Explore deep sleep mode to lower CVDD for bit cells
while retaining states

m Additional 15% saving on top of sleep mode
® Implement fine grain sleep mode in large macros

m Unused segments stay in sleep mode
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On 3D ICs
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Technologies for 3D Integration

Silicon Carriers / 3D Assemblies

Silicon Interposers

Layer Bonding
and Contacting

Trough-SiIico
Vias ( “TSV”)

High Aspect
Ratio Oxide
Vias

..R&D/Design and Technology Platform 34
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Application for 3D Integration

3D TSV Applications T
|
v ) v v v v ) v

cMOS || MEMS & |/ HB-LED | Stacked ), Power & | Wireless |/ Logic+ |/ Logic &

image Sensors modules | /memories| Analog SiP Memory || Analog
Gyros Mobile SiP 3D-SOC/SiP
sensors Acceleros u-Flash ly stacked | |b>Pa Ly wmics
Pressure DRAM L) I-)Wid(.‘ 10 L) Baseband
WLP CIS [ MosreT | Baseband || /DSP
sensors Automo I*St ked BT/GPS/ aseband
imi ive ackec
|—> |:s.-m.cr9 e NAND Ly 1ceT WLANIFM | |3 cpy s apu |-> MCU / '
BSI CIS FBAR filters Projection S I-)NFC ot Processors
IZRF-Swilches engine I-) IPD = |_’
3D Oscillators LCD I-) Stacked '.) |_) UWB FPGA DVB /| DAB
integrated uProbes Backlight NOR / DC-DC L) _
CIS pFluidic / 1J e PCRAM converters L)RFEM High. Perf L) Low-end
ASICs ASICs
L) ualves L) General I-> I.)
Wafer I-) Finger-print Lighting HPC PMIC
T sensors
t Micro-mirrors
L IR-bolometer
focus | *Opto (faserj
J VCSEL) \ A " \ Y,

Source: Christophe Zinck, "3D Integration Infrastructure & Market Status_,"_I_E_E_E 3Dlc—
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3D System Development Approach ~ ~

® Development and Optimization of 3D Systems requires a Cross-
Disciplinary Approach
® 3D system architecture
m System partitioning across chips
m Leverage Capacity, Bandwidth, Latency
m Power/Thermal Considerations

® 3D chip design
m Design Ground rules & Methodology
m Power Delivery, Clocking, I/O, Design IP
m Design Tools
® 3D technology development
m Through Silicon Via, Wafer finishing,
m  Micro/Mini-C4, Bond & Assembly
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Multi-Processor

® Eight-cores MPs are already in the commercial
market, and an eighty-cores CMP is prototyped by

Intel .
[ i) [ =L
ﬂﬂ
 ~~ Y~ —
M E ore Layer

Vector Cache Layer
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3D IC Topics-Design & System TG Py

3D IC system  architecture processor and memory integration, memory
stacking,, vector processor, muti-cores

application Image sensor, signal processing
Design and flow multiple model integration
verification flow 3D logic-to-logic placement
Power Power distribution network design, analysis

IR-drop and Xtalk evaluation and suppression

Timing Performance analysis and optimization for 3D
multiple cores uPs

Thermal Thermal Management of 3D Multi-core
System

Design kits 3D DRC/LVS

for3DIC

Cost Cost effectiveness of 3D integration options

R&D/Design and Technology Platform 38 N,
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3D IC Topics: Process, Test and Bonding—

Process Interconnection Etching and fill process for high performance 3D
interconnection

TSV process Low-capacitance TSV, low-cost
Silicon interposer TSV-based si-interposer, high-density Cu-filled TSV
fabrication
Bonding and Alignment
uBump Stress induced by uBump
Test DfT and 3D DfT architecture

measurement Test sequence for TSV

Pre Bonding metrology solution and using optical

metrology
Contactless: Transceiver for Wireless Testing Systems
Others Wireless power transfer
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3D Integration Design Implications

