IBM Areal Density Comparison Paper

Tape Based Ma
Technology Landscape Compari

gnetic Recording:
sons with Hard Diskéand Flash

Roadmaps

Robert E. Fontana, Jr Steven R. Hetzl&rGary Decatl

!Aimaden Research Center, IBM Systems

Technology Gi®aip,Jose, CA 95120, USA

2pAlmaden Research Center, IBM Research Division, Base, CA 95120, USA

This paper describes the areal density (bits per uniarea) road

map goals for tape based magnetic recording (TAPE) druses

these goals as counterpoints for the areal density roadmagirategies for Hard Disk Drive (HDD) and NAND flash. Tehnology
comparisons described in this paper will show that preently volumetric densities (bits per unit volumefor TAPE, HDD, and NAND

are similar and that lithographic requirements (the sizeof minimu

m device features used to form the bit ced) for TAPE are less

challenging than those for NAND and HDD One result of e technology comparison discussion will be that theogential for
sustained annual areal density increase rates for TAPE msignificantly greater than that for NAND and HDD due to the present
TAPE bit cell area and bit cell volume being a factor o200 — 300 larger than the respective NAND and HDD bit cell areand
volume. Larger bit cell area relative to HDD and NAND mans that TAPE areal density will increase with minimum @pendencies
on forming nanoscale features. Larger bit cell valume raltive to HDD and NAND means that TAPE areal density wilincrease with

minimum dependencies on bit stability.

Index Terms—NAND, HDD, Tape, areal density

|l. INTRODUCTION

measure of the extendibility of storage class memo

(SCM) devices, i.e. TAPE Cartridges, Hard Disk Drive:
(HDD), and Solid State FLASH Drives (SSD) has beeyalar
density, i.e. the number of bits stored per unit are
Projections for areal density increases establishdmap
goals for these technologies. For the last 6 yeafRET
NAND Flash, and HDD have been characterized by annt
areal density increases of 40%. This increase rapdids
that over the last six years areal density has isectdy a

SCALED BIT CELLS

NAND
45 nm x 45 nm
330 GbitAn2

TAPE
8000 nm x 65 nm ]

1.2 Gbitfin? HDD
— — 74 nmx 13.5nm

factor of 8X. The premise of this paper is that oher hiext |

635 Ghitfin2

six years, only TAPE will be able to sustain thiserat areal
density increase. As will be described in this papee, t
simple conclusion is that since the TAPE bit cel i&ctor of

MAGNIFIED VIEW OF SCALED BIT CELLS

Figure 1. Scaled views of YE2010 bit cells for NAND, HDda

200 to 300 larger than the HDD or NAND Flash bit cell (se€APE

Figure 1), the TAPE bit cell is therefore more easdgled to

smaller sizes. TAPE can achieve annual areal densi§vices is the areal density roadmap. The stated goal fo
increases that exceed those of both HDD and NAND. THAPE, HDD, and NAND Flash has been to double areal

implication of this technology statement is that thex of

density every two years, i.e. increase areal deanityially by

future SCM applications requiring volumetric efficiencie?0%. The desired result for this roadmap is that at thieele

will favor TAPE.

Il.  AREAL DENSITY HISTORY AND ROADMAPS
A classic measure of technology improvement ©MS

level, i.e. the cartridge for TAPE, the disk platter DD,

and the basic NAND Flash chip, capacity doubles withm t
same volume without increasing cost. SCM users can
therefore project future volumetric and cost per bit
enhancements. Figure 2 shows a historical perspedtive o
areal density increases for SCM technologies and psojec
future areal densities assuming a continuation of 40% annual
increases.
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10000 standardized on a 2 bit per cell design so another step

