FORWARD.
INSIGHTS F'em

How 3D NAND Stacks Up

Report No. FI-NFL-3DM-0114




FORWARD,

INSIGHTS How 3D NAND Stacks Up

© 2014 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 i



FORWARD,

INSIGHTS How 3D NAND Stacks Up
Contents
L0701 =1 1]
LIST OF FIGURES ..uteeeteeeeteeeeteeeeteeeteeseaeeesaseeseaeeeeaseesseeseaseesaneeaasseesaseessseaenseessseeeaseesnseesanneesnneesanes VI
IS 0 17 =8 Xl
EXECUTIVE SUMMARY ...uvteeeuteeeeueeesseeeseesassessssessssseesseesasssssssessassesasseesassessssessnseesasssssnsessnssessssnesassessses 1
1N 270 ] 1003 1 T 3
NAND FLASH MEMORY ...uuuuttteeessisssssseeeeeessssssssssseeesssssssssssssesessssssssssssnssesssssassssssnesesssnsssssnsnnesesssesssnns 4
NAND Flash Memory TEChNOIOZY EVOIUTION.......oiiiieeeeeeeeee e es e e e ee e nme s 4
Floating Gate Memory Cell SCaling ChallENEES.....cccccviiri et e e e e 7
Program Voltages and WL-WL Dielectric BreaKAOWN .......coooeirieerrceerseeesee e e e se e e snee e 7
Number of Floating Gate Electrons, Charge Cross-talk, and Random Telegraph Noise. ................. 9

IPD Scaling of Electrical Thickness and Program Saturation: Can a Planar Cell be a Solution?. 10

NAND alternative: Charge Trapping Memory Cell ...t 13
3D NAND ALTERNATIVES .etetuteesstessseessaseessseesssessaseessssesssessassessasessassssssessaseesansessasesssssessnsessassessnses 20
0700\ V=T ol o] g b= WY o] o]0 =[] o PO 20
Samsung Stacking by Single Crystal DEPOSItION ......ccevicieriiereceee et 20
070 1= o | SRR 21
Advantages and DiSadVantages.....ccccuiiiiiiiiiiiiierreees e s — e e s nnnne 25
L0 aF= 11T g PRSP PRTRRRRTN 26
[N ToY T eTo T aNVZ=TaRuTo g b= NR=] o] o1 0 = 1] 1N 30
Horizontal channel — horizontal ate.......oo i 30
070 17T o | SRR 30
Advantages/DiSAUVANTAZES .....cccuieeieciiereeitie e et res e e e e e e e e e e e s aae e e e e sase e e e e sne e e e esaneeeeenneesennneens 33
L0 P2 1T =T PR PR 35
Vertical gate - Macronix TFT — Samsung VG-NAND. ...t err e e 36
070 17 | SN 36
AdVantages/DiSA0VANTAZES ......ccurrrerareerrrererreersreeeseeesssee e s sseesseesssseesaseesaeessaneesaneessseesaneesssseesnseesn 44
O T Y11= = 46
Vertical Channel — PUNCH STTUCTUIE......coi e 47
LT Lo T= =L OSSOSO 47
070 aTorcT o1 R ToT T =Y o) o S 47
Advantages and DiSadVanTages.....ccccciiieiiiicicieereiee e seeccrere e e e e e e e ree e e e s s e e snnnr e e e s e e e e nnnreeeeseeeannne 51
Concept - 2nd Generation = P-BiCS STIUCTUIE .....ciceei ittt et s e e s ae s snee e 55
L0 0 P2 T T PR 65

© Forward Insights iii



FORWARD,

INSIGHTS How 3D NAND Stacks Up
AT T = 1 PR 66
(O70] aeT=T o] R 66
AGVANTAEES ...eeeeeeeeeee i e e e e e e s e e e e e e e e e e e e s s e e e e e s ne e e e e ne e e e e e nnr e e e e nnr e e e e nnr e e e e nnreeeeanre e e e nneeeennnneas 70
DT 1ST= o V2= Y 7= == S 70
O T Y11= = 70
Hynix Vertical Cylindrical FIOatiNG-8ate .......cui i e 71
070 107 =Y o (RO 71
AGVANTAEES ..eeeeeeeeeee e e e e e e e e e e s e e e e s e e e s e s s e e e e e s ne e e e e s e e e e e e nnre e e e nnre e e e nnre e e e nnr e e e e nee e e e nneeeennnneas 76
[T EST= L0 V7= T L= T === N 76
O T Y11= =Y 76
SK Hynix SMAIT - Stacked Memory Array TranSISTOr ... ieccieeeircieeseseeeesseeee e s sseee e s ssee e e sseee e s nanes 77
070 107 =Y o (RS 77
AGVANTAEES ..eeeeeeeeeee i e e e e e e s e e e e e e e s s e e e s s s se e e e e s se e e e e s e e e e e e nne e e e e nnr e e e e nnre e e e nnre e e e nee e e e nreeeennnneas 79
[T EST= L0 V7= T L= T RN 79
(0 aF= 11 [T g T2 PR TP PRI 79
Vertical Channel - Channel Wrap-around STrUCTUIE .....coiicieir it 80
Samsung VSAT - Vertical Stacked Array TranSISTOr ... ccceeeiccieee e s cceeee s cceee e s sesee e s ssee e e esee e e e eanes 80
070 T | PN 80
FAY0 Y= L = T oL RS 84
DI T=Te (V=T = = PR 84
L0 0 P2 1T =T PRI 85
COMPARISON OF 3D MEMORY CONCEPTS .uuvveesurerssueessseessseessseessssesssssesssessssesssssessasesssnsessssessssessnses 86
(07T I 7 PP PR 86
DS A oS SO RR 90
07T | I 5 T[T L5 RPN 94
Number of Bits per Cell Capability.. .. e e s e e e e e 95
1= SRS 96
LT 0] g F=T T PP 97
= gL [0 = T PP 98
LR LS =T 11T o TR 99
LAY T Lo T = U e 0] o] o] o I 101
2= 10116 o 1111 /2SR 102

