FORWARD
INSIGHTS

How 3D Memory Stacks Up

Report No. FI-NFL-3DM-0409

By:
Josef Willer & Gregory Wong

April 2009




FORWARD,

INSIGHTS How 3D Memory Stacks Up

© 2009 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.

© Forward Insights April 2009 ii



FORWARD,

INSIGHTS How 3D Memory Stacks Up
Contents
L0703 1 =1V 1]
LIST OF FIGURES .uteeitteesseesaseeseseesseessssessseessssesanseesassessaseessseansseesseeessseesseesassnssnseesnsenssnsnenasenssnses %
S 0 17 = 0 Vil
EXECUTIVE SUMMARY ...uveeeeteeceueeeeseeeeseesasessasesaasseesaseesassessasessassesasseesaseesssseesassesasssesasessassessnseesansessnses 1
INTRODUGCTION 1uuuttttteeessssesusssseeeessssssssssseeeessssassssssneeesssasassssnneessssassssnnsenesssssasssssnnnnesssssnsssssnnenenssesensas 2
NAND FLASH IMEMORY .eetuteeeteeseueessseeesseesssessssesssssessseesasesssssessaseesasssssssesssseessssessnsesssssesssseesasesssnsens 3
NAND Flash Memory TECHNOIOBY ..oceeeerieei ittt e s e e e e e s s e sne e e e s s s ennnnneees 3
Yoz 11T = O 1 T= 1 L= == 4
3D MEMORY ALTERNATIVES ... .eeiiuteeeseesaueeesseeeaseesaseesaseeaasseesaseesassessaseessssessaseesassessseessnsessnseesassessnsesn 7
SAMSUNE STACKEA TANOS. ... e s e e e s e e e e e e s e e nne e e e e e s e e e nsnreeeseeessnnneeeeeneann 7
070 17 | SRR 8
Advantages and DiSadVantages.....ccccciieriiiiiccieerieee s eecccrere e e e s e e e s sne e e e s s e e snnnr e e e s e e e e nnnreeeeseeennnne 12
O T Y11= = SN 13
Toshiba Bit-Cost SCalable NAND ......ccciiei ittt e s s e e s e e e s se e e e seneeesseneeesnanes 23
070 107 =Y o R 24
Advantages and DiSAAVANTAEES. ....cuuuurrrrraererrrereeerrere e e e e s e e e e e e e e e s e s e e e s s s e e e s s e nne e e e eneeas 28
L0 = =T o= 32
CroSS-POINT IMEIMOIY AlTAYS. ... uueieieiieeeeeeiirteeresieeesesssseereaasaresesaseeeeeaasseeseaseeesaasseeseassneseasaeeseasreesssnnens 35
070 1= o | RPN 37
00 = T =X =T 0 0T o P 41
COMPARISON OF 3D MEMORY CONCEPTS ....uveeeeuteeeaureeeseesiseessssessaseesasseessessansssssseesasssssnsessaseessseesnnes 56
Key Parameters of StACKEA NAND ..ottt e e e s e e e e e s e e e e e e e nne e e aeneenean 56
L LoTe ST 0] g o111 S 57
=T a0 an aT= T oLt PSPPSR 57
[ a0 LU= Lo 2 PR PTPRN 57
POWET CONSUMIPEION c. s s a s s n s s s s s s s s sssssssssnsssssssssnsssnnnsnnnnnnnnnnnnnnnnnnnn 58
T 0%= ] =1 111 VSR 58
701 RPN 58
Key Parameters of vertical NAND (BiCS) ......uiiiiciiiiiiciiees s et s s et e s s ee e s s e e s s ne e s s e e e s nneeeean 61
T 0 = 62
Lot TSI 00 Y 0] 1= q 1 /RN 62
07 | I & T =Y L3 63
=1 o 63

© Forward Insights April 2009 jii



FORWARD,

INSIGHTS How 3D Memory Stacks Up

=T (0] aF= T oLt PP SRRRPTR 63

[ L0 10T =T o o= ST 63

Lo AT oY A E=T U Ta 0] o] (o] o IS 63

I To7= ] =1 o111 4P 64

07 PP 64

Key Parameters of Stacked Cross-Point Array MEMOIY......ueieiccceeieieirie e e essssee e ssssee s s snee e s ssnnee s 65