;HDD Products increase in areal density like that realized in 2002 (Figyre
MAMD Frod . . . . . .
= 000 Y @ Tape rodunte. T is unlikely since 3 bit per cell (8 states) designs cahteith
Z © Tape Demos =SS = - Dz oitesil dowir | charge retention limiting state endurance. Future areal
8 ' ' Lt densities will be achieved almost exclusively withdighaphy
g —= — = so meeting the 2014 density goals would require minimum
z 10 = features approaching 12 nm (Table 1), a dimension that
[=] — . . .
2 S = 4 = - presently is not on the ITRS lithography roadmap [3] (Fégur
g ! t ¥ EE TAPE 40°3@yr 2)
’,’ JHENG | b=l | —
0.1 L | I I | l TABLE |. BIT CELL DIMENSIONS FORNAND, TAPE, AND HDD
1550 1534 1588 2002 2008 2010 2014 218
1582 1836 2000 2004 2008 012 2018
vEAR TECHNOLOGY 2010 2014
0,
Figure 2. Areal Density History for TAPE, HDD, aN@\ND Flash TAPEMETRIC (40% /YR)
) ] ) ) -- Areal Density 1.2 Ghit/in? 4.8 Ghit/in2
The HDD areal density history is characterizgdbbth - Bit Length 8000 nm 2000 nm
growth rates in the 100% to 40% range driven by technology — Bit Width 100 nm 100 nm
introductions like GMR or giant magneto-resistance ssnso ;g:'an'm”m Feature | 4000 nm 1000 nm
in 1998 and perpendicular media in 2004 and TMR or — Areal Density 635 Gbit/in? 2500 Gbit/in?
tunneling magneto resistance sensors in 2006 and by growth - Bit Length 74 nm 19 nm
rates as low as the 20% range between new technology | —Bit Width 13.5 nm 13.5 nm
: : -- Minimum Feature 37 nm 10 nm
introductions. NAND Flash
The NAND Flash areal density history is also — Areal Density 330 Gbitin? 1300 Gbit/in
characterized by growth rates in the 100% to 40% range; - Bit Length 45 nm 20 nm
coming from both changes in the bit cell design in 1288 — Bit width 45 nm 20 nm
-- Minimum Feature 25 nm 12 nm

time period and in the transition to cell designs that
accommodate 2 bits in the 2006 time frame and by
improvements in photolithography where feature size ie

reduced by 15% to 20% annually or bit cell area decrease 199 ———
30% to 40% annually. Lithography plays a more criticag rol _. 8° e —
in NAND flash over HDD, since the bit cell in NANfash is E 80 * FLASHITRS
defined by lithography in both length and width while ir & —* = FLASHINTEL |—
HDD the bit cell is defined by lithography in only one & 1
dimension [1, 2]. ﬁ g0 %\“-ﬁ, '\""“‘-\,

TAPE areal density history is characterized tysistent o T T
growth rates in the 30% to 40% range as documented by - E 20
introduction dates of the current Linear Tape Open (LTC 2 18 .
technology five product generations [3]. Tape also i 12 t
characterized by a set of technology componer ' T T T LT e s
demonstrations that lay the groundwork for future tap 2009 2011 2013 2015 2017 2019
products. YEAR

The issue for all three technologies is how datioaue
areal density rates in the range of 40% as projectedjird= Figure 3: ITRS Lithography roadmap history for semiconductor
2. processing and INTEL/MICRON NAND lithography in benchmarks

A distinguishing feature of HDD and TAPE bit cells isttha
only one dimension of the bit cell is formed by lighaphy,

Table 1 shows the bit cell dimensions for NANIAPE, i.e. the length while the other dimension is formed
and HDD first for YE 2010 reported values and then for YElectronically and is sub-lithographic in extent. The-sub
2014 values assuming 40% / year areal density increases ldh@graphic nature of one of the dimensions of the HD
realized. Figure 3 shows the lithographic projections farell enables greater areal density than NAND flashs ce
NAND flash dimensions as proposed by tmeernational which are constrained by lithography in both dimensions
Technology roadmap for Semiconductors (ITRS). HDD and TAPE bit cells are formed lithographically in

NAND flash bit cells are formed lithographicailty both the length dimension by the lateral dimension of @enpble
the width and length dimension. Cell area is expressedas tip. HDD and TAPE bit cell widths are formed by the
F2 where F is the lithographically formed minimum featur distance the magnetic media (tape or disc) moves during the
YE2010 NAND bit cells have areas of 3F2 with minimuntime duration a current pulse into the write head isvated.
feature F of 0.025 um or 25 nm. NAND Flash ha%hen the pulse turns off or reverses polarity, a newsbi