© Forward Insights iv



FORWARD,

INSIGHTS How 3D NAND Stacks Up
100 g =Y R 105
L 11 00 PR 108
BT I\ NI B =Y (£ 109
LN (=141, 1o o o T 109
1Y = L] 0 ¥ N 110
S 7= 1 T 110
T2 0 =] 2 o] 11 o Y- SRR 111
T A 17 1 PSR 112
ST B NN T NN B (o T=To [ F=] o R 114
1T I BN N N I 0T A I = Vo 115
] 0] 117
ABOUT THE AUTHORS ... tteeeeetteeeeetteeeeeseeeseeneeessasseeeaanseeesasseeeaasnseeesansseeesansseeesansseeesansseeesannnneens 123
ABOUT NAMLAB ....tteee ettt e et ee e ettt e s eesteeeeeseeeesesseeseasnseeesassssessassseeesassseeesansseeesassseeesansseeesannnnnens 125
070 1= o PSS 126
ABOUT FORWARD INSIGHTS . uuvteeeeetreeseeteeeseeseeeseesseessesseessassseessassseessassssessassseessasssseesanssseesannssees 127
L=< 127
00 g1 = Yo 127

© Forward Insights v



FORWARD,

INSIGHTS How 3D NAND Stacks Up

List of Figures

Figure 1. NAND Flash Technology EVOIUtION ........c.cccieiiiiiiiiiiiiiieeeeie e 5
Figure 2. NAND Flash Memory Coupling Ratio, other coupling components, and Cross-talk

[UBM Techlnsights/FOrward INSIZILS.......ccuciviiiiiiiiiieiiesie e ete et ere et esee e e sereereesseestaeseaesevesenenenas 6
Figure 3. Bit line pitch scaling limitation issue [Forward Insights]........cccccooceeviiiniiniiniiniiieceeee 7
Figure 4. NAND Flash Cells with Metal Control Gate comprising (a) a thick TiN and (b) a 5Snm
TIN TINET [1] 1ottt ettt e e et e e et e e e ae e e eteeeeaeeeeaeeeeaseeeseeeesaeeeteseeseeeasseeeseeennseeans 8
Figure 5. 25 nm Intel/Micron NAND Flash Technology [3]....c.cccceevrrirrieniienienienienieereereeieeniens 8
Figure 6. Electrons Stored on the Floating Gate [4] .......ccceiieiieiiiiieeieeieereeeeeee et 9
Figure 7. Simulated Random Telegraph Noise Amplitude Distributions for scaled Floating Gate
TEChNOLOZY NOGES [S].iurieiieiieiieriierierte et et ettt et e st e st e setessbeenseesseesseessaesseessnessseassessseenseesseesssennses 10
Figure 8. Gate Coupling Ratio Variation by Different Poly Plug Depth and Program Saturation

[ et ettt ettt ettt ettt et e te et et e he st e teea e et e st en e e tees e e te st entense st enteseeneente st ententeeneensenens 11
Figure 9. Program and Erase Behavior of Fully Planar FG Capacitors and Field Conditions for
Different FG OPHONS [6] ....occverierieiiieiieciteieerieesieesteesteseteebeeseesseesseesseessaesssessseessesssesssessseesseesssensses 12
Figure 10. Samsung 32Gb CTF MemOTY [7]..cccveeriieerieeiiieeiieesieeeereeeieeeriveeereeeseveesreeeeneeseseeenenas 13
Figure 11. Tunneling current characteristic for direct tunnelling with different oxide thicknesses

and Fowler-Nordheim-Tunneling [NaMLab] .........cccccvriiiriiiiiieiieniesee et 14
Figure 12. Erase characteristics of a charge trap memory device with various metal gates offering
workfunctions comparable to n+-poly until p+-poly silicon as well as values in-between [8] ............ 14
Figure 13. Tradeoff between retention and erase performance for charge trap stacks with different
stoichiometry of the SiN charge storage layer [9] ......ccooveevieiiiriiieeeeee e 15
Figure 14. Cross sectional view through the gate all-around structure used in the comparison of

the electrical performance of SONOS stacks in planar and this structure [10]........ccccoveeviercrercvenenennnn. 16
Figure 15. Illustration of the improvement in the field distribution of the SONOS structure by the
enhanced coupling due to the gate all-around arrangement [9] ........ccceeveeriiniiniieieereeeesee e, 16

