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Speed

Memory Hierarchy ipnone 7 pius

A10

L1: 64KB (instruction) +
64KB (data) per core

L2: 3MB (shared)

L3: 4MB (shared)

A 4

HBM/HMC Cache : SRAM

To boost the (Low Latency)

performance

3GB LPDDR4
DRAM

To enlarge

High Capacity Memory the storage

(Volatile/Non-volatile)

32, 128, 256GB NAND flash

Capacity

A 4

Gaps hopefully filled by MRAM 3

http://mwww.fansdeapple.com/showthread.php?t=91513



Future:

Al, Big Data, Connectivity/Cloud=
|C/Semiconductor

Science

Internet of things

50B devices

Collection by Sensors: optical/ MEMS/N-x node

vs Technology

X

Big Data
35 Zetta bytes

Revenue growth
Cost saving

Margin gain

Connectivity : Wireless 5G (10T + 4G/WiFi +mm Wave) +

Cloud : compute (Intel/IBM) Memory (Samsung)




This slide will be shown In the
presentation
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*Covers only the Internet connection portion of systems.



2018 Top 16 Semiconductor Sales Leaders

2017 Total 2017 Total

ing:mi ;21”1 Company Headquarters Semi Sales Semi Sales é?;:liﬁo(l/;
($ M) ($M)
1 1 Samsung South Korea 65,882 83,258 26%
2 2 Intel U.S. 61,720 70,154 14%
3 4 SK Hynix South Korea 26,722 37,731 41%
4 3 TSMC Taiwan 32,163 34,209 6%
5 5 Micron U.S. 23,920 31,806 33%
6 6 Broadcom Ltd U.S. 17,795 18,455 4%
7 7 Qualcomm U.S. 17,029 16,481 -3%
8 g |ToshbalToshiba | 13,333 15,407 16%
memory
9 8 Tl U.S. 13,910 14,962 8%
10 10 Nvidia u.S. 9,402 12,896 37%
11 12 ST Europe 8,313 9,639 16%
12 15 WD/SanDisk U.S. 7,840 9,480 21%
13 11 NXP Europe 9,256 9,394 1%
14 13 Infineon Europe 8,126 9,246 14%
15 14 Sony Japan 7,891 8,042 2%
16 MTK Taiwan 7,821 7,900 1%
Source: IC

Insights
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Moore’s Law (scaled FETS)

* |ntel co-founder Gorden Moore noticed in 1964

« Transistor density on a chip doubles per
generation (2x/generation)

« Amazingly still correct, likely to keep until 20xx

MORE Than MOORE: Sensor/MEMS,

Analog, RF, ...



How to do this

* Must: Device footprint (next
generation) =L (current generation) X
0.7

 (optional) Chip area = 2x



Road Map Semiconductor Industry

45 32 22/20 16/14

1995 1997 1999 2001 2004 2007
Minimum feature size 0.35 0.25 0.18 0.13 0.09 0.065
DRAM
Bits/chip 64M | 256 M 1G 4G 16 G 64 G
Cost/bits @ volume
(millicents) 0.017 0.007 0.003 | 0.001 | 0.0005 | 0.0002
Microprocessor
Transistors/cm 2 4M 7M | 13M | 25M | 50M | 90M
Cost/Transistor @ volume
(millicents) 1 0.5 0.2 0.1 0.05 0.02
ASIC
Transistors/cm 2 2M 4 M 7M | 13M | 25M | 40 M
Cost/Transistor @ volume
(millicents) 0.3 0.1 0.05 0.03 0.02 0.01
Wafer size (mm) 200 200 200 - 300 300 300

300
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10
Layout optimization for
restricted design rule : 28nm

= 130nm o— .
"E Color aware design for
= 90nm | double patterning: 20nm and
$ 1 oo
e 3 ' Designsolutions for
o | Tall cell > flat cell | FINFET. 16nm and
s ——eee—d > , below
3 e Design solutions
= StrainedSi | for highR
o 01 i A X

HKMG i\

10nm «
Tnmy
FINFET |
0.01

1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year

J. Chang et al., VLSI, 2017.

« SRAM 6T bit-cell area scaling trends from 0.13um to 7nm technolc

« What does 7 nm node mean?