® Chip infrastructure elements:
m Clock distribution, power and ground distribution
® |P blocks:
m SRAM, eDRAM, and non-traditional array technologies
® Custom and random logic
m Within-stack and on- and off-socket bussing and 1/O
m Analog, special-purpose functions, materials
® Design know-how, and supporting methods and tools:
m Early and detailed planning and partitioning
m Electrical and physical optimization and design
m Automation-enhanced implementation
m Checking and verification
m Capture of power & thermal effects
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Thermal

& Stress

N

System
Architecture

Thermal/Stress
Management

TSV Electrical

Characterization

Drilling/Isolatio

Fine Pitch

TSV
Technolo
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Reliability Test

Reliability and Sensor

Stacking Reliabilj ol
stress simulation Module

Die-Level

Modeling Homogeneous

est Method /Heterogeneous

Design &

~,
\

Design end

_TSV.Model

Design & Verification
Flow

Se.nso.r dies integration
Application Interposer
Fault Tolerance Design &
= ESD i Design
3DIC
Technology
Stress Post-bon8 TSViuBump Wafer Thinning
analysis Electronic Chgf,  Alignment
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* Based on packaging related
value (of WLP and 3D TSV steps)

4500

4000

3500

3000

|

2500

2000

Market Value (M$)

1500

1000

500

mmﬁii

1 Stacked NAND Flash

M Wireless SiP

W Logic '3D-SOC/SiP'

B 'Logic + Memory' SiP modules
M Stacked DRAM modules

B Power & Analog components
H HB-LED modules

= MEMS & sensors

O CMOSimage sensors
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® Better electrostatics characteristics enable gate
length scaling

® Intrinsic benefit of better swing and less dopant
fluctuation enable low V,, operation

® Sidewall channel provides extra current gain in
SRAM and narrow width devices.
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» Bulk FIinFET architecture

> (100) substrate

» Standard notch orientation
» Transistor module

» Optimized HK/MG gate stack
» Dual epitaxy

> Gate pitch

» Fin pitch is (spacer pitch

~ | Hfin {Fin heidWgy

halving)
» Wfin, Hfin

Source: 2010 IEDM, C.C.Yeh, et al. - et
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Challenges for FinFET devices

® Stressor implementation in 3D structure

® Dual workfunction metal implementation in tight-
pitch

® Epitaxy S/D quality on different crystalline planes
® Design difficulty caused by digitized fin numbers

Source: 2010 IEDM, C.C.Wu, et al.
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® Effective width = 2 x Fin_height + Fin_Width

Source: 2010 IEDM, C.C.Wu, et al.
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Fin
m ) m
|<_ Wfootprint_} |

W;,, = physical fin width
W 4+ = 2 (fin perimeter )= Number of fins x ( W, + 2H;,, )
Wiootorint = real Si estate

® FinFET has potential to gain drive current by larger effective width
over planar on the same layout footprint.
Source: 2009 IEDM,C.Y. Chang, et al. _f'
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Summary on FinFETs (2010 IEDM paper™4

® Dual-Epi raised S/D

= low R_, for both N/P

m SiGe strain engineering for P
® Dual-WF HK/MG stack

m Good electrostatic control down to 20nm L,

m Replacement-gate further boosts PFET performance
® Balanced and competitive N/P | -l performance
m N/PI,, achieve 1200 /1100 pA/pm @ | 4 = 100nA/pm @1V
® Excellent SRAM SNM at 0.45V V4

® Challenge: process in 3D structure and design
difficulty caused by digitized fin numbers

Source: 2010 IEDM, C.C.Wu, et al—
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Source: 2010 IEDM, C.C.Wu, et al.

0.4 0.5
VN1 (V)

» Butterfly curves are measured at 0.85V, 0.65V and
0.45V respectively

* Cell is functional down to 0.45V V , with excellent
static noise margin (SNM) e
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