Figure 16. Comparison of the program and erase performance of a planar SONOS stack memory
cell and cell with a gate all-around structure taking advantage of the improved coupling ratio [9].....17
Figure 17. Comparison of the retention loss for planar and surrounding gate SONOS structures

1S OSSPSR 17
Figure 18. Performance improvement of program and erase due to the scaling of the Si-pillar
diameter enhancing the gate coupling of the charge trap layer [11]......ccccevieviiniiiniieiieeeeeee 18
Figure 19. Image of the test chip with stacked NAND floating gate structure in the 45nm node

and a TEM picture of the NAND strings in the two planes [13] ....cccccovevieviiriieniieiieeeeeereeee e, 20
Figure 20.  Estimation of NAND fabrication costs as the bit density increases for conventional
planar and stacked CIl [12] ..oouiiiiiiiiiiieieee ettt ettt sttt ettt et 21

Figure 21.  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

[l 2] ettt ettt ettt ettt ettt ettt ettt et e et e b e st e s b e h e e At e seesten b e s e ense st et e en s e st ent e se st ensenseensensenseensensens 21
Figure 22.  SEMs of 3D stacked NAND cell string. The 2nd active layer is SOI-like perfect

SINEGIE CIYSTAL [12].eiiiiiiiiiiiieeiie ettt ettt ettt e e e b e e b e e bt e steestaessbessbeessaessaessaesssesssesssessseesseesseenssensns 22
Figure 23.  Layout and vertical structure of word-lines and x-decoders for the doubly stacked
NAND flash memory Cell array. [12] ...ococuieiiiieiieciie ettt e e e e et e e s reessaeeesabeessseaens 22
Figure 24. Key process steps of 3D NAND memory. [12]...c.cccovevierierienienieeie e e esieesee e 23

© Forward Insights

Vi



FORWARD,

INSIGHTS How 3D NAND Stacks Up

Figure 25. Comparison of erase operation (a) well bias initiated erase by block, (b) erase by page
without well bias in the floating body Case [12] .....cccvvevciiriirciieiieieeieree e 23
Figure 26. (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

SEEA. [ 15 ittt ettt ettt e e et e et e et e e eetee e ate e e teeeetaeeebeeetaeeetbeeeteeeetbeeateeenareeareeens 24
Figure 27. 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. [16]............. 24
Figure 28. Tilted SEM image with protrusions which are precisely located in the center between
NEIZhDOUTING SCEAS. [15].iiiuiiiiiiiieiieieee ettt e e e et e te et e s e e s b e esseessaesseessaessaessnesnsennsennns 27

Figure 29. Schematic illustration of thermal budget impact on device structure: S/D junctions
between NAND wordlines diffuse below gate contacts and cause punch-through device failure. [16]28
Figure 30. Simulated temperature profiles for various laser pulse durations. The penetration

depths can be controlled by the pulse durations [17]......cccccceerierienieniieiieeieee e 28
Figure 31. 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

ChannEel CONTIOL. [18] ..ccuuiiiiiiieiie ettt ettt e et e et e e e te e etee e abeeeabeeesabeeessaesaseeesseesnseaans 30
Figure 33. SIMS analysis of antimony-implanted LPCVD amorphous silicon, showing negligible
QIFTUSION [ 18] vttt ettt e e et e et e et e e et e e et e e eteeeeateeeteeeteeeenneeereeeennens 31
Figure 34. Sheet resistance of antimony implanted into LPCVD amorphous silicon and annealed.

L8 et etett et et ettt ettt et et et et ettt e bt e st e e et e e b e b e ekt en b e eh e e At e st es e e st e eseense st e et e enseeseent e se st ensenseensenseeseensensens 32
Figure 35. 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 [18].......cccoeevveeiieiierieniienierie e 32
Figure 36. Retention after cycling 10° cycles showing good performance after extrapolation to 10
prge:1 6T [ R USRS 33
Figure 37. Tri-gate structure of the TFT device based SONOS memory cell [19].......cccevvvevvennennee. 34
Figure 38. TEM cross sections of TFT NAND strings perpendicular to the wordline and along the
WOIdINE dir€CtioN [19] couviiiiiiiii ettt et e e e e e b e e e stae e sbeessbaeessseessseeenssaesnseeensns 34
Figure 39 Schematic view on single node of the vertical gate structure with two memory elements
on the left and right of the horizontal channel [21].........cccocvviiiriiicieieeee e 36

Figure 40 Principle of integrated structure of the 3D vertical gate approach presented by
Macronix. The strings are addressed by the selector devices on the right end of the NAND string