Technology Portfolio

e = Available
e = In Development

5nm

7nm

10 nm

16/12 nm

20 nm

22 nm

28 nm

40 nm

65/55 nm

90/80 nm

0.13/0.11 pm

0.18/0.15 ym

0.25 pm

0.35 ym

>0.5 uym

Image Embedded . High Embedded BCD-
MEMS Sensor NVM RF Logic Analog Voltage DRAM Power IC

» 3/2 nm technology node
« DRAM and FLASH



Adwanced Design Cost

$580M

$435M

$290M

$145M

$OM

$542.2M

$28.5M

65nm

Design cost only, not include manufacturing

$37.7TM

=B85

40nm

$51.3M

$106.3M

Physical

IP Qualification

28nm

$70.3M I
22nm 16nm

10nm

nm

5nm



Strained Si starting from
90 nm node

Transistor Innovations Enable Technology Cadence

2003 2005 2007 2009 2011
90 nm |..650m | 45 A | 32 nm | 22 nm

/ -

l\
SML :

el 5z 2o ST 4__‘ \..4

Invented 2M Gen. Invented 2 Gen. First to
SiGe SiGe Gate-Last Gate-Last Implement
Strained Silicon Strained Silicon High-k Metal Gate = High-k Metal Gate Tri-Gate 8

Strained Silicon

High k Metal gate

« Enabling technologies: high mobility, high-k/metal gate, 3D transistor
15



IMEC VIEW OF TRANSISTOR ROADMAP

° Nanowire/sheet °
i CFET (non-p) |  VFET
o i 'a
® ¢ . > ¢ ™
6nm Snm
2020 2023

48nm 42nm 42nm 36-42nm 36-42nm Gate Pitch
36nm 32nm 32nm 21-24nm 21-24nm Metal Pitch
6.5T 6.5T 6.5T 5.5T-45T 4.5T-3T # Tracks

2Inm finfet pitch Nanowire FET

‘umec

VFET

Spin Wave Majority Gate

16



Table 2: Device roadmap enabling More Moore scaling: 1) Device architecture, 2) Device module

How far can we go?

characteristics, 3) Performance boosters.

YEAR OF PRODUCTION 2015 2017 2019 2021 2024 2027 2030

Logic device technology naming P70M56 | P54M36 P42M24 P32M20 P24M12G1 | P24M12G2 | P24M12G3

:':,:j" Ty, Noos Renge”Labeng "1614" | “1110" g7~ 6/5" 413" "312.5" "211 5"
o . finFET finFET finFET psions] VGAA,

Logic device structure options FOSOI FOSOI LGAA \le M3D VGAA, M3D | VGAA,M3D

: - - Si,S0l, Si,S0l, $i,S0I, Si,S01, $i,S0I,
Saring ssbetele s e SRB, QW SRB, QW SRB, QW SRB, QW SRB, QW
N-channel si sSi sSi, Ge sSi,sGe, IV | s5i, sGe, IV | sSi, sGe, IV | sSi, sGe, IV
P-channel si Si,SiGe Si,SiGe Si,SiGe Ge Ge Ge
Channel formation Hch Hch, I Hch, I Hch, B Hch, 91 Hch, 91 Hch, 91
Contact material Silicide Low-SBH Low-SBH Low-SBH Low-SBH Low-SBH Low-SBH
Contact integration = = v;.:c WAC WAC WAC WAC

SCE
X Parasitics Parasitics Low Vdd Low Vdd Low Vdd
Main performance booster fhl-::ght fill»l:tlgm finHeight finHeight 2D 2D a0
Scaling focus Perf Power Power Power Function Function Function
Channel strain Yes Yes Yes Yes Yes Yes Yes
S/D strain Yes Yes Yes Yes Yes Yes Yes
% i Ballistic Ballistic Ballis tic
Quasi Quasi
Transport scheme DD Ballistic Ballis tic Ballistic TFET, JFET, TFET, JFET, TFET, JFET,
NCMOS NCMOS NCMOS, Spin

Acronyms used in the table (in order of appearance): FDSOI: Fully-Depleted Silicon-On-Insulator (FDSOI),
LGAA: Lateral Gate-All-Around-Device (GAA), VGAA: Vertical GAA, M3D: Monolithic-3D, SRB: Strain-
Relaxation-Buffer, QW: Quantum well, SBH: Schottky Barrier Height, WAC: Wrap-around-contact, DD:
Drift-diffusion, TFET: Tunneling FET, JFET: Junctionless FET, NCMOS: Negative-capacitance MOSFET.