I1l. THEBIT CELL AND PHOTOLITHOGRAPHY
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then written. In essence, the widths of magnete detls are thick, and silicon substrates are 600 um thick but usually
self assembled on the media without the aid of lithograpthinned during the packaging process down to 250 um range.
and with the aid on the write field activated by currefRor The prices shown in Table Il are approximate and reflect
HDD and TAPE the minimum lithographic feature is theanges in 4Q 2010. In principle, assuming areal density
lateral dimension of a sensor that detects the lWitreoi the improves equally, i.e. 40% annual increases for all t8¥!
lateral dimension of the write head. A “write widedad technologies, volumetric density for the SCM techna@sgi
narrow” strategy is adopted so that the read transducer camains equivalent.

successfully be servoed over the written transitiomibcell

with high accuracy. This dimension, F, is typically 50% V. AREAL DENSITY ASSESSMENTS FORIAND, HDD, AND

the lateral track pitch so the lateral track pitch iagmetic TAPE

recording is 2.0F and the lateral extent of the writeddacer Lithography requirements play a major role in asags

is 1.6F and the lateral _extent of the_read transducefis 1_'future areal density increases for NAND flash, HDDd an
HDD and Tape magnetic recording bit cells are charae®ri taopg  |n addition, investment costs for new techgplo

by an aspect ratio, i.e. a bit aspect ratio or BARpical  ye\el0pment in media strategies (patterning, thermasthssi
BARs for HDD bit cells[1,2]. Typical BARs for TAPE i e HDD areal density increases. Mechanical isselesed
cells are ~ 7-8. Referring to Table | HDD areal dgnguials  (, fiexible media drive TAPE areal density increases.

in 2014 will also stress minimum feature processing aseis t  The “state of the art” NAND devices are 8 GBpehi166

case with NAND. On the other hand, TAPE minimumymz in area; built with 25 nm minimum features using & 2 bi
features are over a factor of 100 larger in the 2014 tiamadr per cell design that yields a cell size of 3F2 [5]. OF8¢6 of

due to the large BAR for TAPE bit cells, This SuggeB& t o chip area is used for memory cell storage. Figuhowss
areal density goals will be achieved for TAPE witmimum o i design for an Intel / Micron product. Note &hea
lithographic impact. of the chip not used for memory storage. The localare
density is 330 Ghit/in2. An assessment of the future of
NAND Flash rests on both economics and on technology.

From a product standpoint, areal density capabiliiest Technology addresses the ability to shrink the bit s&lé
be translated into device capacities. Here the talntdogy through lithography. As noted in Section lll, the 40% per
metric becomes not only cost per bit but also bit ypeit year roadmap goals force NAND to minimum features of 12
volume. The volumetric requirement is what equalizes threm in the 2014 time period since moving to 3 or 4 bit pér cel
disparity in areal density between HDD and TAPE. Thiash designs are limited by data integrity due to multiple
volumetric advantage for NAND is diminished by the aast write or longevity problems associated with smallelisce
the bit. Volumetric comparisons for YE 2010 componentsithography alone will limit areal density increasesNAND
are shown in Table II. flash and as seen in Figure 3 a likely lithography featfii&

nm (midway between the ITRS and the INTEL/MICRON

Table II. Volumetric Comparisons for HDD, NAND, and TAPE  projections) would be achievable in the 2014 timeframe.
Components (YE 2010 g

IV. VOLUMETRICSEXAMPLES

SSD HDD (DISK) GENS5 (TAPE)
(FLASH) Drive Cartridge
Drive
Capacity 0.5TB 3.0TB 1.5TB
Price $1500 $200 $50
$/GB $3.00 $0.07 $0.03
Access Time u seconds m seconds seconds
Components 128 4 1 |
4 GB NAND 87 mm disk tape cartridge
chips platters (12.5mm x 820 m)
Device Volume 4.2in3 24.2 in3 14.8 in3
Storage Density | 120 GB/in3 120 GB/in3 101 GB/in®

The parameters used in determining the device volumes w
a 2.5” disk drive form factor for the NAND Drive, a 3.5Hi
drive form factor for the HDD Drive, and a standarddan
Tape Open (LTO) form factor for the tape cartridge. th
YE 2010 time point, reflecting 9 months of Generation 8tap  The economics of NAND are driven by basic wafests
media, all technologies have comparable volumetric tessi ¢y 5 25 mask process of $1500. In 2010 there are 384 8GB
within 20%. Yet as noted in Table |, the areal dersfitape  .ins using 25 nm features on a 300 mm diameter Si wafer
is a factor of 200 to 300 smaller than the areal density Q4ay yielding 3 TB per wafer for $500/TB or $0.50/GB just
NAND Flash and HDD. Tape volumetric efficiency COmesy; ihe wafer level (unpackaged). Contrast this prick thie

from the thickness of the media in comparison with thgg 10/GB price for a completed and fully operation hard disk

thickness of a disk substrate or a silicon substratepeT g ive. For 2014 with 32 GB chips using 12 nm features yield
media is 6 um thick; disk substrates are 800 um to 1000 um

