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Trends in RAM Developments (R&D)
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Challenges to LV e-RAMSs

RAM Cells
<Extend low-voltage
limitation to sub-1V
-Degraded S/N
-Increased leakage
<Reduce cell size

DRAM

K. Itoh, Hitachi

Peripheral Circuits
eReduce leakage
-Increased /s78 & lacr
eReduce speed variation
-Unreliable operations

e-RAM

K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001

RAM cell
array

periph. DRAM
SRAM




Low-Voltage Limitation of RAMs

1. It is governed by soft-error of cells, or S/N
of cells and cell-relevant circuits.

2. As long as ECC is used, it is governed by S/N.

ECC: Error Checking and Correcting circuit

3. S/N Is determined by
«Signal charge & signal voltage of cells,
«Flip-flop circuits that DRAMs use for sense
amps, while SRAMs use for cells themselves.

K. Itoh, Hitachi



Comparisons of Flip-Flop Circuits

DRAM SA SRAM Cell
SP Vpp/2 —3
> e
DL DL i
Circuit VDD/Z* * Voo 2
-Vs Ml M2
STBE ACT
SN VDD/2 A
Ao
Standby | Off with all nodes at Vpp/2 On with static of all MOSTs
Acti Dynamic sensing of vs / by ratio of M1 & Ms
ctive (SN on, then SP on) Static of other MOSTs
Marain Sensitive to V7 & AVrof Sensitive to V7 & AVr of
9 only two MOSTs, M1 & M2 | all MOSTs

K. Itoh, Hitachi




Sighal Charge Qs of RAM Cells

Qs = Soft-Error Q.. The larger the QOs, the smaller the SER.
Qs decreases with device and voltage scaling.

DRAM SRAM

WL
DL I 1{ Voo
+ B < ...............

—t M0
oo,

Qs = CsVpp/2 Qs= CsVpp, Cs=(C; + 2C>2)
Cs; Intentionally added, Ci1, C>; parasitic, small, and
large, and needs to be rapidly decrease with device
gradually decreased scaling.
with device scaling for SER is always larger than for

maintaining large vsye. DRAM.

K. Itoh, Hitachi



Sighal Charge (Qs) of RAM Cells

: : 1000 .
B Qs reduced with capacity o S Smnd-alon
due to Vpp & device scaling S i
Smaller QS Of SRAM Ce” e Tre?c .......... ............
o I Stack
B SER depends on Os f I N
- & 0] S ..... AC ........ * ................... f ............
DRAM_, decreases W|th memory % (- SER: x10:95) 5 65
capacity due to large intentionally ¢ = “’SRAM
-added Cs & spatial scaling that @ A S S S
16K 256K 4M 64M 1G

reduces charge collection. Memory Capacity (bits)

SRAM; /ncreases with memory o
capacity due to rapidly-decreasing E e
parasitic CS despite Spatial SCa“ng_ f_—} ST =I- ) S S— : ..................................................................
Solutions: E
elncrease in Cs (SRAM cells) %
-Uses of triple well, redundancy, &
ECC etc. g
Y. Nakagome et al., IBM J. R&D, Vol.47, No.5/6, Sep./Nov. 2003 glE-lfOOK 1|v| 1C;M 1020|v| e
E. Ibe, The Svedberg Laboratory Workshop on Applied Physics, I(-l,J) Memory Capacity (bits)

Uppsala, May 3, 2001
K. Itoh, Hitachi



Error Checking & Correcting (ECC)

ECC word = 128 data bits + 8 check bits, FIT = 10-°/hour

108
106
104
102
1009
10-2
104
106
10-8
10-10
10-12
10-14
10-16

10-18
109 102 104 106 108

SER without ECC (FIT)

