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Modern computing system architectures limited by memory:
- Volatility
- Low density (compared with system needs)
- Low speed (compared with CPU speed)
- High cost (compared with mechanical storage)

Major computing system architectures
- General computing
— Embedded computing — increased importance
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+ Storage need >> memory need

— approximately 10 orders of magnitude

Memory Layers
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NVM - Technology Lineup

+  Mature NVM technologies
- Floatinggate - NOR, DINOR, ACT
— NAND, AND, AG-AND
- Trapped charge — MirrorBit NROM (inherently 2 bits/cell)

«  Advanced NVM technologies

- FRAM — ferroelectric principle

- MRAM — magnetic polarization principle

- CRAM - phase change principle

- PFRAM - dipole change principle

- Nano FG (Nanocrysta) - quantum transistor based
- PMC — phase change principle

- NRAM — electro-mechanical principle

+  Embedded-able NVM technologies
- HIMOS
- SONOS
- SuperFlash
- GreenFlash
- e-Flash

«  “Least conventional” technologies
- McRAM  (NV/SRAM monocel)
- Millipede (micro machined)
- SpinRAM (all metal structure)
- NonoMem (on plastic support)
-~ Resonant Interband Tunneling Device - RITD
- Gain memories — SESO, PLEDM, STTM
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. Application / market requirements
«  System requirements
. Manufacturing economics
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Primary system objectives for next NVM technologies:
+ Enable “application agnostic” memory components
+  Reduce memory hierarchy layers to a minimum

+  Non-volatility

+  Symmetric access

» Access speed comparable with CPU 1/O speeds

- Plus many more secondary objectives
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Mature NVM - Liabilities

. System level liabilities
- Memory layer specificity — work or storage memory
- Notsuitable for registers, L1 cache or L2 cache
- Technology limitations offset by on chip circuitry
. Read-while-write
. Garbage collection
. Wear leveling

- Limited write endurance
- Incremental system overhead

. Hardware
. Software

- Highly asymmetric access cycles

. Consequences

Increased system cost

Reduced system performance

- Memory market fragmentation — higher component cost
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Mature NVM - Liabilities

. Technology and manufacturing level liabilities

- Low normalized density — an order of magnitude less than mechanical
magnetic storage
. Normalized density enhancing technigue (MLC)

- HV manufacturing process
- Averageyields
- Resource intensive testing

. Consequences
- Increased manufacturing cost
- Increased system cost
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Backup * Magnetic storage density history
- 25%pa  through 1990
- 60%pa  1990-1998
- 100% p.a. 1998 - present

* Magnetic storage density forecast
- 100% - over aggressive
- 25% - conservative
- Gradual progression — best compromise

*  Superparamagnetism limits
- Today's predictions 20 Ghicm?2 (130
Gblsq in)
- Limits continuously pushed out by:
+ Using perpendicular recording
+ Increasing Ku
+ Using patterned recording media
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+  FE-capacitor — DRO structures
- 2T2C configuration — obsolete
- 1T1C configuration

*  FE-FET - NDRO structure
41 (theoretical)

*  Risk factors
Processing - high temperature, hydrogen contamination, substrate oxidation through
ferroelectric material deposition
Switching field through half select currents
Broad range of time scales - high on chip circuit dynamics
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* AMR and GMR structures
- Sequential structures
o MTJ
- Cross point structure
+ Risk factors
- Processing
* Magnetic field uniformity
 Thick layer uniformity, coercive field uniformity
- Scalability to finer geometries
- Switching field control through half-select currents
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(SET) pulse
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Time

Chalcogenide

Polycrystalline

Phase change material Resistive element (heater)

* Risk factors
- Standard cmos process integration — chalcogenide deposition on cmos substrate
- Alloy optimization for heavy duty write operations
- Operation speed
- Power density
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+  Characteristics
- Stack-able configuration, up to 8 layers
- DRO
- Very slow access cycles (ms range); suitable for external storage
*  Risk factors
- Materials — optimized polymer (difficult learning curve)
- Processing — polymer deposition on cmos substrate
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Nanocrystals

Advantages

Direct tunneling erase / programming; no HV circuitry

+ Higher endurance (low voltages reduce oxide degradation)
+ Ultra-low power consumption

— Faster read / write cycles (thinner oxide layers lead to higher current densities)
Nearly unlimited size scaling (only limit: size of the crystals)
Accurate multi-level cell capability (single electron charges possible)

Risk factors
- Basic R&D

- Process immaturity and instability
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Advanced NVM Technologies — Programmable Metallization Cell

