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NanoCAS Lab at Stony Brook

AEstablished in 2011
A3 PhD students

A2 MS students

A7 MS alumni

I Employment at
A Intel, NVIDIA, Hynix, Marvell,
A Continue PhD

ASeveral undergraduate
researchers

I URECA, senior design
I ECE Honors Program

http://nanocas.ece.stonybrook.edu




Research at NanoCAS Lab
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Energy-Efficient Circuit Design

L ow Reliable
Power Power
Clocking Delivery

Clocks consume Modern SoCs
significant power demand high
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Emerging IC Technologies

Three-dimensional

(3D) integration

ARAn industry game changer o
Source: Intel
ST, SEMTEUe Source: Qualcomm
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A Brief History

Conceptual transistor, Electronics + biotechnology, ?
by J.E. Lilienfeld, 1926
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Nanoscale Circuit Design
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Overview of Device Scaling
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Device Scaling Scenarios

Performance
A

Mobility increase +
constant DIBL and V roll-off

Mobility increase

/

i

No device enhancement

Channel length (nm)

W. Haenschetal., fASilicon CMOS Devi cleMJoBralobRedearShcand Develgmment, July 2006



Overview of Interconnect Scaling

A Metal pitch reduced from 1.8 um in 1994 to a few hundred
nanometers in 2011
- Higher coupling capacitance
A Significant reduction in the cross-sectional area
- Higher parasitic resistance

Global
interconnect

Metal [nterconnect
dominated delay

Via
Local
Interconnect

Device

dominated delay

s olvsilico
Silicide  Polysilicon

Substrate
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Interconnect Scaling Scenarios

Interconnect

parameters
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E. Salman and E. G. Friedman, High Performance Integrated Circuit Design, McGraw-Hill Publishers, 2012.




Interconnect Scaling Scenarios

- Transistor

|

| == Local
Interconnect

—wi=Global
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Technology Node

Interconnect-centric design era

2005 International Technology Roadmap for Semiconductors (ITRS) 13



Vertical Integration

A One solution: Go vertical!

Longest interconnect ¥2 x I, (Compared with2 x L)

Pe vertical connectiol

= o w%/
< Liv2 =

Reduction of longest interconnect length : /N
( N = number of planes )
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Heterogeneous Integration

Sensing front—end

- _Digital processor

==

Memory

Communication

Dies with different functions, fabricated with different
technologies are integrated

www.monolithic3d.com 15



3D Applications
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Outline

AMotivation

ABackground
I 3D Integration Technology
I Power and Signal Integrity

ARecent Research Results in 3D ICs at NanoCAS Lab

AConclusions
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Example

A Apple A4 Chip (for 1st Gen iPad and iPhone 4)
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Different Types of 3D ICs

4 Bottom Chip

i s, ol o g Substrate

3D Package-on-
Package, Amkor

High-Bandwidth,
Low-Latency Connections

Micrabumps

[
3

() -

- Chip

Interposer

Based ‘- _ - A. o Wit
Integration, ——— E———e W =
Xilinx INTEL 15K

Through Silicon Via (TSV), Intel




Current Status Iin Industry

AHyper Memory Cube (already commercially available)

Target: 10mmx10mm Max. The minimum determined by contact grid

Memory
Cube with
TSVs

> &y N
Face-down

Face-up

Target: 1mm

Baseline 12mm x 12mm BGA Substrate

Solder Balls

Micron Wide I/O DRAM (15X faster, 70% less energy and 90% less space)

AMemory-Processor Stack (next step)

AMD xPU + DRAM stacking
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Wafer-Level TSV Based 3D Integration

AMultiple wafers are
Thinned
Alighed
Bonded

ANo fundamental
limitations exist
- Alignment accuracy of 1 um

- Adhesive, oxide, metal
bonding

- Wafer thinning capability
Through silicon via A 0.1 um for SOI
A 15 um for bulk silicon
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Through Silicon Via

“% 32nm high-k CMOS )

' R 11 level metal

[+ 'Ry Deep trench capacitor —+

%’j Cu through-silicon via (TSV) ~ substrate
e

Pled

Courtesy of IBM

A TSVs are large
- Diameter in the 2to 10 um range
- Height in the 8 to 60 um range

A TSVs have parasitic impedances (RLC)
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TSV Fabrication Techniques

l.ocal PDN
LF- Local PON—T——1—|

Via-first TSV Via-middle TSV
(Doped polysilicon) (Tungsten)

E l.ocal PD g Local PDN -——

- P2 ——
Silicon

AVia-first = £ AVia-middle
- Prior to FEOL Via-last TSV - After FEOL
process {Copper) | - Before BEOL
Plane 2

Local PDN g

P3

AVia-last
Silicon Plane 1 - After BEOL
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Primary Challenges

AFabrication
I TSV reliability and stress
I Bonding techniques
I Thermal/Cooling
ADesign
I Architecture
" Design for test
" EDA tools
" Design for thermal integrity
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Research Focus on 3D ICs

Power integrity and power Signal Integrity for 3D ICs

aware design for 3D ICs _ _
I TSV-to-transistor noise

Power distribution in modeling
processor-memory stacks A[llntegrationo6l4
A[JETCAS@lZ, SOCCo612, . Noiseana|ysisfor
S-Sl e implantable 3D ICs
Decoupling capacitor A[1SCAS611, BioC
topologies for 3D ICs
A[TVLSI 615, | SQEDO615]