Figure 4. Intel Micron 8 GB NAND flash device, 2 bit perlc2b
nm minimum feature, 16.5 mm x 10.1 mm [5].
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12 TB on 300 mm diameter Si wafer at $125/TB oapproximately
$0.125/GB at the wafer level (unpackaged). In view of ITRS
roadmaps alone, a better assessment for the NANDdapels Figure 5. Thermal assist HDD transducer with additional dptica
in 2014 would be at best 16 nm features (i.e. an annu@mponents (laser, reflector) from Seagate [6]
reduction in minimum feature of 12% per year rather than &.000,000,000 heads and 2,000,000,000 disk surfaces were
18% reduction) so scaling wafer capacity for this featui@roduced by the HDD industry in 2010, an immediate
yields at most 8 TB with 24 GB chips and costs of $190/TBlransition to patterned media or thermal assist vgitivill
The HDD landscape has been historically 40% per yeot occur based simply on cost, the number of compgnents
increases in areal density. The HDD bit cell is patterned and the surface area of the disks. One can anticijusiing
providing the HDD price per bit a significant, at least 10xareal density rates for HDD.
advantage over NAND flash at the component level. tiAdl State of the art TAPE is at an areal density.BfGb/in?
HDD bit cells (typically > 18&) on a disk surface are with a cartridge capacity of 1.5 TB for 800 m tape length.
magnetically imprinted onto a magnetic disk surface using™s areal density is achieved with two 16 track readéwri
single lithographically formed write and read structure tdransducers as shown in Figure 6. Over the last 10 years,
define and detect the bit length and using electricahtinof TAPE'’s Linear Tape Open (LTO) technology has introduced
a write current pulse to define the bit width. The alspetio successive tape products that double areal density every tw
of the bits is greater than 1, typically 6:1. Thisutessin bit Years, i.e. 40%/yr annual increases [2]. The preses#l ar
cell width dimension exceeding lithographic roadmaps (tHéensity in LTOS products is achieved with a bit cell hava
width is defined by the distance the disk rotates durin§ack pitch of 8.1 um and a down track width of 63 nm. The
between current pulses). minimum lithographic feature used to detect the bit ¢elks
Although HDD is advantaged over NAND in processin@ead sensor with a 4.0 um lateral extent. These vahges a
simplicity, YE 2009 areal densities for HDD were in the 52g0ntrasted to the state of the art HDD bit cell vat45 nm
Gbit/in2 range and YE 2010 areal densities were 635 Ghit/ifead element width and a 13 nm bit width. The factors of
showing a slowing for the first time since the 2001 timefe in bit width and 100 in bit lateral extent account for H@X
of areal density increases to the 20% to 25% range. THifference in areal density between HDD and TAPE diisc
slowing is occurring for two reasons. First, thedaill size Areal density increases in TAPE are not limiteyl
for future areal densities is approaching thermal kithography roadmap issues, even if all of the arealitlens
fluctuation limits associated with the media grainstia bit 9ains come from improvements in track pitch alone. For
cell. Second, the down track width of the bit cellmamnbe €xample, 40% annual areal density increases over a 4 year
reduced due to limitations in sensor resolution so fgees Period (a 4X increase) would require a sensor width of 1.0 um
ratio becomes smaller and the lateral extent of ¢l mnd and an 80% annual areal density increases over the 4ame
write transducer is approaching the same lithographiddimiyear period (a 10X increase) would require a sensor width of
as the NAND flash cells. As noted in Table IV extengi 0.4 um. A 0.4 um width is still a factor of 10 larger than
HDD areal densities on a 40% rate, using YE 2009 valukday's HDD minimum feature.
would imply 2 TB/in2 areal densities in 2014 and with BAR
of 2 the minimum features for the read sensor woul
approach 15 nm with a bit pitch of 7 nm. The abilith&we
sensor performance at this dimension is unproven. | bl i) B by I
More critically, future changes in the media, @ittby ; St ] Soeva thader
patterning to improve bit stability so grains betwedjaeent
bits are isolated or by incorporating lasers in th@dhe figyre 6. Read/Write transducer for 16 element tape head
structure to thermally assist the writing of highee.(imore
stable) W media, adds substantial cost to the HDD bit. TAPE limitations for areal density increasesmotrelated
Patterning bits forces HDD to become more “NAND" lisg  to “nano” issues associated with lithography or therbigl
adopting advanced lithographic processing. The economiggpility since the volume of the bit cell is 200X to 500X
of this strategy remain to be demonstrated. On therot |arger than NAND or HDD bit cells. TAPE limitatiomeme
hand, adding lasers to the head structure as shown in Figii#n mechanical realities. First, the thin TAPE nzedie. the
V to write higher K media increases head complexity angolumetric enhancement for TAPE, is flexible and thitst
adds considerable thermal stress to the media but seteén (o track the bit cell location, i.e. servoing, becenmaore
present HDD advantage of limiting bit formation to thejifficult as the bit length is reduced. Second, the resig/w
minimum  feature of the transducer. However, siNC@ement in contact with the thin media and interastio
b between the tape and the read head create wear issiies th
ultimately limit sensor proximity to the media. Howeve
these mechanical issues are identical to the mechidssties
that confront and have been solved by the HDD tedugyol
HDD technology introduced thin overcoats to protectrdea
sensor from the disk media. Also, HDD technology raalyin