|C/Semiconductor

T B E R FUIF T IHTRR

Diodes 52.58 =252 68
Discrete - -
Emall Signal Transistors | 52.2B—252.48
519.88 POWEr ransse| 511.08B = 512.2B
521.68B
Rectifiers | 52.1B = 53 .48
Opto-
electronics Thyristors | 50.7B - 50.7B
W 521.78 Other Discretes | $0.38 - S0.38
Semiconductor 522.48
5298.38 Censoms &
5314.48 Actuators
Analog 542.3B - 545.28
56.98
2B )
58 Micro. SE0.EB = SE7.7B
FY2010 i Loeic 577.4B > 53178
FY2011(E} $249.98

18



2016 # >3 L AP~ 29 F

>3 3 338.9B% ~

®Sensor: 9.1, 2. 7%
®Discrete: 18.7, 5. 6%
®(Opto: 35, 10.4% : CIS, Si photonics
®IC:
Analog, 46.5, 13.8%
Memory, 72.4, 21.5% DRAM/FLASH
Micro, 62.5, 18. 6%
Logic, 92.1, 27.4%




Fab Equipping Spending over Time

{All Front End facilities. Including new, used, and in-house)

US 5 Billion
$70.00

$60.00

$50.00

$40.00
$30.00
$20.00
$10.00 i
$0.00
2

5§

R

World Fab Forecast reports (Dec 4, 2017) published by SEMI
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Semiconductor Equipment Shares
2016-2017 YTD

SEMICONDUCTOR EQUIPMENT MARKET SHARE
-CY 2016

Hitachi High
Screen  Tech  ASMI
a1y 4% 20%

KLAC
1.8%

TEL
17.0%

ASML
18.5%

LRCX
19.0%

Source: The Information Network (www.theinformationnet.com)

SEMICONDUCTOR EQUIPMENT MARKET SHARE

-CY 2017 YTD
Hitachi High
Screen Tech
2.7% 3.1% 1.7%

TEL
19.4%

LRCX
20.6%

Source: The Information Network (www.theinformationnet.com)



Silicon Crystal Structure (Ge, SiGe, GeSn)

Unit cell of silicon
crystal is cubic.

Each Si atom has 4
nearest neighbors.

Si sp3
Conduction band is ?
Valence band is ?



EE: Large | ,, and small V,
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« Charge/ Discharge speed = %
« Dynamic power dissipation

= Charging + Discharging
= (5 CVvEp+3 CV3p)7

T
= CVIZ)Df

\ ‘ Discharging

Inverter = Ring oscilator

24



1
Ion 7 Jun 0x ( )

Large lon 9h|gh speed CV/i

€ox

large w,, ,Cpy = o large €,,, small

ox

tox—> large tunneling current ( big 1g)

CVpp“f — small Vpp — small SS — FinFET

Iof : small tunneling (many sources)

* u: high mobility, & high K,
3D transistor: W



loqg |
glip "

lon

lon : large,

small Vpp ,
small dynamic

1
!
!
1
:
slope:  SS small,
4
l
: power dissipation CVpp2f
1

l¢ : small

VDD

V
l,#Vop : low leakage power G



Power Saving : To Increase Mobility/high K

log Ipa
|
' Mobility 1
|
on / Ion = neu
! 1 w 2
: EﬂnCox T (Vgs - Vt) T
— oY,
: Delay (Speed)= I
|
! - >
VDD VDD VG
Power = CVpp°f L Cox=¢/tox

« Channel: Strained Si => SiGe=> Ge ?



Strained Si at room temperature (90 nm)

two-told <001> <001>

perpendicular valleys 1000
four-fold
i:::la:e valleys A2 \A /
3D s00|-*

<= 010> A = 010>
@ S © 5

T T T v T T T v T u J
I Strained Si I
= /

i Mobility enhancement

-{.\.‘.

<100 <100

@
’;' :
‘ / Universal mobility
A S o 0 02 04 06 08 10 12 1.4
. . X . . E _(MVicm
unstrained Si strained Si on Si, ,Ge, o { )

M. H. Lee et al., IEDM, 69 (2003).

The tensile strain lowers A2 valleys with low in-plane
effective mass.

More electron in high mobility A2 valleys

~2X enhancement

Hole?