105 SRS PRRS 36
Figure 41 Fabrication process of the vertical gate structure presented by Samsung shown for one
ChanNE] STACK [23] .. eeiiiiiieeiie ettt et e et e e st e et e e e tbeesebeeestaeessaessseeesseesssaesssaeessseessseeans 37
Figure 42.  Cross sectional view through the stacked bitlines with the vertical gates aside [22],

12K 1 OO PSPPI 37
Figure 43. Comparison of the vertical gate NAND structures proposed by Macronix (left) and
Samsung (right) by a top down view on one plane [NaMLab].........cccccovvevieiieniieiierieiereecee e 38
Figure 44. Implant scheme for the select transistors to distinguish between the stacked planes
connected to the same bitline [23] ....cc.oiiiiiiiciiiiii ettt et et r e e ab e ereeens 38
Figure 45. Calculation of the additional area needed for the string select devices to address the
different planes relative to the cell area [NaMLab] ......ccccoccviveiiiciiiiieieeecee e 39
Figure 46.  Schematic diagram of the Twisted BL (Split-page) VG architecture, featuring

StAIrcase BL CONTACES [24] .. .uiiiiiiiiiieiiieeiieeeiee et e etee et e e st e etae e ebeeebeeestaeesseesssaeesseesssaaassaeessseesssenans 40
Figure 47. a) MiLC concept to form staircase BL-contacts, using binary sum of a few etching

steps and b) cross-sectional view through the etched staircase BL-contacts [24] ........ccccecevireeneennnne 40
Figure 48. Principle of dual-channel NAND Flash [25].....ccccooiiiiiiiiniiieeeeeeeeee e 41
Figure 49. Dual-channel 3D-NAND CONCEPL [25]..uuiiiriiiiiieiiieciie et eree et eree e sevee e s 41

© Forward Insights

Vii



FORWARD,

INSIGHTS How 3D NAND Stacks Up

Figure 50. a) programming method in the dual-channel 3D-NAND and b) corresponding array

equivalent circuit; Cell A is the programmed Cell ...........ccocvvviieiiiiiieniieeeee e 42
Figure 51. Comparison of program and erase behavior for conventional n-channel NAND vs.
proposed dual-channel NAND [25] ...oi ittt ettt tee e ve e e tee e seve e sbaeeseseeessaeesseeenens 42
Figure 52. Samsung electrical data a) endurance with 2.5V window and b) retention at room
TEMPETATUTE [23 ] neiieiiieeite ettt ettt ettt e rb et e e bt e ettt e sa b e e s abte e s it e e sa bt e ebteesabeesbbeesabeesbeeesabeeenaee 43
Figure 53. Macronix electrical data a) endurance of 4 different devices and b) retention before and
ATLET CYCIING [22]1.ttiiiiieiieiieeie sttt ettt ettt e et e et e e teesteestsesebeesbeesseessaesaesssessseassessseesseesseessensns 43
Figure 54. Select device programming due to charge emission on the 1% wordline for the charge

TEAP COMCEPE [20] 1.nvrieniiieiiiteeitee ettt ettt ettt ettt e e et ettt e s a bt e e bt e e sabeeebeeesbteeebeeesabeesabtesabeesbeeesabeeenaee 44
Figure 55 Samsung vertical stacking of 4 blocks consisting of vertical gate NAND arrays [23].....45
Figure 56. Equivalent circuit of the BiCS arrangement of vertical NAND strings. [27]........cccuenue... 47
Figure 57. Birds-eye view of BiCS flash memory. N is the number of control gates. Ngg is the
number of rows of pillars sharing an upper select gate. [27] ...cccvvveriieriieiiiierieeeee et 48
Figure 58. (a) Cross section of BiCS flash memory string, (b) Cross section of vertical SONOS

(o1 U 12 USRS 48
Figure 59. Stair-like structure at the edge of control gate plates and upper select gate pitch [27] ....49
Figure 60. Fabrication sequence of BiCS flash memory [27]......cccveevievievierieniieniecre e 50
Figure 61. Cross sectional SEM image and schematic illustration of the latest reported BiCS cell
ATTAY. [28 i itieeeiite ettt ettt et b e e bt et e e bt e e s ab e ettt e bt e e st e e e bt e e bte e e bt e e bbeeeabeeeahteesabeeens 51
Figure 62. 14-V, characteristics after program and erase operation of each of the different cells of

a NAND string (non-optimized structure with respect to disturb). [28]......cccccvvvirvieriieniienieeieeeeee, 52

Figure 63. Schematic potential profile in unselected pillars during program operation. The
potential of pillars boosted by V., is seen to be higher than V,,, , resulting in a negative Vy, shift

Of the diStUrbed CeIIS. [28] uvviiuiiiiiie ettt ettt e et eeeae e e taeeeteeeeaeeeeneeens 53
Figure 64. Vy, shift after program disturb of programmed cells in unselected pillars. A negative