PMC - Programmable Metallization Cell

Phase change type memory

Storage principle (write)
- Ability to increase / decrease the metal content of a solid electrolyte
- Result - electric parameter (resistivity) change
- MLC capability

Read principle
- Measure resistivity

Physical principle
- Solid state electrolytes (solid state ionics; electro-chemistry)

- Good electrolytes
+ Chalcogenide type glass with 39% Ag (Ag- Ge-Se)

R. Andrei / NVMTS 2002

System/Economic Requirements — NV Memories 15

A Systems Perspective

NVM Technologies

Mature NVM Technologies
Advanced NVM Technologies
NVM Characteristics
Manufacturing Assumptions
Analysis Results
Conclusions

Back-up

Advanced NVM Technologies — Nano-Tube RAM (NRAM)

Nanotube Device concept

A suspended nanotube crossbar
architecture is intrinsically
bistable

off w
OFF state: mechanical minimum

ON state: van der Waals minimum

Switching: biasing leading to
electrostatic aftraction or repulsion

Reading: high/low junction Nonvolatile memory element
resistance

Architecture
- Cross-bar
- Cross-point

Carbon nano-tube (1 atom wall thickness, 1-2nm diameter)
suspended over a fixed layer of nano-bars

Structure:
- Bistable
- Electrostatically switchable
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NVM Technologies
Mature NVM Technologies NVM Endurance
Advanced NVM Technologies TN TN TN TN TN TN
(cycles) 2000 | 2001 |_2002 2003 § 2004 | 2005 _ 2006 | 2007 | 2010 | 2013 | 2016
NVM Characteristics Channel Length 130 90 65 45 33 23
Manufacturing Assumptions
Analysis Results DRAM infinity | infinity infinity infinity | infinity infinity infinity | infinity | infinity | infinity | infinity
Conclusions SRAM infinity | infinity infinity ~infinity | infinity infinity infinity | infinity | infinity | infinity | infinity
EEEEL) NOR (1b/cell) | 10% | 10%6 107  10%6 | 10%
NOR (2b/cell) 10"5 | 1075 105 1075 | 10%5 10 106 10"6
NOR (4b/cell) 105 1005 1075 10"5
DINOR 3x1075] 3x10"5 3x10"5 3x10"5| 3x10"5
ACT 1076 10 106 10"6
NAND (1b/cell) | 10%5 | 105 105 10°5 105 1005 1075 10"5
NAND (2b/cell) 105 10°5 105 1005 1075 10%5 | 1075
AND (1b/cell) |3x1075| 3x10"5 3x10"5 3x10"5|3x10"5
AND (2b/cell) |3x1075| 3x10"5 3x10"5 3x10"5|3x10"5
AG-AND (2b/cell 3x10"5 3x107"5| 3x10"5 3x10"5 3x1075| 3x1075| 3x10"5| 3x10°5.
MirrorBit (2b/cell) 1005 10"5 10"5 1005 10"5 10"5 | 10°5 | 10"
NROM (2b/cell) 10M 1005 10"5 10"5 1005 10"5 10"5 | 10°5 | 10"
HIMOS (1b/cell) 10" 1006 10"6 10"6
HIMOS (2b/cell) 1075 10"5 1005 10"5
SONOS 1075 | 1075 1005 10"5 10"6 1006 10"6 107
FRAM(2C) variable] variable variable variable|
FRAM(1C) variable variable variable|variable variable variablg
FRAM infinity  infinity| infinity | infinity
MRAM infinity infinity infinity | infinity infinity infinity | infinity | infinity | infinity | infinity
CRAM 10M2 1072 | 107M3| 10M3 ] 10M3 ) 1073
PFRAM variabld variablevariable] variablg variable}
nCrystal 10"7 | 1010 10*0] 1010
PMC 10"3| 10M3| 10M3| 1073
NRAM 10713 107M3) 107M3) 1073
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Mature NVM Technologies

Advanced NVM Technologies T;v:;l:glrggy Tﬁ:)d E(r::)e Prc(!ggm
NVM Characteristics DRAM 40 n.a. 40
Manufacturing Assumptions SRAM 5} n.a. 5]
Analysis Results NOR 50 200m 501
DINOR 50 200m 50i
Conclusions
o oS! ACT 100 200m 401
— NAND 100 200m 50i
AND 100 200m 50i
AG-AND 80 200m 101
MirrorBit 40 100m 7i
NROM 40 100m 7i
HIMOS 30 100m 3i
SONOS 50 100m 101
FRAM 30 n.a. 30
MRAM 10 n.a. 10
CRAM 50 n.a. 150
PFRAM 2001 n.a. 2001
nCrystal ? ? ?
PMC 10 n.a. 10
NRAM 2 n.a. 2

