FORWARD,
INSIGHTS

Phase Change Memory: Mainstream Ambitions

Report No. FI-NVM-PCM-1010

By:
Andrea Silvagni & Gregory Wong

October 2010




FORWARD,
INSIGHTS

Phase Change Memory: Mainstream Ambitions

© 2010 Forward Insights. All Rights Reserved. Reproduction and distribution of this
publication in any form in whole or in part without prior written permission is prohibited.
The information contained herein has been obtained from sources believed to be
reliable. Forward Insights does not guarantee the accuracy, validity, completeness or
adequacy of such information. Forward Insights will not be liable for any damages or
injuries arising from the use of such information including, without limitation, errors,
omissions or inadequacies in the information contained herein or for the interpretation
thereof. The opinions expressed herein are subject to change without notice.

© Farward Incichte Nertnhar 2010 i



FORWARD,

INSIGHTS Phase Change Memory: Mainstream Ambitions
Contents
CONTENTS -ttt et et e s e et e et es e e b e e ae e e s e e s e b e e e ae e £ e £ e e £ e s e e e e e e e £ ae e £ae e e R e e Re e e e e e b e nne e neeeneeeanenanenaneene II
LIST OF FIGURES ... .tutteuteueerseerseueseeiesse e eese e ae e se e s e b et e et et seeseseeaesb e st seehe e she e eb et e b e e nee e ee et eaenes VI
LIST OF TABLES ....tttuteteueueuersesessesessesessesensesesesaeaessessesese st eseasese s eaeeeeseaesae s eseaeehe e e b e e et et s be e nbe e neeneseens Vil
TERMINOLOGY ... uttteuuseaesseesseasasseasseesssseesassessasee s asseessne s sane e s sae s £ane e s e ane e smse s sane e s amne e s mn e s sannesenneesannessanns 1
EXECUTIVE SUMMARY ...utiiutesitesressse st sssesse e e e sas s s s sae sanssase s s e s sa e sha e saa e s b e e nn e sae e sneesan e e 2
IMEMORY OVERVIEW ..c.vututeuerueuersesessesessesessesesesaeeesesseseasssessssessesenssseneseesessensseesessssensesensssensssensssensasenens 3
T 0o T8 3 o] o RPN 3
RS TY=T aa Lo T2 L=T =T (o] 2SS 3
SRAM et ee e ee e —e e e aee e e Reeeeaaee e Ree e e neeaeaeeeaaneeeeneeaeneeaeneeeaaneeaenneeaan 4
00 T 1 PSSP 4
TeChNOIOZY EVOIULION ..ttt e e s n e s e e e s e e e s ne e e e e e s neennnns 5
DRAM ..ottt st st b b e e AR R R et A E SRt £ e R e £ e AR e AR R e e R e e e e e R et e e e e enreneneas 7
(00 o107 1 S 7
TEChNOIOZY EVOIULION ..ttt e s s e e e e e e e e e e e neenanes 8
INOR FIASH .ttt ettt ettt £ e ae e e b e e b et e he e e b et s e et sb e st e b e e s b et nb et st enesseneas 9
070 1T | SRRSOt 9
JLIC=Tod T e[0T =4V =AY 0 11« o T o 11
INROM ...ttt e e e ae s e b e e b e e s b e b e ae s e e aeeEeae b e aenE e Rt e e be e eb et e ae e ene st e ne e eneneas 12
L0 0] Vo7 1 12
TEChNOIOZY EVOIULION .ttt e s e e ne e e nne e e emeeean 14
INAND FIASH 1euiteeiietetetetre sttt st b et e e st et st e st e s e e se s e nse e s ae e nne st ene e esanees 15
{00 1T | PSRN 15
BLIC=To] T e[0T =4V =AY 0 11« o T o 17
PHASE CHANGE IMEMORY......teuteeuteaaseasseeeeesse s asseesseesanesanesse e seesnesasesanesneeaneesmnesanesnesaneesnnennnesnnean 20
T oo [U ] o] o ISP 20
Phase Change MatErial ......cooeeiceeeeee e s me e sne e s e e e senne e s neenennennnns 21
MEMOIY CEII CONCEPL...eeiieie e e ceie e e e e e ee e e e s sse e sesse s sene e e sase e s eseeesnee s sneesanneesanneesneenannenanns 23
2 TT o0 01T = Lo 24
Y eTaa o oY 0= LMY= T4 = o T 26
SEIECTION DEVICE.....eiiireireeti et n e s s s 28
O O] g F= = o (=T 11T SRR 30
ST A T = PRSI 30
RESET CUMENT ..ot e e e e e e e 31
= 00 U= Tt ST 34
=Yg oY VA o 4] o ¥ T =T o TS 35