suspension
laser

mirror reflector
slider
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on a rigid media, servos to or tracks bits with 0.09 uerdd density scenario, TAPE volumetric density exceeds HB®d a
extent, a dimension significantly smaller than whauldde NAND volumetric density by a factor of 3 to 4 and TAPE
required to track TAPE bits with 1 um track pitchescomponent capacity exceeds HDD and NAND component

dimensions needed to sustain 80% areal density growth &@mpacity by a factor of 2

tape for the next 4 years.

mwoe,———-o-"o ..
VI. AREAL DENSITY PROJECTIONS ;:ﬁﬁn — :
From the observations in Section V, projecti@as be 1000 ;Lgﬁg%iﬁ
made on future areal densities for SCM technologiessé& he —= ' =
projections are illustrated in Figure 7. 100 %

For HDD a reasonable projection is maintainin@0&%6

annual areal density increase which has been validated

YE2009 and YE2010 reported areal density products. Th
increases are constrained by four items:

for narrow track sensors, media durability for therroal
energy assist writing, and investment costs to trinsito
novel technologies.

For NAND flash a reasonable projection is atsonaintain
areal density increases at 20% to 25% annual rates. iSTh

driven by lithography roadmaps. If the ITRS projectiofis Table IV. 2014 Storage Component Characteristics Based oh Area
reducing minimum feature by a factor of 2 every 6 years

lithograpt
requirements for patterned media, operational charaatsris

—
o

€

AREAL DENSITY (Gbitfin2)