28



Record High 2DEG Mobility (2.4 M cm?/V s)

3.0x10°
m > 5x10° Background charges: 1.2 x 1014 cm-

oX -
> CL Rl LN '-
~ [} m B
£ 2.0x10° F =
o m 20% enhancement
2 15x10° b
=
o loxwo'p M
£
O s5.0x10° F
g ]
N 00 » » » »

0.0 5.0x10°  1.0x10"  1.5x10"  2.0x10"  2.5x10"

Electron density (cm'z)

M. Yu. Melnikov et al., APL, 106, 092102 (2015).
Collaborate with Prof. S. V. Kravchenko, Northeastern Univ.

2.4 x 10° cm?/V s by the reduction of
background charges from 2.3 x 104 cm3to 1.2
X 1014 cm3.

29



0 4 8 12 16 20

T T T T, T
 GaPWc. - gAlAS Direct gap
2.0 Lg'igi S N _ — _Indirect gap | 9-6
T : T 2 AISb =
< 1.6 fLDsi : -P_\
> Fc=0.66nm GaAs\ P 108 %.
E)/ [ a=0.4nm 8.5K ~
1.2 FOFH m  0.4K 1.0
% - sil p
1.2 O
) [ 14K T c
= 08} o04s5K™, @
c ; 20 @
48] [ Strained SiGe-- InSb %
)] 04} 77K
[ LD-Ge* 08sk] 40 <
L |
! T=0K 0.5K { 10.0
0.0F = Sn
: *The misfit of Ionsdalleite(LD) structulre is based on Sli(lll)

0.54 0.56 0.58 0.60 0.62 0.64 0.66
Lattl Ce CO n Stant (n m) [4] Lan et al., PRB 95, 201201(R), 2017

* Ge has 3x electron mobility and 4x
hole mobility of Si.



SiGe channel PFET using Si cap

.S T NN T ™, : }
[ .‘j "| Lom L S ‘.\‘."":’. . ~ B8 .
L4 S " (38 M £ 2

[y WA W5 -

Sicap

Slp,Geqg

Si

«Si cap for high K/metal gate

*3x mobility enhancement
ROC patent 2006

o 600 - :

% - -= Universal Moblity
] Bulk Si SB PFET

\; —e— g-Ge SB PFET

= a0 R
Qo

o 3x

€ 300}

Qo

2 200}

ER - -
5 100

2

W o

Effective electric field (MV/cm)

C.Y. Peng APL 2007,

0.10 0.15 0.20 0.25 0.30
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Effects of High-k

! t—=20A ! t—40A t—100A

K
D
Si0, (3.9) Si,N, (7), ALO, (9)  Y,0, (15), Hf/ZrO, (25), La,0, (30)
€ ox, inv \ Si0
- ‘ﬁcg : ‘f(Vgs — Vi), where Cox, in = EOT = thigh—x (khi;hik)

®

*k T’ Cox, inv Ta Ion T
* K1, thign T, leakage |

32



High-k Dielectric reduces leakage

substantiall
IR M‘:,Z:m

J.0nm High-k

Silican subsirate A ;ﬁllhnn subatraie

Fr=rfrign “pdgrgiapy [
_J‘_.'I ' ‘lla-l..a .J..g:.ll i 'JI L .'r..l._.... pl = |

Benefits compared to current process technologles

High-k vs. Si0, Benefit

Much faster

'[:i. 1 dfnce Ya 5
Apacitance &0 greater iransistors

Gate diclectric

leaka ge > 100X reduction Fir cooler

33



Reduce to Power (= CVpp2f) by 3D transistor = small Vy,

log I 4
) : Delay = CV/I
Small /! : IO” >
SS I ! :
.\ I SS(subthreshold slope) = inverse
| Large I of the slope in log I, vs Vg plot
1 SS |
I I
I I
I I
I I I
off : :
I I
V(0.5 Vpp(0.9V)

V) Vi

e SS =60 mV/decade for thermionic emission, 3D transistor
 SS <60 mv/decade — Steep slope: NCFET , TFET(X)



Planar MOSFET structure upto 20/22nm

Smallest dimension?