Vi shift is suppressed if suitable Vg 1s selected [28] ..o 53
Figure 65. 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. [28] ........ccceeueneee. 54
Figure 66. 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 [25]......cccveeeiieniieicieeeieeerieeeieens 54
Figure 67. Structure of the pipe BiCS concept in a side view up to the contact level [29]................ 55
Figure 68. SEM picture of the select array in a pipe BiCS structure showing the connections to
suorceline and bitline in detail [29].......iicviiiiiieeiieee ettt tb e e abe e reeens 56
Figure 69. Detailed view on the basic structure of the p-BiCS (a-left) and straight BiCS (a-right)
and the measurement of the respective doping profiles (b) [29].....cccecvvevieriiriieniiiniieeereesee e 56
Figure 70. Process steps to fabricate the array of p-BiCS [29], [30] ..cccevviiviiriiieiieeeeecieeeeeee, 57
Figure 71. Slit formation and wordline metallisation to improve dynamic performance in the

BACS CONCEPL [30].ureureeerieniieiieiieiieseesteeteeteeteeteesteesteesstesssessseanseanseesseessaessaesssesssesssessseesseesseesssennses 58
Figure 72. Sectional view through the macaroni structure proposed by Toshiba to reduce Vr
QISEIIDULION [3 1] cueriiiiiiiiiie ettt ettt te e et e e sttt e ebe e e tbeessbeeesseessseeessaeesssaeassseansaeessessnseeenssens 58
Figure 73. Principle of the fabrication of the Si-pillar with dielectric filler to reduce the effect of
Char@e SCALETING [3 1] eeeetieitieiieeie ettt ettt ettt e st e st e st e e bt et e bt e bt e saeesnteenseebeeaseeseesneennees 59

Figure 74. Improvement of the electrical characteristic of vertical channel devices by introducing
a dielectric filler inside the channel pillar; a) in the Vr distribution width and b) in the sub-threshold

FT=a 101 1 16 10 RSP 59
Figure 75. Sideview at a BiCS structure demonstrating the contact scheme and arrangement of the
structure and the fan-out areas [33].......iociiiiciiiiieeeeeee et et e e b e e eabeeeabeeens 60

© Forward Insights

viii



FORWARD,

INSIGHTS How 3D NAND Stacks Up

Figure 76. Overview of the BiCS test chip a) and the cross section through the control gate

oo N To i e o) B 1R 1 I O 1S 72 USRI 60
Figure 77. Program/erase performance 1 generation and 2™ generation BiCS [29], [31] ..ce.vvnv.... 61
Figure 78. Retention performance 1% generation (a) and 2™ generation (b) BiCS [28], [29]............ 61
Figure 79. Endurance measurement results of 2™ generation p-BiCS [29] ....veveveeveeeveeeeeeeeeenn. 62
Figure 80. Detailed investigation of the disturb immunity of P-BiCS (solid circle) and straight-
shaped BiCS (0pened CIrCle) [34] ...viiiiiiiiieiiiieeiieeiie et e st e etteete e e veeeteeestveesbeeeaaeessseesnseeessseesssenans 63
Figure 81. Electrical scheme to erase a p-BiCS string by GIDL generated holes in the select
transistor and transfer the holes into the PIPe [32]....ccvevierieriiiriieiieieee et 63
Figure 82. Measurement of the control gate resistance dependent on the silicide layer thickness

and the improvement in the pulse shape of the control gate [29] .......ccoeovveviiivienieiiieee e, 64
Figure 84. Program and erase characteristics of SONONS based BiCS cells [28]......ccccceveeevenennees 66
Figure 85. Sectional view through a single cell of the TCAT concept with vertical channel [30]....66
Figure 86. Integration scheme of the TCAT concept [33] ...ccccvieviieeiiieiiieciee et 67
Figure 87. Sectional view and SEM picture through the vertical string of a TCAT array (a) cut
along source-/bitline and (b) cut perpendicular to source-/bitline [33]........cccecverierieniennieenieeieeieee, 68
Figure 88. Transfer characteristic in a TCAT string with 6 memory cells (a) and V1y distribution

(o) 111525 USSR 68
Figure 89. Program/erase characteristics 0f TCAT [33]..cuvcciecvieriierienierieeieneeeie e esieeseee e eeees 69
Figure 90. Retention measurement of TCAT memory cells showing a good performance
eXtrapolated t0 10 YEATS [33]. i uiieciiiiiiieiiie et et etee e e et e et e e b e e e beeetbeestbeeesbaeessbeeessaeeteeesseesnreeans 69

Figure 91. Comparison of the charge trap layer arrangement in (a) BiCS and (b) TCAT [35]......... 70
Figure 92. Principle structure of one memory cell of the vertical cylindrical floating-gate concept,
the inversion channel induced by the overlapping control gate is illustrated, too [36]........ccceeeuveennee. 71
Figure 93. Three different approaches to fabricate a cylindrical floating-gate memory cell are
shown, left) a structure comparable to the conventional floating-gate structure, middle) the

extended sidewall control gate approach with improved CG-coupling and right) the Dual Control-
gate with Surrounding Floating-gate structure with completely shielded CG and enhanced current

