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Lecture 14

 Advanced Technologies on SRAM
— Fundamentals of SRAM
— State-of-the-Art SRAM Performance
— FinFET-based SRAM Issues
— SRAM Alternatives

Reading: multiple research articles (reference
list at the end of this lecture)




Static Random Access Memory
(SRAM)

WL . Static Noise Margin Write N-Curve

N TE———-—-———— |
—"— Tech. A
_ —* Tech.B
Pass|Gate _ 40.0p- 1 Tech. A 151 pA |
5 < 1 Tech.B 17.7pA ]
— —520.0u- fy .
Q
— 0.0- ;
BL
L 00 02 04 06 08 10 00 02 04 06 08 1.0
- VR (V) VCH(V)

Design: Operation: Performance:

* Typically consists of 6 - Standby: WL=0 - SNM
MOSFETs (6T), including 2 * Read: WL=1,BL=BL=1 * Read Current
cross-coupled invertors (M, ,) then BL discharged to 0 by M, * Write Noise
and 2 access transistors (M5¢) « Write: WL =1 Margin (WNM)

« Wordlines and (differential BL=1,BL=0— content=0 * Write Current
signal) Bitlines BL=0, BL=1— content =1

11/17/2013 Nuo Xu EE 290D, Fall 2013 2



6T SRAM Design Trade-Offs:
Read vs. Write

READ - OPTIMIZED SYSTEM WRITE - OPTIMIZED SYSTEM

'y rFy
WL & WL &
' > ' >
LARGE Tpu Large Beta LARGE Small Beta
(Tpd/Tpg) (Tpd/Tpg)
SMALL Tpg Large Gamma SMALL Small Gamma
(TpwTpg) (TpuwTpg)
&) Tpd |F— (&) o
o @ & @
BLRn _.{'L 1y BLRn g 4% >
e WBS dg RBSN  4e» o wes 1 d[l RBSN 4t »
W ®) (") (n) o | () () ")
O - = Q =
2 a § L’[ = 2 a
DOn DO - DOn DO
DinL DI
SET 4 WRITE SET o
Write Driver Sense Amplifier Write Driver Sense Amplifier
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SRAM Technology Scaling Challenges

Degraded Electrostatics
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Impacts of Performance Variability

- Why variability is extremely harmful to SRAM?

« SRAM always uses minimum transistor size, to reduce cell area.
— Poor immunity to random and systematic variability
 Read vs. Write conflicts; Voltage loss on PG during Read
* V4 mismatch results in significantly reduced SNM.
— Lowers SRAM cell yield, and limits Vp scaling

pull down pull up access

35517 _' “match” “mismatch”
0.4 2.5:1:1.5 .
< x 2:1:15 S Voltage S Voltage
2’0 3. %ﬁ’} # 251125 = | scaling = scaling
% 1PD:PU ratio* m,;‘fgﬁ Pareto g g
go.z- i.:,,'i’I Optimal
tPU:PG ratio \M = ‘.'.'. Curve
0.1
0.12 0.16 0,20 0.24 |
RSNM (V) Vin (V) Vin (V)
J. Luo, SSDM (2010) K. Zhang, VLSI (2004)

 Immunity to short-channel effects, as well as performance
variations is needed to achieve high SRAM cell yield.
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Impact of Technology Flavors

0999 o Fast Comer: DATA B S F 040
093 ©Nominal : DATA &« ¥V 5 0.36+ ]
0:95, Slow Corner DATA - | A < 0.321 i
5 080 +BSIMCMG 203
2075 | =028 :
8 0-50"3 0.24] ]
£ 928 0.20 A .
010 o Slow A
e ] 01670 Nominal -
08080%3 0.08 0.10 0.12 0.14 0.16 0.18 0.20
000t g & & SNM (V)
005 01 015 02 025 03 035 38y ]
VT (V) | o© Nominal WAOG _
. 364 2 Fast .
- Different technology favors are < 24 Slow ]
implemented by V;, engineering o
. . . ® 32- _
« Fast switching device has less Read 2
and Write stability, as well as larger cell 3 30 1
e
leakage (standby power). 28 1