+  Mature NVM
- Highly asymmetrical access times

- Poor level of sustained transfer rates because of hidden memory cycles (Flash, trapped charge)
or DRO (DRAM)

+  Advanced NVM
- Nearly perfectly symmetrical access times (exception: CRAM)
- Sustained transfer rates close to the sum of access times (exception: PFRAM)
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NVM Cell Manipulation Energy

Memory Read Erase Program
Technology (pJ) GV} (pJ)
DRAM 17 n.a. 12
SRAM 2 n.a. 7
NOR 5 401 100n
DINOR 5 401 100n
ACT 4 401 80n
NAND 10 251 80n
AND 10 251 80n
AG-AND 8 251 60n
MirrorBit 10 251 100n
NROM 10 251 100n
HIMOS 5 20i 120n
SONOS 10 251 140n
FRAM 20 n.a. 15
MRAM 5 n.a. 30
CRAM 1 n.a. 1501
PFRAM 200 n.a. 100
nCrystal ? ? ?
PMC 101 n.a. 101
NRAM 15 n.a. 15

Power consumption increases disproportionately for higher density devices

Mature NVM
- Disproportionately high power consumption, due to erase cycle and HV circuitry
- Only marginal power consumption improvements possible

Advanced NVM
- Very low power consumption (exception: CRAM)
- Power consumption is a major risk factor for CRAM
— _ Extremely low power consumption: Nanocrystal
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Interconnect Delay/Losses Considerations

Relative

delay / losses Sum of delay/losses:

Al + others

Sum of delay/losses:
Cu + others

Gate delay/losses

[

»

650 500 350 250 180 130 0 65

. . Technology node
. Componentcon5|derat|ons

— Component delay/losses = Cell delay/losses + Interconnect delay/losses

*  Global wires (between modules)
- Cannot be scaled in length
- Best case - will not increase in length

¢+ Cumuch better than Al
— However, it scales up with decreasing manufacturing geometries
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NVM System Characteristics

Memory Degree of Number of comp. System Memory System cost Code exec.
technology agnosticism variations overhead layers contribution capability
DRAM ++++ +++ +++ - o+t
SRAM + 4+ ++ 4+ + PR
NOR B - ++ ++ .
DINOR —— == s== B e it
ACT === | S==== oo 4 P P
NAND ++ _————
AND ++ _————
AG-AND —— e 4 o
MirrorBit - - ++ - + 4+
NROM == === ++ = +++
HIMOS + 4+ + + +++ - ++ e
SONOS ++ ++ +++ - —= ++ + 4+
FRAM ++ 4+t +++ 4 +t+++ 4 ++++ ++ o+t
MRAM +++ A+t o+t o+t o+t +H+++
CRAM PR PRI S e o P
PFRAM + + A+t + 4+ - - -
nCrystal + 4+t ++ ++ 4+ - -- + 4+ +
PMC PRI PR e
NRAM o+ R R ot
+++++ Most positive — —— —— Most negative

“Favorites” ranking: MRAM, FRAM, CRAM,

* Reality check:
— NOR, NAND & Co are available now in any quantity at a tremendously low price
— MirrorBit and NROM are close to making a market entry
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Assessment Criteria

+  Application / market requirements
. System requirements

. Manufacturing economics
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2.0um 1.2um 0.8um 0.5um 0.35um 0.25um 180nm 130nm 90nm 65nm 45nm 33nm 23nm
* < L 2 * ® o o o < < * * L 2
80 81 82 83 84 85 86 87 8 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 0506 07 08 09 10 11 12 13 14 15 16
— < N~ —
~~
~3-YEAR PACE 2-YEAR PACE 3-YEAR PACE

* SIA/ITRS consensus

-~ Most probable development
— Pace might accelerate after the 65nm node

*  Improvement ratios:

- IVZ=07 (70%) from node n to node n+1
- 0.7x0.7=0.5(50%) from node n to node n+2

* Individual companies have plans inconsistent with the SIA / ITRS consensus
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Technology Node Pace
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haannnnt 1L

80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07
P » < > >

3-year pace " 2-year pace 2999
CAGR 12%-15% CAGR<0
*  Two-year vs. three-year technology node pace
+  Technology perspective - feasible
+ Business strategy perspective - might confer a competitive advantage
«  Economic perspective — promotes poor economic performance

*  Anecdotal evidence — the 3-year pace creates sustainable demand by allowing
applications to mature
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Die size — Storage density —> Die densty ~ —» Die cost