Arivability [INAIMLAD]......ccciiiciieiieiierieerite ettt ettt seb e e st e e essaessaesseessaesssesnsesnseenseesseesssennss 72
Figure 94. Comparison of the coupling ratios for the conventional and extended sidewall control
ALC APPIOACH [30]..iiueiiiiiiieiiieciee ettt et e et e e et e e tb e e e b e e e bb e et e e enbae e ebeeaabaeetaeenraeenbaeennreas 72

Figure 95. a) Basic structure of the ESCG 3D NAND array with 4 memory layers, b) cross
sectional view in the floating gate level showing the dimensions; c) electrical schematic of the

PrOPOSEA SEIUCTUIE [30] .vviiiiiiiiiiiieeiie et et et e ettt e eee et e e st e e etbeesbeeesbaeesbeeessaeessseeassaeensseenssaessseeensns 73
Figure 96. Voltages applied for the needed operations: erase, program, inhibit of the neighboring
string, and read, similar to the conventional NAND schemes [36] .......ccccoccvvvvevieniieerieeneeeeeeeeeen, 73
Figure 97.  Equivalent circuit of the DC-SF NAND cell string and voltages applied for the needed
operations: erase, program and read [37].....cccveerieriierierieiie e ettt er e et srresereseaesenas 74
Figure 98. a) Measured ID-VG characteristic of DC-SF NAND device and b) TCAD simulation

of on-current in the cell architecture [37] ....ccviiiiiieiie ettt e ear e e eebeeens 74

Figure 99. The interference characteristics in between FG and FG (Vth difference of the adjacent
FG vs. Vth of the programmed cell). Very small FG-FG coupling value of 12mV/V is obtained.

(37 ] et eterte ettt ettt ettt ettt et et e et b e st e s b e st eat e st ent et e eseen s et e et e ense st est e seeneenbenseentensenseensensens 75
Figure 100. Fundamental process steps to fabricate the memory array of the vertical cylindrical
floating gate structure with Dual Control-gate and Surrounding Floating-gate [37]......ccccccvvvvenvennnenn 75
Figure 101. SMATIT NAND StrNG [41] coveeoieeriieiieiiesieeie ettt ettt see e steeste e essaesseessnesnnes 77
Figure 102. Comparison of the charge trap layer arrangement in (a) BiCS and (b) TCAT [35] and
(C) SMAIT [INAMLAD].....ccctiiiiiieeiie ettt ettt e et e e stve e st ee e tee e tbeesabeeessaeessbeessseeensseessaeessseesssenans 78

© Forward Insights



FORWARD,

INSIGHTS How 3D NAND Stacks Up

Figure 103. a) Widening of cell Vth distribution during cycling, compared for SMArT cell and
20nm planar FG-cell and b) Cell Vth distribution of high temperature retention after cycling of
SMAIT CRIL [AL] ettt ettt b et b ettt b e bt e bbb e e e e et e e eneas 78
Figure 104. Sectional view through the double channel structure of the VSAT concept, both

devices on the left and right side of the horizontal gate are driven simultaneously and they are

CONNECTEd 1N SEIIES [21] .oiiiuiiiiiiieeiie ettt ettt ettt e et e e et e e e veeetee e taeeesbesessseessseesasesessseesnseaans 80
Figure 105. Overview on the final structure of a VSAT array including the PIPE fanout structure

L3 ettt bbbt et btttk b e a e bt et a et ae e 80
Figure 106. Integration scheme to simplify the the fanout of the horizontal gate lines with the

PIPE StUCLUTE [38]. . ueiiiiiiiiiiii ettt ettt ettt et e e et e e e e bt e e e eabaeesessteeeeenssaeeeessseeeeanssaeeennsseeeennsens 81
Figure 107. Comparison of the PIPE structure and the conventional structure using contacts with
different length to connect the stacked horizontal lines [38] .......c.cccvvevvierierieriieniieiie e 81
Figure 108. a) Cross sectional view along the string through the finally fabricated string, b)

detailed view at the memory stack and the poly-Si channel [38]........cccoveviiiiiiiiniiiiieeee e, 82
Figure 109. Schematic of one NAND string in the VSAT concept [38] ...oovvvvvievrievieenieieriereieeen, 82
Figure 110. Transfer characteristic of either a single gate device or a double gate device

connected in series in the VSAT Structure [38] .....cccvieeciiiiiieiiieeie et crte ettt re e veeesene e 83
Figure 111. Modifications to improve the performance of the deposited Si-channel by a) thinning

of the layer and b) forming gas anneal [38]..........cccveviiiriiriieiiieeie et 83
Figure 112. a) Transfer characteristic during erase of VSAT memory device and b) extracted V-
shifts during program and erase of a single device with £14V [38] ....cccceoiiiiiiiiciiieecee e 84