SER with ECC (FIT)

one upset/
1 k hours

K. Itoh, Hitachi M. Horiguchi et al., IEEE J. SSC, 23, p. 27, Feb. 1988



Minimum Vpp (Vimin) of RAMS

DIRVANY SRAM
Cell SYA Cell Vpp
Q
WL prorBorey
DL I DL <ii. 5 DL Bl I = | =
= i = 4 +
T_VS C. —— - _VS* |_X_| * & e E 3\
: e Vio+0Vr Vo Vio+ Vs Voo Voo
Co ——

Ve=Vop/2 — (V7o If only cross-coupled

%
Vs = (Vop/2)Cs/ Cp +0l/7) >0 NMOSTs determine the
o Vmin=20VrCo/ Cs . Vmin=2 (+ ) voltage margin during
=10 (Co/ Cs=5) read,
Ve = Vpop—V5wo—0Vr 20,

5 Vimin = +

oVr: V-mismatch between paired MOSTSs, V7p: Average Vr

K. Itoh, Hitachi



Lowest Necessary V7o for SA

Vi
op = 2., WL SN Sp
....... Qi Vol2 5 on on on
: : 4 7 ¥

= Signal (-vs) is amplified, so DL is SV
discharged to A. After that, DL is g
gradually discharged by /sub (M2).

« SP is on before DL reaches C.

subthreshold

_ , current of M2
if =5 ns, Av=50 mV, Cp,=100 fF (/sub)

@ 120°C

K. Itoh, Hitachi



Lowest Necessary V7o for SRAM Cell

Extrapolated Vr=V7(NA/um)+0.3 V
‘ 7,=125°C L,=0.1
@ 10° | 100°C ~ W(Qn=0.20 um
- 75 °C W(QD):O.28 pm
(- | \‘ 50 °C W(QL):0.18 uwm
Y \\\ 25 °C
S5 1A \
3 102 \
5
eCross-coupled MOSTs need &
a high Vrtoensureasmall 8 154}
retention current through L 10 uA \
- . > s BEN ) % )
reducing /. < :
e /7pis the average in achip, & sl Q
. 10 -
because it is the average = 0.1 uA
that determines retention \—I| bl u’ ............................................. .
current of the chip. . . . . \
¢ /70 must be quite high and 10-0.2 O 02 04 06 08 1.0
unscalable. Extrapolated V7o (V) at 25 °C

K. Itoh, Hitachi K. Itoh et al., CICC 2004 Dig. Tech. Papers, pp. 339-344, Oct. 2004



V7-Mismatch (5\/7')

1. VrVariation (4V7) as source

of oVr 90 nm bulk
eEXtrinsic AVrdue to implant

non-uniformities & 4 (L, W) 65 nm bulk
e|Intrinsic 4Vrdue to random

microscopic fluctuations of 45 nm bulk

dopant atoms in the channel

area. 32 nm bulk

2.4Vr & oVrincrease with S
reducing MOST size even 65 nm FD-SOI g " & (7
for a fixed generation.

Gint o< L/NLW |
o(8VY) =2 ot 32 nm FD-SOI =

45 nm FD-SOI

3.4V7 & oVrincrease with

device scaling. & L 2

Standard deviation (a.u.)

AVrin a chip has no room in time

& area to be Compensated for M. Yamaoka et al., Symp. VLSI Circuits 2004

K. Itoh, Hitachi



Larger oVr of SRAM cell

DRAM SA SRAM Cell
— T X
Circuit DL{ *DL DL DL
MOS Size 10— 20 F2 1.8 —-2.8 F2
M/ (64 -1024) ™~z wa . M
64-1024
Circuit { N Al
Count
in a chip Relaxed L RER R R
SA layout
1%z Small Large

K. Itoh, Hitachi

M : memory capacity




Maximum oV7 in a chip
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K. Itoh, Hitachi

r . repairable percentage

DRAM SA

LW=20F2, tox=1.9 nm
64cells/SA

90 15) 45 32
512Mb 1Gb 2Gb 4Gb

400

w
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o
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N
o
o