Yields / Wafer cost /

Analysis Results
Conclusions

Back-up

Fab cost/ die
Wafer probe cost / die

Packaging cost
Final test cost/ part
Total component cost

+ Gross margin = Market price — Ma

+ Fab operation costs only, overhead

Cost / Price Calculations

_y Component cost  —#- Gross margin
— Introduction phase
Market price / ~Mass production phase

Low High
density density
65% 45%
15% 20%
5% 10%
15% 25%
100% 100%

nufacturing cost

costs are company specific
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+ The excessive price erosion in 2001 has pushed market prices below manufacturing costs
« Profitability at a small level is expected to resume this year and to continue through 2005

+ Beyond 2005 the profitability will be sustained mainly by the 25% cell size reduction (from 8f to 6f) and by the
maturity of the 300 mm wafer technology

« Long term, profitability will be sustained by further increasing the wafer size to 450 mm (18”)
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NVM Technologies COnC|US|0n
Mature NVM Technologies

Advanced NVM Technologies

NVM Charactristes . NVM technologies and technology variations tally
Z::;:j“;:fuf”"""“‘"s — 29 (including DRAM and SRAM) !!!l and .... counting
Conclusions

Backup . Market elimination criteria

- System friendliness
- Design and manufacturing economics

. Manufacturing economics analysis results:

- Cost < projected market price
+  Profitable

—  Cost > projected market price
«  Profitability ?!

. System requirements and manufacturing costs
—  Key assessment criteria, but not the only ones
- Complement market criterion

R. Andrei / NVMTS 2002 System/Economic Requirements - NV Memories 28




A Systems Perspective

NVM Technologies

Mature NVM Technologies
Advanced NVM Technologies
NVM Characteristics
Manufacturing Assumptions
Analysis Results
Conclusions

Back-up

Back-up Slides

R. Andrei / NVMTS 2002

System/Economic Requirements — NV Memories

A Systems Perspective

NVM Technologies

Mature NVM Technologies
Advanced NVM Technologies
NVM Characteristics
Manufacturing Assumptions
Analysis Results
Conclusions

Back-up

SRAM Manufacturing Cost

2

4
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256Mb 2,048Mb
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won s e

+ The SRAM profitability is sustained mainly through creating application specific components (de-commodization track)
* 6T SRAMswill not be profitable any more beyond 32 Mb; after 2005, the 6T SRAM will be replaced by the 17TRAM

structure

+ The PSRAM profitability will be sustained by the on-chip integrated logic and revived by the 450 mm wafer introduction
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Conclusions 20 4

Back-up 4
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+ On average, 1bit/cell NOR components are expected to become uncompetitive in the work memory segment

« For the next two to three years 1bit/cell NOR components might command a higher market price, due to their
monopolistic position in specific market segments

+ The highest marketable Lbit/cell NOR density is predicted to be 512 Mb
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£ 4
256Mb 512Mb 1,024Mb
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+ 2bits/cell NOR components are expected to remain profitable throughout the forecast period, in spite of very low
manufacturing yields (currently estimated at 50% — 60%, projected to increase by approximately 20 points)

+ The transition to the 300 mm wafer technology is expected to boost and sustain profitability throughout the forecast period

+ For the time being, 2bits/cell NOR is the most popular non volatile work memory variation, which will command a premium
on the market

« 2bits/cell NOR components that fail the final test might be sold as Lbit/cell NOR components
R. Andrei / NVMTS 2002 System/Economic Requirements - NV Memories 2
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« No 4bits/cell NOR components are firmly scheduled so far; the first devices might become available in 2004, if at all

« The very high density components are expected to command above average profits from 2004 through 2006; the profits
might shrink if the production yields are not radically improved

« The technology variation has the potential to replace the simple and double density variations, providing the design and
manufacturing technology will mature at the expected pace

« 4bits/cell NOR components that fail the final test might be sold as 2bits/cell NOR or as 1bit/cell NOR components
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DINOR Manufacturing Cost

NVM Technologies eime
Mature NVM Technologies 60 o

Advanced NVM Technologies

NVM Characteristics

Manufacturing Assumptions
Analysis Results 20

Conclusions

Back-up
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* The technology has limited market support (Mitsubishi only), which severely restricts the research resources In addition, DINOR
appears not to have a decisive competitive edge over NOR

+ The available simple density variations are not profitable any more and there is little probability that they can return to profitability
+ Obsolescence!!
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* The Sharp proprietary design has been improved in successive noncommercial iterations

« The technology has been licensed to several Flash manufacturers, thus improving market support

« The small cell size (6f2) and a higher cell array efficiency are a good premise for a lower cost per bit and higher
profitability compared with the other NOR variations