Figure 113. Limitation of the structural dimensions due to not ideally etch slopes through the
multilayer stacks, numbers of the assumption used for the feature size estimation for a) hole/trench

formation and b) gate/channel formation [NaMLab]........cccceivuiiiiiiiiiie e 86
Figure 116. Incremental step pulse programming slopes of three charge trap stacks (blue) and a
floating gate Structure (YEIIOW) [39] c..eoouiiiieeiieiieieeeesee ettt ebe e ba e ta e naesnaesnnas 91
Figure 117. Influence of the ISPP slope to the program disturb [NaMLab]..........ccceovvievciirecninnnnen. 91
Figure 118.  Disturbance modes in a 3D Array (SMATT concept) [43] ..ccvevvvevreeveeveenieriereereveenn, 92
Figure 119.  Disturb bias conditions in a 3D Array (SMATrT concept) [43]..cccovververeeriverirercienrennne. 93
Figure 120. Comparison of the boost efficiency of different 3D concepts and main contributions

OF the COUPIING [21]1uiiiiiiiiiiieeiie ettt et e et e e st e e e bt e e tbeesabeeestbeesssaeensseessseessseeessseenssenans 93

Figure 121.  a) Channel boosting simulation for different WLs under inhibit condition for SMArT
concept and b) improved program disturbance fail bit by applying optimized conditions [41, 43]....94

Figure 122. Multi-bit per cell NAND Flash Memory Characteristics ..........cceevvrerviercreeecreeenereennnen. 96
Figure 123. Cell current and block size trend [41].....cccveeiererieeriirieieriecie e e 98
Figure 124. Transfer characteristics of a charge trap memory cell during cycling of two devices

with different erase VOItages [39]......eeoiieiiieieieeee ettt ettt sttt 98

Figure 125. Endurance and Power Consumption Comparison of V-NAND vs. Planar NAND [45] 99
Figure 126. Development of the programmed distributions for a) charge trap and b) floating gate

MEMOTY ATTAY [39] 1.ttt ettt ettt sttt e et e s bt e sat e e s bt e e sabeesabeeebeeebeeesabeeeneee 100
Figure 127. Comparison of charge trap layer formation of a) BiCS and b) TCAT [35] and ¢)

SMATIT [INAMLAD | ...ttt et e e et e et e e ae e e te e e eateeeteeeeneeeereeeenneas 100
Figure 128. Two Options for Increasing Stacking Layers — 32 » 64 layers.........ccocveveveerrecvennnnne. 103
Figure 129. Die size vs. Number for Device Layers for 256Gb Vertical Channel 3D NAND [51] 104
Figure 130. 3D NVM EVOIULION [49]....iiiiiiiieiieciieeieeieeeert ettt sve e eveestaete e aessvesssessseessaesnaens 105
Figure 131. Intel/Micron 3D NAND [48]..ciiiiiiiieiieiieteneerte st ere e ste e sne s e snseenseeseens 110
Figure 132.  Samsung V-NAND [45] ..ottt ettt ettt ettt st sieesnte e 111
Figure 133.  SanDisk NAND RoAdmMap [47] ...ccccveeeiieiiieeieesiie ettt eeteeeiee e ereeeraeesveeevae s 112
Figure 134. SK Hynix 3D NAND Wafer.......cccceeoiiiiiiiiieieieriie ettt see e enseens 113

© Forward Insights



FORWARD,

INSIGHTS How 3D NAND Stacks Up
Figure 135. NAND Flash Technology Roadmap [Forward Insights, NaMLab] ...........ccccccvevuvennne 114
Figure 136. NAND Flash Density Roadmap [Forward Insights, NaMLab] ..........ccccceceveninnnnnnne. 115
Figure 137. 2D and 3D NAND Cost Trend [Forward Insights] .........ccccoevienienienienieiieeieeeeene 116
© Forward Insights

Xi



FORWARD,

INSIGHTS How 3D NAND Stacks Up
List of Tables
Table 1. Comparison of the characteristic electrical parameters of the different 3D concepts.......... 18
Table 3. Number of Electrons per Logic Level [S0].....cccoviiviiriiiiieiieiieiieeesee e 95

Table 4  Specifications for NAND Flash vs. V-NAND [NAND datasheets, Forward Insights] ....... 97
Table 5. Comparison overview of the different concepts looking on all relevant aspects [Forward

INSIGILS, NAMLAD] .....viiiiiiieiieiecee ettt ettt et esbe e s taeetbesebeesseesbeesseesssesssesssessseasseessenns 106
Table 6. Comparison of 3D NAND Concepts by COMPANY .........ccverreerreeriverrerirenrenreereesseesseeseeens 113

© Forward Insights

Xii



FORWARD,

INSIGHTS How 3D NAND Stacks Up

Introduction

The NAND flash industry is at a technology inflection point. Planar floating gate NAND flash memory
is facing fundamental scaling challenges with the upcoming 16nm node the last generation of planar
technology. What’s next?