0.1

2004 2006 2008 2010 2012 2014 2016 2018

YEAR
Figure 7. Areal density projections for TAPE, NAND FlaSAPE

is

Density Growth Rate Projections

prove valid, then minimum feature reduces by 12% per ygar _ _ __ _
bit decreases at 23% per vear. Novel NAND dedi nAreal Density Continued Declining Aggressive
or oi are&_‘ " 0 per y : $19N Growth Rates Historical Growth in HDD | Growth in Tape
changes, i.e. cells supporting 3 or 4 bits (8 or 16 legets) (Qualitative) Growth and NAND
unlikely since SCM requirements demand bit endurance that areal pensity 400//201T4APE 400//201T4APE 800//201T4APE
: H o/yr-- 0/yr-- 0/yr--
to date have not been suppo_rted by mult|plg cell deS|gns._ Grgwth _I?ates 40%Jyr--HDD | 20%/yr--HDD | 20%/yr--HDD
For TAPE two projections are of interest.  &irg (Specifics) 40%/yr--NAND | 20%/yr--NAND | 20%/yr--NAND
continuation of the historical annual areal densitywinorate | TAPE _ _ _ _
of 40% is achievable since no lithographic or bit digbi | —Areal Density 48Chbiin | 4.8 Gbivin? | 120 @iz
i i t future areal densities in the next 4 to 6 yeamnmum Feature | 1.0 um Loum o4 um
ISsues Impact 1u : €&Cartridge Capacity | 6.0 T8 6.0T8B 15.0 1B
time horizon. Second, an even more aggressive anresll a- Volumetric Density | 404 GB/in® 404 GB/in® 1000 BB
density growth strategy of 80% (10X density increase in H4DD _ _ _ _
years) is appropriate in view of the favorably large daill | —Areal Density 2500 Gbivin? | 1300 Ghitin?l _130BiGin®
di . ith such arowth. The later increases requi Minimum Feature 0.010 um 0.018 um 0.018 um
dimensions W ch g - ! \ U850 Capacity 12078 6.0T8B 6.0T8B
improvements, as discussed in Section V, in TAPE meQia/olumetric Density | 480 GB/in® 240 GB/in® 240 GB/
SNR characteristics, in TAPE head servoing to accouareo | NAND Flash_ _ _ _
the smaller trackwidths, and in reducing head to tgpefreal Density 1300 Gbit/in | 700 Gbitin? | 700 Gln?

. . . | f the head duce Minimum Feature 0.012 um 0.016 um 0.016 um
separation to increase signal output of the head transducegyiy capacity 32 GB >4 GB 54 GB
Such expertise is however currently practiced in HODSSD Capacify 2TB 1.2TB 1.2TB
techno|ogy_ -- Volumetric Density | 480 GB/in3 300 GB/in3 300 Gii3/

Using these areal density growth rate projectioable 1V
projects device storage capacity and device volumetniageto

1. 4 -- 87 mm diameter platters in HDD unit
2. Capacity and volumetric density based on 62 om factor HDD volume

density in the 2014 time frame (+4 years) for three areal
density growth scenarios: 1) continued annual historical

growth of 40%, 2) historical growth of 40% for TAPE and VI
reduced 20% growth for HDD and NAND, and 3) aggressive _ )

growth of 80% for TAPE and the same reduced 20% growth !N summary, areal density growth rate scenacoshiree

for HDD and NAND. For reference, 2010 device storageCM technologies, TAPE, HDD and NAND, have been
capacity and device volumetric storage density are descrifiescribed. These scenarios suggest that TAPE annual area
in Table Il. In particular note that in a 4 year pdrigith density growth rates will bg _elther maintained at tradal

HDD and NAND areal density growth rates slowing to 20940% values or exceed trad|t|_onal growth rates and approach
coupled with TAPE either sustaining 40% growth 0B0% values. These scenarios also suggest that HDD and
accelerated to 80% growth, then TAPE volumetric storag¢AND annual growth rates will not maintain the traofial
density improves significantly relative to HDD and NAND40% values_and WI|| rather slow to 20% values. Essewtiall
volumetric storage density. In particular,within the 20141€ TAPE bit cell is 300X to 500X larger than the HDD and

CONCLUSIONS
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being impacted by nano-technology issues related to
lithography and bit stability. The net result of theseal
density scenarios is volumetric and total capacityager
advantages for TAPE technology over HDD and NAND
technologies.

VIll. REFERENCES

[1] R. Fontana, S. Hetzler, “Magnetic memory devicesimum feature and
memory hierarchy discussion”, Journal of Appl. RtgisVol. 99, No. 8,
Part IIl, pp. 08N901-1 — 08N901-6, April 2006

[2] R. Fontana, N. Robertson, S. Hetzler, “Thin filnog@ssing realities for
Thit/in? recording”, IEEE Transactions on Magnetiesl. 44, no. 11, pp.
3617-3620, 2008

[3] LTO Roadmap Historywww.lto.org

[4] 2010 ITRS Lithographic Projectionsyww.itrs.org

[5] Intel Product Descriptionyww.techztalk.com/techwebsite/05-18-10-intel-
starts-mass-production-of-25nm-8gb-nand-flash-chip

[6] M. Re, “Has HAMR reached a critical mass”, The tnfation Storage
Industry Consortium Symposium on Alternative Sterabechnologies,
April 2009, www.insic.org


http://www.lto.org/
http://www.itrs.org/
http://www.techztalk.com/techwebsite/05-18-10-intel-starts-mass-production-of-25nm-8gb-nand-flash-chip
http://www.insic.org/