Metal or

Gate Polysilicon gate

Source Drain

Substrate
(body)

Historically, L is the technology node up 250 nm/350 nm



FINFET 3D transistors to reduce SS

22 nm 3-D Tri-Gate Transistor

3-D Tri-Gate transistors form conducting channels on three sides
of a vertical fin structure, providing “fully depleted” operation

Transistors have now entered the third dimension!



Make your own FinFET

* One piece of paper for each students

e Wfin needs to be small:
footprint, DIBL (electrostatic)



3D Transistors to Reduce SS

Planar FETs

High-k
Dielectric

3D transistors

Source: Intel

Current can NOT go through at Vgs=0V.

« SS approaches 60 mV/dec (70 mV in real
devices)

 Thinner is better?

ref: C.Hu, “Modern Semicon. Devices
for ICs” 2010, Pearson

38



100

= Symbols: Ref .Nuo Xu et al., IEDM,
O Si(001)

Lines: Our works

2010 4
O Si(110)

H., =5 nm W_ =20nm
10" 1.5x10
(cm™)
InV
SE+19
(io0yoe  (100) (a)
L 4E+19 |
=
=
= 3E+19 f Tg=6mm
% T3i=20 nm
=
S 2E+19
3
[ak]
m 1E+19

0

-0-8 -6 -4 -2 0 2 4 6 810
Position from DG center (nm)

n(110) ~ p(001)

>
-

o)
o

SinMOS (110) is qwte to (100) close

‘S 800
600

= 400.

o 250
= 200

Electron density (cm2)

VLSI 2011, SEMATECN

SE+19

4E+19

3E+19

2E+19

1E+19

0

b)

'\‘l

Closed: (110) <110>

- @ Open: (100) <100> = PMOS]

Sio IPon F|nFET ]

ENMOS

P I \\
A\

L -

0 2 4 6
. [10%/em”]

(110) (b)

(110) DG

Te=6nm

-0-8 -6 -4 -2 0 2 4 6 5 10
Position from DG center (nm)

Volume Quantization in (110) double gate FET Enhances electron

mobility

(110) sidewalls are much easier to reach volume inversion.

8
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FINFET %7/ - Intel 22nm (where is 22 nm?)

Intel (22 nm) TSMC Intel
[ (16nm)z; (14nm)3)
Fin pitch 60 . 1 4o
(nm)
Gate pitch 90 a7 20 0
(hm)
Fin height
(nm) = 42
On current (I@:cgii(:)Of @Vdd:O75 @Vdd:07 @Vdd:08
(UA/UM) oS oo | PMOS:960 | PMOS: 1040 | PMOS: 935
NMOs: 1070 | NMOS:925 | NMOS: 1040 | NMOS: 808
PMOS: 50 PMOS: ~60
DIBL(MVAV) | 100: 26 <40 Moo o 40
PMOS: 72 PMOS: 71
S.S. (mV/dec) NMOS- 69 <70 ~65 NMOS: 67

 Intel has the largest on current than others.
Intel use self-aligned double patterning(SADP) to form
minimum interconnects pitch of 52nm (M2).

Ref[1]:Auth, Chris, et al. VLSI 2012
Ref[2 : IEDM 2013 ®
Ref[3]: S. Natarajan , et al. IEDM 2014
Ref[4]: C-H. Lin, et al. IEDM 2014



R. Xie (GLOBALFOUNDRIES, IBM Alliance),
IEDM’16

Note: MO/CA/CB are dual
damascene

Fin Pitch, Gate Pitch, Fin Height,

Fin Width

41



Beyond FINFET: Gate All Around

® Defect control

- laser annealing
- defect etching to form GAA)

® Roughness
- jJunctionless

® Contact resistivity ® Gate stack

- high doping -Al,O,/GeO, (Not good enough)



. Ep Beyond FINFET: stacked GAA

-strain engineering: fully compressive strain for stacked GeSn
channels
-defect and dislocation: defect confinement atsGe/SOI interf@gpdnnd release

-inter-channel uniformityyggacrificig -etching selectivity: H,O, etching
-Inter-channel uniformity & line edge
roughness: sacrificial layers etching
with ultrasonic assist technique
-effective mass & strain after channel
release: biaxial to uniaxial strain &
microbridge effect

 Low thermal budget gate stacks
-low D;, of IL, high-k material, and lo\
dispersion: TiN/ZrO,/Al,O4;+RTO witl
400°C thermal budget

« S/D:
-high doping
-low parasitic resistance
=>» Optimization for in-situ doped GeSn S/D

and PtGeSn/PtGe formation to decrease

parasitic resistance are achieved. 43



Solution to stacked channel

Channel release by H,O, etching

~J1.60

€. ..lC Geg9,SNny o3 @s grown
g '( J“ (100)undoped
w1.50 =3

0

D1.45F
c ]
L1.40F

H,0, etching 10s
w/o ultrasonic assist

S1.35} B

L .- [ H,0, etching 10s

g ) N, [ 272 )

150nm = 51'25. w/ ultrasonic assist
T— 5 1.20 L .