Samsung’s August 2013 announcement of the production of a 24-layer vertical string V-NAND shows
the way forward. Vertical NAND or 3D NAND promises to continue increases in storage capacities
and lower cost per bit necessary to enable emerging applications such as solid state drives and cold
flash.

In the 2D planar era, the basic underlying floating gate technology (with a few exceptions) was
essentially the same amongst all the NAND flash manufacturers. However in the 3D era, all NAND
flash memory manufacturers are developing different 3D architectures.

How 3D NAND Stacks Up compares the 3D NAND alternatives and provides an independent view of
the challenges, advantages and disadvantages of the various implementations and illuminates the
3D NAND status of the major industry players.
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XTEM along NAND string

channel (Bitline Direction) Wordine Direction

Figure 32. XTEMs dual gate SONOS devices [18]

The TEM cross section of Figure 32 illustrates the concept. It consists of a low thermal budget,
inherently scalable, 3-D stackable, nitride based Flash solution with silicon TFT's having sub-50nm L
and W devices built using standard CMOS fab tooling. Strings of up to 64 cells were fabricated with
worst-case string currents in the 100’s of nA’s without special channel crystallization techniques and
virtually zero read- and program-pass disturbs.

& 1020 7,
S ‘ )."vf ..,i__:;-:\. o % .Tp' m
:_: 10194~ *» » 800C 60sec
S . 5 825C 60sec
£ 101"
| .
[ . U
g » A «
0 1017+~ i
> r Bl YN
[ - |.h‘5‘1‘:,’.‘ L
E 1016 . }“-__-'?.?"',-_:..
b= e
< 4015 . ; .
0 50 100 150 200
Depth (nm)

Figure 33. SIMS analysis of antimony-implanted LPCVD amorphous silicon, showing negligible diffusion [18]

Schiltron also addresses S/D formation. This is of even higher significance here since dopant
diffusion in polycrystalline material is usually orders of magnitude greater than in monocrystalline
silicon, a fact that would preclude the formation of ultra-short TFT’s. In this research, however use is
made of an extremely useful property of antimony where optimum activation in poly- and
monocrystalline silicon occurs between 650°C and 800 °C with ho measurable diffusion. Figure 33
shows the SIMS analysis of antimony-implanted LPCVD amorphous silicon that subsequently
underwent the illustrated thermal steps. This mimics the behaviour of the source and drain dopant
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the following pages. The calculation leads to the smallest possible cell sizes and smallest feature
size F which is required for the realization of the different 3D concepts.

VG-NAND

—>

parallel gate

perpendicular gate

cell size

VSAT

perpendicular gate

parallel gate

A
v

cellsize

Figure 114. Minimum dimensions for VG-NAND and VSAT [NaMLab]
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Performance

The specifications for 19nm TLC and MLC NAND flash is contrasted with our estimates for MLC V-
NAND in Table 4. The performance is primarily impacted by the array architecture, periphery circuitry
and layout optimizations as well as the use of charge-trap technology.

V-NAND MLC
Specifications MLC 19nm TLC 19nm 3xnm 24-layer
Density
Page Size
Block Size
Voltage
Operating I max
Program Time
Block Erase (typ.)
Access Time tr
Cycle Time
Endurance (P/E cycles)
Retention
ECC bits/ KB

Table 4 Specifications for NAND Flash vs. V-NAND [NAND datasheets, Forward Insights]

Most of the 3D concepts employ the charge trap stack for the memory element which benefits from

minimize the merge operation latency. For example, the block size of the 24-layer V-NAND is

In addition
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Concept |2D planar . stacked TCAT/
. NOR ([VG-NAND| p-BiCS VSAT
Criterion NAND cyl. FG SMArT
Manufacturing

complexity

Performance

Reliability

Disturb

Cost

Cell size

Stackability

Scalability

MLC capability

Table 5. Comparison overview of the different concepts looking on all relevant aspects [Forward Insights, NaMLab]

Comments:
Manufacturing yield, defect density, manufacturability
Complexity
Performance PGM/ERS speed, read speed
Reliability endurance, retention
Disturb PGM disturb/read disturb immunity
Cost (rel. cost/bit) die size, process complexity, manufacturability, yield
Cell Size physical cell size X/Y direction
Stackability needed additional litho/process steps to stack an additional layer
Scalability Ground rule scaling potential
MLC capability is multi-bit storage really achievable

2D planar 20nm NAND flash is a proven technology that has the smallest cell size and MLC
capability but faces further scaling limitations. All 3D NAND concepts suffer from

© Forward Insights 106



FORWARD,

INSIGHTS How 3D NAND Stacks Up
Cost/ GB
J & » o S O Q N DD » O © A\ )
Q Q° L O Q" L' O Q N NN SN NN D
AT AR AT AT AR AR AT AR DT AR AR ADT AR AR ADT ADT AP
) = -
g \
v
MLC  es===TLC NAND  e====3D MLC NAND e===3DTLC NAND

Figure 137. 2D and 3D NAND Cost Trend [Forward Insights]
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