Resource allocation in 3D ICs
Al SQED615, GLSVLSI 613]

Low power 3D ICs
Al SCASH615]
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Power Integrity and Delay Uncertainty

Power distribution network di
A Vy =Voo - IRy - Ly
4 N\

ldeal power ‘|
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WW /R0 —
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Ground distribution network

Afl have thought about some of the probl e
small scale, and the probl eFReymonfan, 198% i st an
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Impedance Characteristics

Rp Lp
W 00—
> - Nominalvoltage® Allowedripple
eioet Current
_ Nominalvoltage 3 Allowedripple
Powerconsumptio
W 00—
Rl LG
A 65 nm CMOS microprocessor’
I P =250 watts

Vpp = 1.2 volts
Ripple = 10% of V
Target impedance O 0.3 mill

G. Konstadinidis etal., Al mp| e me nt a t-Gepenatian fL6-Gore BATihmead Chip-Mu | t i t hr eadi ng SPARC %170
IEEE International Solid State Conference, February 2008



Decoupling Capacitance

Decoupling
capacitance

Stage 1 Stage 2

E. Salman, E. G. Friedman, R. Secareanu, and O. Hartin, ifWor st Case Power/ Ground Noise Est izréa
Equivalent Transition Timef or Re s o [ERBETcaasa@ions on Circuits and Systems I: Regular Papers, May 2009




Decoupling Capacitance and Impedance

ADecap is required to satisfy target impedance
AResonance should be carefully considered

AS



Signal Integrity

CIrCUI’[ CII’CUIt
block 1 b >- block 2

ggressor

Vlctlm

Noisy digital ground

Victim device Aggressor device
Sensitive signal line Digital signal ling

/]/\N Substrate
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3D Processor-Memory Stacks

Processor

J. L. Hennessy and D. A. Patterson, Morgan Kaufmann 2011 3D processor-memory stack

A Higher on-chip memory bandwidth
A Reliable power delivery is an important challenge
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3D Processor-Memory Stacks

3D DRAM Design
and Application to
3D Multicore Systems

Hongbin Sun Nanning Zheng
Xi'an Jaotong University Xi'an Jiaotona Lnivers

Jibang Liu Jian-Qiang Lu, Kenneth Rose, and Tong Zhang
Rensselaer Polytechnio Rensselasr Polytechnic

Rakesh S. Anigundi
Qualcomm

IEEE Design & Test of Computers, 2009

APotential architectural benefits of a 9 plane memory +
processor stack (1 GB embedded memory)

- Access latency, footprint, energy consumption
APower delivery is identified as a primary challenge
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Nine Plane 3-D Processor-Memory Stack

1 Gb eDRAM

Heat Sink

Core

Mem 8

{1 Gb eDRAM |

e

Via-first/via-

middle TSV

 Back|

Facei
A

Mem 3

Mem 1

Package

- Modu

<«— 1500 ym —>»

AHow many power/ground TSVs are required?

AHow much decoupling capacitance is required?
Satisfy power supply noise (target impedance)
Minimize area




Design Space for Via-First TSV
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AMonotonic response

ATypically over-damped
- Relatively low peak-to-peak noise

AHigh number of TSVs to reduce effective resistance
AHigh decoupling capacitance to reduce transient IR drop

S. M. Satheesh and E. Salman, NfnPower Di stribution

i nMelrnsovr yB aStHHE Jddhpairon Bneeeging and
Selected Topics in Circuits and Systems, December 2012
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Minimum Physical Area for Via-First TSV
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A Decap is implemented as MOS-C
- 39 fF/um? A 32 nm technology node (from EOT)
A Optimum pair exists that minimizes area
- 2750 TSVs and 2.7 nF of decoupling capacitance
- 9% area overhead
- 34 mV peak-to-peak noise

S. M. Satheeshand E. Salman, fA Power Distribution i nMernsovr yB aStezHE ®dnalFon Bnceeging and 35
Selected Topics in Circuits and Systems, December 2012



Design Space for Via-Last TSVs
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ANon-monotonic response

A Typically under-damped
ARelatively high peak-to-peak noise
A High sensitivity to design variables
A Careful analysis is required

S. M. Satheeshand E. Salman, fA Power Distribution i nMernsovr yB aStezHE ®dnalFon Bnceeging and
Selected Topics in Circuits and Systems, December 2012
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Power Gated 3D ICs

A An effective method to reduce leakage power consumption
A Total power consumption = dynamic power + leakage power

* Niagra 2 (2008)
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Intel Atom Processor

Power Gating: turn off the inactive blocks to save leakage

* U. Nawathe et al., ilmplementation of an 8-core, 64-thread, power-efficient SPARC server on a chip, dSSC, vol. 43, Jan. 2008 37



Power Gating: Sleep Transistors

A Sleep transistors are inserted along the power delivery path

Sleep
Transistors

Virtual vdd

A Sleep transistors also consume significant area
I More than 1 meter overall width

*R. Jotwanietal., A An %686 Core in 32 n&5CS/6I146,CaM @611 0 38



Allocate Area between TSVs and Sleep Transistors

Power Supply

AArea contention Nadegngng

ABoth affect power integrity

AMinimize power supply noise ...
Subject to: sV

ALeakage power
ATurn on time