. Pure Cl, or HBT &nisotropic etching 1%orm the fin-

structure.

* H,0, wet etching further removes the Ge sacrifacial layer
to form stacked GeSn wires.

* SnO, remains on GeSn surface to achieve high etching
selectivity.



Stacked 3 channels Ge, g3Sh, o7 JL pGAAFETS with
optimum ultrasonic-assisted H,O, process

I,./1,,~5E3
I/l ~TE4

10° The device with only
3 ~58nm Si channel
" fv = -0.08V,-0.5V L =60nm
10,8 15 10 05 00 05 1.0
Gs
2200
2000 b)lon=1975 ]J.AI pm
1800 atVv 0V=VDS=-1V
1600 V_ =0~1V
3. 1400 ov
1200 step=-0.25V
=.1000
5 800
600
400
200 .
8607 050 025

Vbs(V)

0.00

l,,=1975pA/um at V,,=Vps=-1V with 3 channels.

Paracitic Si channel

= Vo=Vgs=1V

32200 optimum etching 3 wires [Sn]=7%
2000} -

~1800 ) Hina 2 wi

= 1600F |.0n optimumoeatclz‘i:gm etc[slrigsa/wwes

§ 1400f [z wires. [501=6%

= 1200

©1000F [~3.3X

c 800

2 600 F —IM 1 channel

O 400F \< JL 1 channel
S

5 200

o 0 i i i i i
5 0 50 100 150 200 250

L.,(nm)

 Si parasitic channels has much smaller |, and due to large
AEv at Ge/Si, parasitic resistance for un-intentionally doped Ge

and lightly doped Si.



3D NAND Flash

3D NAND
Architecture

N\
§
N\
WL \
S
N
§

Memory Holes

SGD: select gate at the drain end
SGS: select gate at the source end

N
Q
Q

ST T U Z YV Z 2

B

R

4((%

Source Plate
Memory Cell

Source: Western Digital, DevelopEX 2017

p.46



3D NAND (96, 128 L)

e Structure

« SONOS
3D NAND Flash structure

Silicon-Oxide-Nitride-
CGs, Bottom SG and Bit line OXIde-SI|ICOH
FN Tunneling

Top SG connection Bls

Source line connection

Top select Gate

Channel — Control Gate

Poly-silicon
y )_

Bottom SG gate

Source line

Source




48

3D IC

e Scaling faces physical and cost limits.

e Size reduction 2D SoC
e High interconnect density Long Giobal
s Faster shorter wire
= Less power consumption Y o 2oy

e Hetero-integration 3D IC _:/“:'“'7-7

= Memory, logic, optical, MEMS, RF chip

TSMC course



High Bandwidth Memory

| TSV(Through Silicon Via) Source: SK Hynix

« Stacked DRAM dies,
connected by TSVs

TSV Stack
Upto4ors8
DRAM dies

’ * Size reduction, but

high density
7

1 024-bit x 1Gtps

-:IZBGHBIsec (256GB/sec for HBM2)

-~ TSV Interposer |

e —————1 7
1024-bit //
8-Channel
Wide Interface

Interface

Copyright (c) 2013 Hiroshige Goto All rights reserved.



DRAM on Application Processor

Source: TSMC

* Vertical interconnects in
molding compound (TIV)

« Stacked DRAM dies on
application processor (AP)

g* L “h . No additional substrate

- Low cost




DRAM Architecture

Word-line Cap
Conjunction  S/A Wi)
WL ﬁ:—-—"‘/
(DC) (BC)
SWD Cell array Bit Line
MAT {BL} Well

[Short Course 2, 2018,

IEDM] Samsung 26nm 4Gb DRAM cross-section (source: Chipworks)

« DRAM consists of
* 1. RCAT (Recessed Channel Array Transistor)
« 2. Capacitor
« 3. Peripheral transistor (regular logic transistor)

1T/1C

GIEE, National Taiwan 51
University



RCAT

s D
Substrate P
—— =
~
s D ([@)) .—|-<
@)
-
Substrate
s ° Channel length [Dongsoo Woo, 2018, IEDM]
Substrate DRAM cell scaling

« Retention time = 64 ms (JEDEC Spec.) = need low leakage current (1fA/cell)!
 DRAM cell scaling = short channel effect

« DRAM cell transistor should be long channel to reduce the off current.