X. Wang, ESSDERC, 2012 26'_ 1

1E-10 1E9 1E-8  1E-7
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Circuit Techniques to Improve SRAM
Stability

b K. Zhang M. Yamaoka,
namic V - ’ i ISSCC (2004
J Y DD |ssCC (2005) Floating Vpp (2004)
WL 1. Memorycell [ 1]~ Memorycell ||
BEI cal CEII lml IIIIIII CE" R . ----------------- -
WL
WL
[cel Icell | | |ceN cel] | "mumERE bl
BI MUX
Vel MU Ux ey — Switch (On)‘-’ddm
VCC_hi/:l i e = @ _C“:I
vCC_lo t
Pulsing WL . . i H. Pilo,
; g ~ M.E. Sinangil, Negative BL ISSCC (2011)
VDDgsr |, ISSCC (2011)
h‘. \‘ ......... J_L WL _ L] [+ [
booct Vi E £ l l wiL
008 Vy : 'E' ' | GND ——d - e e
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«l >o—| >o—| >0--- . T i 5 S enp o
Y J"" go's - e VBOOST - - ——— o =T
=
. . .
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45nm 6T SRAM Design Rules

PD NMOS: WI/L, = 85/34 nm
PG NMOS: WI/L, = 65/39 nm
PU PMOS: W/L, =65/34 nm
Contact Size : 66nm
Gate-Cont. space : 35nm

Well Isolation :  100nm
P+/P+ Isolation: 70nm

DT Ratio : 1.50

DT Ratio(W) : 1.31

0.720um
Cell Size : 0.72 % 0.345=0.248um?

 Imposed by OPC, SRAM cell layout evolved from arbitrary shapes to
predominantly straight lines and holes.

 Imposed by Double Patterning, poly-gates are oriented in the same direction

H. Nii, IEDM (2006) & after S. Yu (ASU, 2013)
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State-of-the-Art SRAM Cell Area

N
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State-of-the-Art SRAM Performance

Company | Node Area Vbp 1 SNM, | Vpp, | SNM, | Ref.s
(hm) | (um?) (V) (V) (V) (V)
u'_J Intel 32 0.171 ~0.9 ~0.2 IEDM 09
g) TSMC 32 0.15 1.0 0.22 0.8 0.2
= |IBM 32 0.157 0.9 0.213 IEDM 08
X
S | UMC 28 0.124 0.9 0.179 |0.7 0.144 | VLSI 11
m
=/ | Samsung 20 0.9 0.255 IEDM 11
c
S | IBM 22 0.1 0.9 0.22 0.7 0.148 | IEDM 08
o PDSOI
IBM 22 0.094 0.8 0.2 0.4 0.1 VLSI 10
0.063 0.8 0.15 0.4 0.05
TSMC 20 0.1 0.85 0.45 0.09 IEDM 10
0.65
Intel 22 0.092 ISSCC 12
0.108
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FINFET Advantages and Challenges in
6T SRAM Design

SNM of (left) planar control & (right) FinFET SRAMs
12 12

1.0¢ _ 1.0
08
06 —
04 —

02} — 0.2

0.0 ' . : T' 0.0 s . .
oo 02 04 06 08 10 12 00 02 04 06 08 10 12

T. Park, [EDM (2003)  'n 'Y Vie V)

 Pros:

v" Improved SS — Lower Vy at given Iog — Higher Ig..q45 Lurite
v Reduced DIBL — Larger output resistance — larger SNM
v" Reduced performance variability (LER & RDF-induced) — larger SNM

 Cons: . _ o limited design space,
x Effectlv_e W'd_th quantization have to use different L , hindering
x V14 engineering is difficult cell area scaling...