T T 7 PR 66

L CoToT T 00 1 o] o111 /2 66

07T | I T[T L3 RPN 66

= PSR 66

=T (0] aT= T Lot PSR TRPR 67

[ T0 10T =T o T TR 67

(o AT oY E=T U a0l o] (o] o IS 67

I To7= ] F=1 11 4P 67

070 PP PRPRTR 67

100 =TSN 68
OUTLOOK ettt eueemeesseeueesesueeeesae et e ssesaeeseeaseeaeesaeeaeeaeesae e e e seeae e seeaeameesaeeatenseeaeeneenaeeneesseensenseseeeaeansans 70
REFERENCES ...ceuteeuteteeseeeeseeueaasesseeneasseaueaneesaeaeenseeaeeeeaseemeanseeneameesseensesesseensenseeneeasesneensessesnsensesses 71
ABOUT THE AUTHORS ..ttt e etteessesreeesesteesssmreessssreessane e e s s annee s s aaneee s e anee e s enneeeessneeesennneeesnnnesennnnes 74
SERVICE OFFERINGS™ ...eutteuteeesuerueaseesueaeesseeaeassesseaeessesusassesaeansessesaeesseeaeaneesaeensessesaeensessesnsessesnsanees 75
ABOUT FORWARD INSIGHTS ..teeteteeuceeeeseeeeseesueeeeseeeseesesseeeesseeseaneesneeneensesaeensensesneeasesneensesseensanses 76

SEBIVICES eieieieee ettt e e et e et e e et e e st e e s se e s e et e s st e s ne e e e seesane e e s asee s ne e e e nee s Re e e eaeeeaneeeenneennneeereesanreeeneenanes 76

070 1 7= o] R 76

© Forward Insights April 2009 iv



FORWARD,

INSIGHTS How 3D Memory Stacks Up

List of Figures

Figure 1. NAND Flash Technology EVOIUtion ..........ccccooviiiiiiiiciiieciieciecee ettt 3
Figure 2. NAND Flash Memory Gap Fill..........ccoociiioiiiiiiiiiiccecieeeeeee e ene e 4
Figure 3. NAND Flash Memory Coupling Ratio and Cross-talK............ccocevoeevenenrieninennenenceee. 5
Figure 4.  Electrons Stored on the FIoating Gate ...........ccceeviiiiiiiieiieieerieereeeee e 5
Figure 5.  Samsung 32GD CTF MEMOTY.......cccouiiiiiieeiiieeiieerieeesteeesieeesreesreeeeveessseessseessseesssesessseenns 6
Figure 6.  Estimation of NAND fabrication costs as the bit density increases for conventional
planar and StaCKed CeIL.........ooviiiiiiiiii et ettt saeas 7
Figure 7. Schematic cross section of the 3-D TANOS NAND showing a first arrangement of cell
strings on Si substrate level and a second level of NAND memory cell strings stacked above ............. 8
Figure 8.  SEMs of 3D stacked NAND cell string. The 2nd active layer is SOI-like perfect single

oy 7] | PRSPPI 9
Figure 9.  Layout and vertical structure of word-lines and x-decoders for the doubly stacked
NAND flash MemMOTY CEIL AITAY. ....ccuveviieiieeiieiiecieeeeere e e e b e e sbaessaesseeseenenas 9
Figure 10. Key process steps of 3D NAND MEMOTY......cceecuiriieiieiieniieriieeee et 10
Figure 11. Comparison of erase operation (a) well bias initiated erase by block, (b) erase by page
without well bias in the floating DOAY CASE........cccveriiiiiiiieiiee ettt sraeseaeeere e 10

Figure 12. (a) TEM cross section image of LEG Si film; Inset image shows sub-grain boundary in
protrusion. (b) Modelling of LEG process; selective melting of a-Si film and solidification from