GIEE, National Taiwan University [1] [Kinam Kim, 2007, IEDM]
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RCAT

Drain

¢

1 H

Source

o .
Source <fem mm == - - - - - - - P Drain 1
Channel length S L > H y

i
Substrate Increase the channel length *

-

---->

I'-Channel length = | +2H
Substrate

Planar transistor RCAT

« Channel length of transistor increases by recessed channel
to prevent short channel effect.
e Planar transistor = 1-dimensional channel
« RCAT(Recessed channel Access Transistor) =» 2-
dimensional channel
« Channel length: RCAT (L+2H) > Planar transistor L
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Emerging memory

(source: IEEE Solid State circuit Mag.) Col.8 n0.43, 2016))

TABLE 1. DEVICE CHARACTERISTICS OF MAINSTREAM AND EMERGING MEMORY TECHNOLOGIES.

MAINSTREAM MEMORIES EMERGING MEMORIES
FLASH

SRAM DRAM NOR NAND STT-MRAM PCRAM RRAM
Cell area >100 P 6 F 10F <4F?(3D) 6~50F’ 4~30F 4-12F
Multibit 1 1 2 3 1 2 2
Voltage <1V <1V >10V >10V <15V 3V <3V
Read time ~1ns ~10 ns ~50 ns ~10 ps <10 ns <10 ns <10 ns
Write time ~1 ns ~10 ns 10 ps—1 ms 100 ps-1 ms <10 ns ~50 ns <10 ns
Retention N/A ~64 ms >10y >10y >10y >10y >10y
Endurance >1E16 >1ET6 >1E5 >1E4 >1E15 >1E9 >1E6~1E12
Write energy (J/bit) ~f] ~101) ~100p ~10f) ~0.1p) ~10p) ~0.1p)

Notes: F: feature size of the lithography. The energy estimation is on the cell-level (not on the array-level). PCRAM and RRAM can achieve less than
4F* through 3D integration. The numbers of this table are representative (not the best or the worst cases).
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Memory hierarchy

Cost Capacity Latency

L1 cache
Hot tier
L2 cache
SRAM 1x 1x (eMRAM-S) L3 cache (LLC)

M NN EEEEEEEEEEEEEEEEEEEEEEEEEEREEEEEEEEEE LLC: Last-level Cache

Memory Intel Optane DC
Persistent persistent memory

------

Intel Optane
=¥ 55D DC P4801X

NAND Flash

SSD 1000x  100,000x SSD Flash NOR Flash

HDD | 10Qr 1Mx “

Cold tier  ggp Flash and SRAM(LLC)hopefully replaced by MRAM

 To meet the high performance (high
capacity, low latency , low power) =
persistent memory, MRAM

Ref: 2017, IEDM, Short Course2 55



How much can you know

1. SiGe Y%kt » £/V—IH

2. What 1s USB memory ? DRAM,
FLASH, SRAM?

3 What 1s the PPACR?

4. FinFET FI VT 2 G B > R [E] By fa] 2
5. B HATEElonEE KAV 74 -

6. Ey{T I lonEE K?

7. B HOFE(EVAAE N T E o




8. ot TEVAdZE/ N
9.

Hz F Snm node HYEE i e B FE 2 Tnm node
Hy 2% ©
10. 10nm node By N —{ L E2473K ?
11,180 & Bl HIFE & 120 &5 [BlHY 2% %7
12. APPLE A10 By FHFInFET or Planar
transistor

13.What 1s the access transistor of DRAM?
14.How many layers of 3D NAND?

15.What are memory gaps in memory
Hierarchy ?



Summary

Broad applications: A, B, C
Smart phone is still the killer application
New technologies (7,5, 3 nm) for computing

Old technologies + background knowledge for
More than Moore.

MEMORY is the key to success