© Farward Incichte Nertnhar 2010 iii



FORWARD,

INSIGHTS Phase Change Memory: Mainstream Ambitions
MUILFIEVE] CeII PCM ...ttt s s e e s n e s e e nne s 38
[V o7 I )oY 42
PCM REIAIDIILY «eveueveerreereeserieeriesesteeseesesesesessesessesessesessases et sse e sseessenesse e ssenessesesessessnsssssssnsssanees 47
oY 0 1= I 17T PN 49
DB SZE ..uteeutteuerte et sttt ettt st e bt a e b e e e A e e A e he R e e E et A et A et A et A et A et b e ne e ae e ene 49
(O ToT TSI 00T '] o] 11 S 50
BLI=Tod T ToT (=4 RS Yo=Y 11 = R 56
10 LT L= T 1] (=] £ S 56
0= T L =T 1S 57
PCM DEVELOPMENT STATUS ...veiutiriuiiseesresresse s esessressesse s se s nesasesnesse s snsssnesaaesnesnessnnssanesaness 61
ADXTRON .ttt ettt b e b e e e e e b et e b e e sE e st e e ae £ e ae e e Rt e £ e he £ ehe e e b e e e b et eb et eb et b ene st nae e ene 63
11 O 1T 63
BAE SYSTEIMS... ittt ettt e st st e e e e e sesee e s st e e e ase e e eae e e e ne e e ereeseneeeeaneeeeneeeanneanans 64
1o = OSSR 64
HYNIX SEMICONAUCTON «..eiieee ettt e e s s s ne e e sase e s ene e e sme e s sneesannessanneeeneesannenanns 65
1= OSSOSO 65
IIMIEC ...ttt h s e s £ e R e £ e R e e e R e e R e e e R e e A e e A et b ene e e e e e Re et ne e erene s 65
INTEL ettt ettt s e b b h e £ et e e aeeE e aE s e R s e e Rt e e b e e eb e e e e e eneneene e enene s 65
Macronix INTerNatioNal.........cciiiiiiiiiii - 65
NUMONYX (INTEI/ST), MICION.....eeiiiiciiee ettt e s e e e e e e e s e sne e e e s e aar e e e s e nneeas 65
DA T g TTeTo T T 0T o £ R 66
L0 1770 7 PR RR 66
(ST aTSTST= TSR =] ] o] o 1S 66
SAMSUNG EIECTIONICS ..eeieiieiiiieie ettt s e e e e e s ae e e sne e e s aneeaenneesaneas 66
S Y TeTgoT= 1=t o] (o oo TSP 67
ULVAC ettt ettt sttt a et e et b e st s b2t £ e ae e £ e Re e e Re e eh e e e b e e e b et e b e e ebeae e e e s eae st ene e ebaaeas 67
IMARKET FORECAST ..uttitiesutesite st st s s s r s s s e e e s aa e s e e e s s e e saa e s ne s be e nnn e sanesane s 68
PCM as @ NOR REPIACEMENT.....ceei i ceeeee i ceeee e e tee e ee e ee s e eraae e s e s sne e e s e sne e e e s e sneeessennneeessesnneeessnnnnnens 68
PCM as @ NON-vOIatile RAM ... s s s 71
PCM as an EEPROM ReEPIACEMENT ..coiieeee et s ettt e s et e e s e e e e s e e e e e e e e e e s e eane e e e s e nneens 71
PCM as @ DRAM ReEPIGCEMENT........eeiiee ettt s s e s sn e e e e e s ae e e e s e eanr e e e s s annees 72
PCIM’S LAENCY ISSUE ...eeeieeeeee et ee et e et e e e e s e e e e see e e e e s ne e e ne e s e e e e ene e s e e e e ameeasnnesanneean 74
PCM’S ENQUIANCE ISSUE......eiiuiiieiiiiieiicert i e s s e s 75
L0703 11T o I T 76

© Farward Incichte Nertnhar 2010 iv



FORWARD,

INSIGHTS Phase Change Memory: Mainstream Ambitions
PCM as a NAND FIash REPIACEMENT ..c..eeeieeeceiee ettt e s eer e s e e s e e e s s e e e e e e nnees 7
Mid-TEIM OUTIOOK ..eeeieecciete e e e e s e e sr e 77
Long-term OUtIOOK: PCM VS. NAND. ....oiiiiieeie e e s s s sae e s e enes 78
PCM as @ Storage Class MEMOIY ......couiiiieiieeeeieeeeeee e e e sreeessseeessse e s s sse e s s sseesse e e s sneessaneesanneesannenanns 81
DA o] o1 1 o= 11 0] o 1< TN 85
EMDEAAEA POttt ettt s b et b et b et b et b e e e e e st et enene s 85
Y= 1= ST 86
REFERENCES 1vuvtuveststeseeeseessesesseessensssesessesessensssassssensasassssesessesessesessesessesensesensesensssensesensnsensesensnsens XClll
ABOUT THE AUTHORS ... teueuteueseesessaneseesessesesessessssessssensssensssensesensesensssensssensasenssensssensssansssesessesessesenes XCIX
ABOUT FORWARD INSIGHTS ....cutueeueaeeteseeeesessesesee e seesessesesessesessesesse s sae e saentsaeassae e st eneseese s ssesenesessennes c
1T 0T S c
L0701 = o1 ST c
REPORT OFFERINGS ...veiuteeureruresuseeaseesseessresusesusesseassessaeesaeesase e s e e ase e saeesas s s s e e s e e eseeens e s s e e r e s aneaeneaennens cll

© Farward Incichte Nertnhar 2010 v



FORWARD,
INSIGHTS

Phase Change Memory: Mainstream Ambitions

About the Authors

Andrea Silvagni is Senior Technical Analyst for non-volatile memory design and test. Andrea has 15
years of experience in MLC NAND, NOR and embedded flash design, application and test.