11/17/2013 Nuo Xu EE 290D, Fall 2013 11



Planar FET vs. FInNFET SRAM Design

Planar FET FinFET
PassGate Pull-Down Pull-Up

H:

PassGate Pull-Up Pull-Down

\ \ \

“E 400'. —— Write _\-'Iargin E 350 =—— Write Margin
= 3501 =4— Read Margin =t 1 Y —— Read Margin
= ] Z 300
z 300 0\ S ' \ /
= 2504 0\ < 2504
§ 200+ 0><: @ 1 /\
£ 2001 = 200+
Z 1504 " L . A
T 100 A % 1504
% 50 d——————————— S 100

05 10 15 20 25 30 ~ 1 > 3

Cell Beta Ratio
# Fins on NPD
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Impact of Performance Variability on

FInFET-based SNM

T
) 7 L o SNM(L) oo
> N o o SNM(R) O &
ing L 5L & SNM i
3> SNM =
0.6 =
S =
2. S _
R 0.4 5
> I g 2 EIL(?G without T=358K |
0.2 Voo™ S Maa Vpp=09V |
“| — RDD.LERMGG o S |
- —— RDD.LER -4 160 200
002 04 06 0i SNM (mV)
0 0.2 0.4 0.6 0.8 A | . | | |
VL (V)

[ ]

Butterfly curves subject to
statistical variability sources.
Left tail is close to Gaussian.

|
]
T

Normal Quantiles
o
I

Fin number affects SNM - '

distribution 00 150 éNﬁbO \'T 250 300
X. Wang, ESSDERC, 2012 1 (@V)
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FinFET-based SRAM SNM

PU: PG: PD
300 — B 11 wio MGG ' ' ,-\25 "B 111 woMGG T
BB 1:1:1, w/ MGG = B 1:1:1, w/ MGG
= 1:1:2, wio MGG g 1:1:2, wio MGG
250 1:1:2, w/ MGG =200 5 112 w/MGG -
> g |
5200 - 7 2t
5 R 10
> e |
<C 150 ,§ s
g
W
0

100

SNM

« Metal-Gate Granularity (MGG) causes large SNM variation.
« 2-fin PD design helps to increase SRAM SNM while reduces
oV, With the cost of 20% cell area increase.

X. Wang, ESSDERC, 2012
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Intel’s 22nm SRAM: Tri-Gate Technology

1 Pull Up power & performance compared
to planar bulk technology
High Density & 1 Pass Gate 1000
Low Leakage Cell g 13]
(0.092 um?) 1 Pull Down 2 100 |
5 T~
?‘} 1
" = 10
Low Voltage Cell 1Pass Gate SSCISSREEESEEIEEEE 8
(0.108 um?) @ @Vee= 1V, Standby
' 1
2 Pull Down 32nm LP 22nm LP
800 MHZ Hz 35GHz 48 GHZ
1.0 o o-

High Speed Cell 2 Pass Gate

65nm LP
Planar
0.9 Ti-g 22 nm SP

S
(0.130 um?) Iy
3 Pull Down | COR T3 AT TYTCTUTTE fE 171100 o 220m HP
————— e —_ g 0.8 Trigate [6]
- Different SRAM families are implemented 3 .
by using different # of PD and PG fins. 3 —
* 4-5 times standby power reduction due to 0.6
Supreme SCE COntrOI. 0.0 1.0 2.0 3.0 4.0 5.0
C.-H. Jan, IEDM (2012) Operating Frequency (GHz)

11/17/2013 Nuo Xu EE 290D, Fall 2013 15



Intel’s 22nm SRAM:
Collapsing Vyp Technique

WLUD-Read Assist Transient Voltage Collapse Write Assist
: TVC-WA TVC-WA TVC-WA  TVC-WA
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S o e 3] a Nwr [PB[2:0] 8 nwr [dPBL2:0] 5 8
uls TVC-WA P 2 2 - =
WR CLK Pegranaiabic Ly ol ltvewa L & ak Ll Tve-wa % Tvc-wa
TVC-PWM[3:0] Pulse Generator 3 Bias 3 3 Bias 8 Bias
COLSELL:0) COLPULSE[3:0] : - :
TVC-BIAS[2:0]