YT DO TSRS 11
Figure 13. Process scheme with amorphous layer formation on seeds to initiate laser epitaxial
growth of single crystal Si film resulting in stacked transistor bodies for 3D memories. .................... 12
Figure 14. Tilted SEM image with protrusions which are precisely located in the center between
NEIGNDOULINE SEEAS. ..vvieiieiiieiii ettt ettt ettt e et e steestaestteebeesbe e teesseessseasseenseenseensaesseessnennsennsennns 14
Figure 15. Tri-gate structure of the TFT device based SONOS memory cell (Macronix) ................ 15
Figure 16. TEM cross sections of TFT NAND strings perpendicular to the wordline and along the
WOTAINE QITECLION ...ttt ettt et e st e e e te s et e st e beese et e eseeneenseeneeneesseeneasea 16
Figure 17. Schematic illustration of thermal budget impact on device structure: S/D junctions
between NAND wordlines diffuse below gate contacts and cause punchthrough device failure.......... 17
Figure 18. Simulated temperature profiles for various laser pulse durations. The penetration

depths can be controlled by the pulse dUrationsS. ........c.cccvevieeriierierienierie e ere e e e seeseeesaesereennes 18

Figure 19. The basic concept of the DG-TFT-SONOS Flash showing simultaneous shielding of
stored charge during pass voltage application and intimate electrical interaction for good short
ChANNE]L CONMIOL. ....oviiiiiiiiciciee ettt et ea et 19
Figure 20. XTEM along NAND string channel of the dual gate SONOS devices .........ccccevveennenee. 20
Figure 21. SIMS analysis of antimony-implanted LPCVD amorphous silicon that subsequently
underwent the illustrated thermal steps. This mimics the behavior of the source and drain dopant
during processing. Negligible diffusion OCCUTS. .........ccvevvierierienienienie e siee e sne e seneeenes 20
Figure 22. Sheet resistance of antimony implanted into LPCVD amorphous silicon and annealed..21
Figure 23. Cycling endurance of the mid-cell of a 32 cell string of minimum feature sized devices.

No other second-gated memory devices are used in the CyCling. ..........ceeeveeeierciiecienienieriesee e 22
Figure 24. Retention after cycling 10° cycles showing good performance after extrapolation to 10
YEATS. cuuvteeeeeutreeeauteeesatteeeeaeteaesanttaeesastaeeeeansaeeeeantaaeeaan bt eeeeanbaaee e ntaaeeeantaeeeentaeeeeantaeeeeantaeeeaanteaeeeanraaeenns 22
Figure 25. Equivalent circuit of the BiCS arrangement of vertical NAND strings.........ccccceeeveenee 23
Figure 26. Birds-eye view of BiCS flash memory. NCG is the number of control gates. NSG is

the number of rows of pillars sharing an upper Select ate. ..........cocveevvieeiireriieeie e 24

© Forward Insights April 2009



FORWARD,

INSIGHTS How 3D Memory Stacks Up

Figure 27. (a) Cross section of BiCS flash memory string, (b) Cross section of vertical SONOS

475 U TSRS 25
Figure 28. Stair-like structure at the edge of control gate plates and upper select gate pitch. ........... 26
Figure 29. Fabrication sequence of BiCS flash Mmemory ...........ccoccoecieiiiiiiniininiecc e 27
Figure 30. Cross sectional SEM image and schematic illustration of the latest reported BiCS cell

AITAY . cuvteeeureeeueeenueeeateeeaueeessseesnseeeasetessseesnsaeeanseesaseeasseeanseesasaeesnseesnsee e neeesnbeeenteeenteeeanee e nteeanteeenteeebeeens 28
Figure 31. 14V, characteristics after program and erase operation of each of the different cells of

a NAND string (non-optimized structure with respect to diSturb).........cccveveiiieiiieeciiierieeciee e 29

Figure 32. Schematic potential profile in unselected pillars during program operation. The
potential of pillars boosted by V. is seen to be higher than V. and a negative Vy, shift of the cell

to be programmed 1S AChIEVEA. .......c.eiicuiiiiiiiiiii ettt et e et e e e e e bae e ab e e s beeeaseesbeeesneas 30
Figure 33. Vy, shift after program disturb of programmed cells in unselected pillars. A negative

Vi shift is suppressed if suitable Vg i selected. ..o, 30
Figure 34. Improved concept of changing lower select gate plates to line and space pattern in

order to boost unselected pillars by turning on/off USG and LSG synchronously............ccceeeveennnnnne 31
Figure 35. Vy, shift after read disturb on unselected pillars. Vy, shift is suppressed significantly by
changing the lower select gate plates into line and space patterns..........cceeevereereieesieereeneeseeeeeeeeeee. 31