Most recently, he was senior staff engineer responsible for leading the design of 36nm NAND flash
products for solid state drive applications at Qimonda AG. Andrea covered role as strategic planning
for wireless products, also led design projects for automotive, high density MLC NOR flash products
and 16/32-bit microcontroller products at STMicroelectronics.

Andrea received his Masters degree in Physics at the University of Milan in 1993.

Gregory Wong is the Founder and Principal Analyst at Forward Insights, a market and technical
intelligence company focusing on semiconductor memories, emerging memory technologies and
solid state storage.

Greg previously held a number of management positions in strategic planning, business
development and engineering at Hitachi, Siemens, ProMOS and Qimonda/Infineon. At
Qimonda/Infineon, Greg was responsible for competitive intelligence and reverse engineering for
flash memories. This encompassed analyzing and evaluating flash memory vendors’ strategies,
technologies, design architectures, product performance, manufacturing capabilities and costs.
Greg worked closely with senior management on strategy formulation and setting operational
performance targets. Greg has worked in Canada, Japan, China, Taiwan and Germany.

Greg earned his B.A.Sc. degree in Electrical Engineering from the University of Toronto, and his
M.B.A. degree from the Richard Ivey School of Business in London, Ontario.

© Forward Insights October 2010 XCix



FORWARD,
INSIGHTS

Phase Change Memory: Mainstream Ambitions

About Forward Insights

Forward Insights provides independent, insightful market research, consulting and information
services focusing on semiconductor memories and solid state storage. The company offers
unparalleled depth and understanding of the strategic, market and technical complexities of the
semiconductor memory landscape.

Services
Forward Insights offers a unique and comprehensive strategic, financial, market and technical
perspective on the semiconductor memory industry. The professional services offered include:

. Strategy Consulting

J Financial & Cost Analysis
. Market Forecasts

. Technology Analysis

. Competitive Analysis

. Technology and Design Services
. Surveys

. Training

. Custom projects
Contact

12 Appian Dr.

North York, Ontario
Canada M2J 2P6

Tel.: +1-408-565-8207
E-mail:

FORWARD,
INSIGHTS

Forward Thinking

© Forward Insights October 2010



FORWARD,
ANSIGHTS

Phase Change Memory: Mainstream Ambitions

Mission

“Unique and strategic perspectives on

semiconductor memories, emerging memory technologies and
solid state storage”

FORWARD

INSIGHTS

Forward Thinking

www.forward-insights.com

© Forward Insights October 2010 ci



FORWARD,
INSIGHTS

Phase Change Memory: Mainstream Ambitions

Report Offerings

How 3D Memory Stacks Up
Compares the technology, challenges and cost of various 3D memory options including stacked
charge trapping technologies from Samsung and Toshiba, and cross-point RRAM arrays.

NAND Quarterly Insights

A quarterly supply-demand forecast published four times a year which includes vendor shipments,
wafer capacity, capex, and application forecasts. The report also contains roadmaps and costs for
SLC, MLC, 3-bit/cell and 4-bit/cell technologies.

Applications for 3-bit per cell/4-bit per cell NAND Flash Memories
An in-depth analysis of the technology, performance, cost, market and applications for 3-bit per cell
and 4-bit per cell NAND flash memories.

Key NAND Flash Memory Design Intellectual Property

Technical innovations, particularly in NAND flash memory design are key enablers of multi-level cell
NAND flash memories, especially 3-bit per cell and 4-bit per cell technologies. This report identifies
important intellectual property related to sensing architectures, source voltage noise compensation,
programming algorithms, disturbs reduction, temperature compensation, high voltage switch, coding
schemes and error correction codes from Hynix, Micron, Samsung, SanDisk, STMicroelectronics and
Toshiba.

Read Architectures for Multi-bit per cell NAND Flash Memories
Compares the technical merits of the All Bitline sensing architecture vs. conventional voltage sensing
scheme in NAND flash memories.

SSD Insights
Provides an overview of the technology, performance, cost trends and market and application
forecasts of solid state drives in computing applications.

ECC and Signal Processing Technology for Solid State Drives and Multi-bit per cell Flash Memories
Explores the various ECC techniques used in NAND flash memories including BCH, RS as well as
emerging DSP coding techniques. DSP coding techniques will be essential for implementing 3-bit
and 4-bit per cell NAND flash memories and future generations of NAND flash in solid state drives.

Comparison of 3-bit per cell NAND Flash Memories
This report compares the 3-bit per cell NAND flash memory implementations of SanDisk/Toshiba,
Hynix and Samsung and discusses the advantages and disadvantages of each.

SSD Innovations
Explores innovative technologies for improving the performance, endurance and reliability of solid
state drives.

Graphics DRAM
Examines the competitive landscape for graphics DRAM as well as market and technology trends.

© Forward Insights October 2010 cii