« The 16 Gh component is not commercially feasible in 2006 (extremely big die, low yields)
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NAND1b Manufacturing Cost

2007 2010 2013 2016

128Mb  256Mb  1,024Mb

2001 2007 2010 2013 2016

-

ween

« On average, 1bit/cell NAND components are expected to become unprofitable

« 1Gbh is expected to be the highest density to be commercialized, although higher densities will be developed to be used as
platforms for double density components

« For the time being, the technology has a broad market support
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NAND2b Manufacturing Cost
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+ NAND2b variation is supposed to remain highly profitable throughout the forecast period

+ A major profitability enhancer is the capability to logically map out bad cells and to replace them with on-die spare cells;
the average built-in redundancy for this purpose is 5%

+ Additional map outs can be performed by the system, which represents a de facto supplementary yield increase

+ The relative NAND performance degradation from 1bit/cell to 2bit/cell is smaller than the equivalent NOR performance

degradation
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AND2b Manufacturing Cost
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* The 2bits/cell AND technology variation has successfully replaced the 1bit/cell variation

+ A major profitability enhancer is the capability to logically map out bad cells and to replace them with on-die spare cells;
the average built-in redundancy for this purpose is 5%

+ For economic reasons, during the forecast period, Hitachi might obsolete this technology variation, in order to better
support the more advanced AG-AND variation

» Three times higher write endurance than NOR
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« AG-AND might obsolete the AND technology variations stating next year

« The small cell size and the improved cell array vs. overhead ratio pushes the technology profitability above the NAND
technology average

« A major profitability enhancer is the capability to logically map out bad cells and to replace them with on-die spare cells;
the average built-in redundancy for this purpose is 5%

« Three times higher write endurance than NOR
R. Andrei / NVMTS 2002 System/Economic Requirements — NV Memories 39
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« MirrorBit is forecast to yield nearly an order of magnitude higher margins than the industry average
« The design and manufacturing technology is mature, for it has been developed and improved for more than two decades by now
« Relatively low write endurance level (currently ~ 1074 cycles)

R. Andrei / NVMTS 2002 System/Economic Requirements - NV Memories 40
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+ NROM is forecast to yield nearly an order of magnitude higher margins than the industry average

+ The design and manufacturing technology is mature, for it has been developed and improved for more than two decades by now

« Relatively low write endurance level (currently ~ 10°4 cycles)

R. Andrei / NVMTS 2002
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« The technology variation has had a lengthy development period, in excess of three decades
+ Only few components have been manufactured so far

« The large cell size and the poor manufacturing performance are expected to obsolete the technology right away

R. Andrei / NVMTS 2002
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+ 1T1C FRAM components are expected to command high yields, providing that the manufacturing technology will mature
according to the historic industry curves

* The technology variation can be used for embedded configurations as well, for it requires a small overhead area and no high

voltage circuitry

+ The major risk factor remains, as before, the immaturity of the manufacturing technology

R. Andrei / NVMTS 2002

System/Economic Requirements — NV Memories
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+ Subject to the development of an adequate manufacturing process, the technology variation has good prospects to become an
economically efficient universal memory candidate

+ The only FRAM variation with a non destructive readout (NDRO) cycle; this creates the premise to be used for both work and

storage memory blocks

« Unlike the 1T1C FRAM variation, the complexity of the manufacturing process makes out of the 1T FRAM a less likely
candidate for embedded memory configurations

R. Andrei / NVMTS 2002

System/Economic Requirements - NV Memories
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* MRAM is regarded today as the most promising candidate for both work memory and storage applications
+ The device profitability is projected to be above average good, mainly because of the small cell size and very low die overhead
« The major MRAM hurdles appear to be a) the immaturity of the manufacturing process and b) scalability to higher densities
and finer manufacturing geometries
R. Andrei / NVMTS 2002 System/Economic Requirements — NV Memories 45
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« The economic efficiency of the CRAM technology is predicted to be significantly above the industry average

+ The major CRAM risk factors are a) the improvement capability of the chalcogenide switching characteristics and
b) the integration of the chalcogenide deposition into the cmos process

R. Andrei / NVMTS 2002 System/Economic Requirements - NV Memories 46
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+ PFRAM has the potential to become the first semiconductor based memory technology to overtake the mechanical
magnetic technology in terms of storage density, at a similar normalized cost range

+ A successful PFRAM market introduction might lead to a further memory market segmentation

R. Andrei / NVMTS 2002
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+ Nanocrystal (Nano Floating Gate) technologies could become a highly efficient technical and economic replacement
for floating gate NVM technologies, some time after the forecast period

R. Andrei / NVMTS 2002
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