Figure 36. Schematic illustration of SONS and SONONS memory layer scheme. The tunnel film
in the SONONS structure inhibits the release of trapped charges of the trapping layer. Retention

and disturb behavior iS IMPIOVEA. ........ccuierierieriiiiieieereesee e ete ettt teesraeseressseesseesaesseesseessnennnas 32
Figure 37. Program and erase characteristics of SONONS based BiCS cells. ........cccccevveeeirenrennnnen. 33
Figure 38. Data retention results of SONONS and SONS cells of BiCS flash..........ccccocevevvevenenennn. 34
Figure 39. This Besang picture shows an SEM (right) of the vertical memory cells of a 10 kb

flash memory array with schematics (left) depicting the stacked memory and CMOS circuitry ......... 35
Figure 40. Schematic of a PCM memory array with nanowire diodes as memory cell select

QEVICES .ttt ettt ettt ettt e ettt e et e st et e e et e a e e bt es e et e e Rt e a e e bt e n e et e eh e et e bt eneent e bt ere et e st eneentene 36

Figure 41. (a) Shows a generalized cross-point memory structure whose one bit cell of the array
consists of a memory element and a switch element between conductive lines on top (wordline) and
bottom (bitline). (b) Illustration of reading interference in an array consisting of 2 x 2 cells without
switch elements. (c) Rectified reading operation in an array consisting of 2 x 2 cells with switch

5115300 1<3 1 £SO 37
Figure 42. Matrix 3D poly Si anti-fuse diode cell schematics and electrical characteristics of
programmed and unprogrammed CElL.........coeouieriiiriiiiiiiieieeteree et 38
Figure 43. Matrix 3D poly Si anti-fuse diode Cross SECON........ccverierirrieeieeieeieeriee et 38
Figure 44. Matrix 3D poly Si anti-fuse memory Cross SECION ........cccveeervreerereererieeriieerveesreeesereenenens 39
Figure 45. Cross section of the 512Mb PRAM with diodes as select devices........coovvevververrenerennnn. 41
Figure 46. Process sequence for the vertical diode and the self aligned bottom electrode contact
(7N 27 21 PSSR 42
Figure 47. Simulated temperature profile while writing RESET state. The temperature of the pn-
junction in vertical diode is not too high to degrade the device operation.............ccoeevvevveereervercnennenns 43

Figure 48. Expected evolution of cell structures: Cross sections of the PRAM switching elements 43
Figure 49. Simulated write current for melting at the phase transformation core of (a) a
conventional planar PCM and (b) a confined cell structure. When the reset current is applied to the
confined cell structure, melting of PCM is expected to occur between electrodes limited to isolated

L1 ettt h et s h et b e ettt et sh e st bt sae e e 44
Figure 50. TEM images of dash-type confined cell structure. Even with 7.5nm width: The PCM

was filled perfectly WithOUEL VOIAS........cccuveriiiriierieiie ettt ste e s e sen e esnaesnnas 45
Figure 51. Endurance characteristic of confined PCM cell. ..........ccccoviiiiiiiiiniiinienieeceee e, 45

© Forward Insights April 2009

Vi



FORWARD,

INSIGHTS How 3D Memory Stacks Up

Figure 52. Proposed resistance switching mechanism of RRAM. The Schottky barrier is

reversibly modulated by charging/discharging of VaCancies ...........ccccveevieerievieenieenieneesiesneereeeneeenes 46
Figure 53.  Left: Schematic potential energy diagram of the TaOx redox pair: A G is the smallest

of all commonly known resistive switching material candidates indicating that both HRS and LRS

are stable. Right: Schematic change of the barrier height corresponding to the redox reaction
according to the MOodel ASSUMPLION........c..ccierieiiiiieeieerieereeseesreere ettt e steeseeseseenseeseessaessnesssesnennnes 47
Figure 54. Cross section of fabricated 1TIR ReRAM cells based on 0.18um CMOS process.......... 48
Figure 55. (a) Workfunction versus electrode potential of various electrode metals and appearance

of the switching effect, (b) switching behaviour with Ir electrode and (c) with Pt electrode................ 48
Figure 56. (a) I-V plot of the 1T1R memory cell (cell area 0.5 x0.5 pm?) in pulse voltage sweep
with 100ns pulse width, (b) Schottky plot of I-V characteristic ..........ccccvrevirerciieeciiecieeciie e 49
Figure 57. Endurance properties of ReRAM (left) and data retention of TaOx memory cells at
L50PC (TIZIL) ottt ettt 50
Figure 58. Sketch of the cell cross section (top) and sample cross section of the fabricated die