11/17/2013

Nuo Xu

Transient Voltage Collapse Write Assist

EE 290D, Fall 2013

16



Independent-Gate FinFET-based
S RAM DeS | g N Z. Guo, ISLPED (2005)

Access  Backgate NPD Load
Connection

wlo feedback

 Enhanced Read margin

-175mV
0.84 .
 Reduced WL capacitance
— w/ feedback
> 067 ~300mV lreap Nearly unaffected
o
E 044

Lower Storage
Node During

/ Read

0.291 High Vy NPD
Deare, np = 4.75eV

0 0.5 1
Vsni (V)
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Multiple-Fin-Height FinFET-based
S RAM DeSig N M.-C. Chen, VLSI-T (2013)

F|nFET s TEM

PU, PD and PG FinFETs I vs. V,

Process flow to form
multiple fin heights «

OX etchi Recess mask
S & OX recess 6T SRAM s SNM
beta=2

Gox + TiN gate dep. Gate etching
& Gate pattering (NIL)

".:i
E
= 100
=
]

k=
]

I snm>25% || . 10™ .
0 06 0.7 08 09 1.0 ) 10 '1.0 '0.5 G.U 0.5 1.'

V,, (Volts) Gate Bias (Volts)

VO ut (VO":S)
=]
o

o
-h.
v

0.0 02 04 06 08 10 1.2
Vi, (Volts)

1. Single fin and larger fin heights used for PD NMOS, which reduces over
20% SRAM cell area compared to a 2-fin PD design.

2. Extra lithography steps to pattern fins to 2 heights: 20nm and 40nm
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SRAM Alternatives: 8T Cell

11/17/2013

Clock Frequency (GHz)

Clock Frequency (GHz)

J. Kulkarni, VLSI-C (2013)

Nuo Xu
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and hence power

14KB 8T-SRAM

RWL
WL l * Ny, N, separates Read and Write, to lower
O Voo J_ LI operation voltage,
AL alli No consumption.
] I U e ) miain AN - Demonstrations on a
- 1 , .
AL v based on Intel's 22nm Tri-Gate technology:
] = Vopomn IS lowered by 130-270mV with 27-
5 :
WEL - o RBL 46% less power consumption.
= S 300 —#-Baseline
£ 300 - o =@ E a. -@- 50mV boost
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SRAM Alternatives: SDRAM & nvSRAM

Renasas’ SDRAM Technology:
. 1. Poly TFET as PU
Capacitor 1 cell unit PMOS
1 a—— 2. FEOL PD NMOS
(1) | (ji ' ' 3. BEOL MIM
(4) | — ( | Capacitors
a5 4. FEOL PG NMOS as
(2) @ L well as the Access
Transistors in 1T1R
(3) (3) Features:
1. Ultra-low power
8T2R nvSRAM 2. Immunity to soft
150 F errors
—"“0"State
100 — *1”State

' RRAM Switching

B Characteristics

I/p A

0

*
=50 Reset\/
4
-100 | .

R Ay e " P.-F. Chiu, VLSI (2010)

B Diffusion == Poly O RRAM device
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SRAM Alternatives: Context Memory

Memory Hierarchy Intel’s embedded DRAM at 22nm

‘Leakage issue‘ L BB B B ]

- . W .
CPU
Register

L3 cache (2011)
L4 cache (2013) LK}

Permanent Storage
Hard Disk Drive, Solid State Drive

Access Time (ns) | Feature Size (F?)

AccessTransistor

SRAM 0.5~1 146 —T1- Bitline
Wordline L’ s
¢DRAM | 3 6 {b}Capacitor

Higher density yet lower power embedded memories =

?re .n?eded“to brldg? the p.erformance gap betwe“en R. Brain, VLSI (2013)
logic” and “memory” circuits, and eventually the “Von
Neumann Bottleneck™?
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