With enlarged TEM (TIZHt), ....oiiiiiiiiieii ettt ettt e e e e bee e tae e sabeesabeeenssaeensaeenens 51
Figure 59. 1-V characteristic of a memory cell in sweeping mode ...........cceeeveeveerieereeniienieerceenneeene. 52
Figure 60. Read disturb characteristics for set and reset status with —0.1 V bias forcing to reset

and +0.1 V bias forcing to set, respectively. No degradation is found up to 10’ seconds .................... 52

Figure 61. Scaling characteristics of resistance distributions for (a) 50 nm diameter cells and (b)

20 nm diameter cells without verification loop. The inset shows an AFM image of a 20 nm

QIAMELET COLL......eieieee ettt ettt et e bt e s at e sat e st e eate e be e beenbeesaeeeneas 53
Figure 62. Schematic diagram of a 2-stack 1D-1R cell arrangement with upper layers reversed to
share the bitline. The line width of word and bitlines was 0.5pm resulting in a final cell size of

0.5X 0.5 LM ...ttt ettt ettt e et h e st e e ettt eeabe e e bt e e bt e e e be e e bt e e bbeeeateeeabaeesabeeens 54
Figure 63. Conceptual schematic diagram of a stacked memory with TFTs decoders as stackable

PEIIPNETAL CITCUILS. .. .eivvieiieiieiiiesteeteeteete et et et e s b e sebeeeseesbeessaesseestsesssessseasseasseesssesssessasssessssenssesssensns 55
Figure 64. Specifications for 43nm SLC and MLC NAND Flash.........cccccoviiiiiiiiniinieneneeee, 57
Figure 65. Lithography Resolution LimitS..........cccccveiciiiiiiiiiiieciie ettt esveeevee e 58
Figure 66. Relative Cost per Bit of Stacked SLC NAND.........ccccovverieriiiieeie e 60
Figure 67. Relative Cost per Bit of Stackable Non-volatile MEmMOTIEs ..........ccoceeeuerererienenenienene 69

© Forward Insights April 2009

Vii



FORWARD,

INSIGHTS How 3D Memory Stacks Up
List of Tables
Table 1. Multi-bit NAND Flash COMPATISON ........cccvvevviiriieriieiiesiesieniesreeseeseesseesieesseessnessnesssennns 59
Table 2. Comparison of Multilayer NAND with SLC NAND .....ccoooiiiiiiiiieieeee e 59
Table 3. Comparison of Multilayer NAND with MLC NAND .......cccooviiiiiiieciecre e 60
Table 4. Comparison of BiCS NAND with SLC and MLC NAND ......cccoceiininiiniineececee 64
Table 5. Comparison of Stacked Cross Point Array Memory with SLC and MLC NAND .............. 68

© Forward Insights April 2009

viii



FORWARD,

INSIGHTS How 3D Memory Stacks Up

Introduction

Mainstream NAND flash memories are currently manufactured on 4xnm processes with major NAND
flash vendors migrating to 3xnm this year. In the race to reduce costs, NAND flash manufacturers
are developing 2xnm technology, however with performance and reliability characteristics severely
degraded relative to the 4xnm generation, 2xnm floating gate NAND flash could be the last process
technology generation. What’s next?

NAND flash vendors are actively exploring a variety of alternatives including spin-torque MRAM,
nanocrystal memory, phase change memory and resistive memory. However as lithographic scaling
becomes more challenging, companies are turning their sights to vertically stacked implementations
of memory cells or 3D memory. 3D memory technologies offer the promise of continued increases in
storage capacities and lower cost per bit necessary to enable emerging applications such as solid
state drives.

Among the candidates: stacked NAND technologies employing charge trapping technology, vertical
memory cells etched in a pillar and stackable cross-point memory arrays. This report explores the
feasibility of each of these alternatives as a candidate to replace NAND flash memories within the
next four years.

© Forward Insights April 2009 2
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