100

SRAM Cell

LW=2F2, tox=1.9 nm

0

0
F(nm) 90 65 45 32
SRAM 32Mb 64Mb 128Mb 256Mb
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Approaches to LV SRAMs

1. Use ECC & Redundancy. 1.2 —
W stanaby
2. Minimize AVr & oV 1.01 m active
=Large cells with large S 0.8f
MOSTs despite losing g 06
bit density 0.4
«Symmetric cell layout 0.2}
3. Stay at a high Vpp (21 V) O SRR ICER TR,
due to its still large 4Vr Bit Density (Mb/cm?)
& oVrof _ M. Khellah, et al., ISSCC Dig., pp. 624-625, 2006

Even so, power-supply
control cells needed for small subthreshold current.

4. Extend low- Vpp limitation to sub-1-V

K. Itoh, Hitachi



Symmetric Layout for Small oV7

Sources of extrinsic dV/7 in the conventional cell:
<Pattern deformation after processing

=Mask misalignment eLocal size fluctuation

Solution: Lithographical symmetric cell (“Thin” Cell)

Reduced oV7 by simple patterns suitable for OPC
<DLs shielded by power lines

Conv. (2 cells) LS cell (2 cells)
I ! . ... ...........
™ & iy - T
ez we. § D i
- - R . M1 M2
e i W Hm M
I.. P LR
—— poly gate Dotted area: OPC: optical proximity correction
] ' | ——diffused after processing

K. Osada et al., IEEE J. SSC, vol. 36, No. 11, pp. 1738-1744, Nov. 2001.

M. Kanda et al., Symp. VLSI Tech. Dig. Tech. Papers, pp. 13-14, June 2003.
K. Itoh, Hitachi F. Arnaud et al., Symp. VLSI Tech. Dig. Tech. Papers, pp. 65-66, June 2003.



Power-Supply Control Cells

for small subthreshold currents

Boosted Power Supply

—— Vpp+oVp—1-

DL DL
Voo (0) 0 (Von)

< High V7 to reduce /;

= o/ to offset a high V7
& OVr

Low leak, wide margin &

low power with low- Vpp DL.

K. Itoh, Hitachi K. Itoh, ICICDT2005 Dig.

Source-Line Driving

/e
source

77
ACT STB 5‘/5

ot

= Raised source during
STB to reduce 7, with
iIncreased V7 of off-MOST

.



Source-Line Driving

Along with reduced DL voltage at active-standby transition

WL 0OV

1.5V

T

/") Sub-S backbias N\

90%b reduction Iin
subthreshold leakage

G-S backbias

0.5 1.5V

!
DL VSS
1.10 \% 0.15 \%
1.5 V 0.0 V

K. Itoh, Hitachi

FAris=3

| 4 100%06 reduction in
subthreshold leakage

Electric-field relaxation
k 90%06 reduction Iin

gate leakage & GIDL

DL
1.10 VV Standby Iﬁ

1.5 V Active

K. Osada et al. ISSCC2003 Dig. pp. 302-303



Measured Retention Current of Cell

25°C

. Sub. + GIDL 485 B Successful Application
onv.
NMos | Pmos NMOS pmos  1.5-V 27-ns 6.42 x 8.76 mmZ216-Mb

using ECC with 3.2-ns/9.7%0 speed

95 fA
3 /area penalties.
Prop. ﬂ Vr (extrap.) = 0.7 V(N), -1 V(P)
- Lox (€lectrical) = 3.7 nm m Limitations and Challenges
(1) Leakage still large
90°C unnel 62 1.6 pA for 16 Mb despite high V7,

thick #,x, and S-driving.

Conv. Sub +OIDE 7182 nvos  (2) Reduced Qs in standby mode

NMOS PMOS PMOS The cell power-supply decreases
1244f1A Dby the raised source voltage.

8 -
Further low- Vpp operation may be
Prop. Subthreshold current oD .p : Yy
sensitive to temp. hazardous, even if ECC is used.

102 fA

K. Itoh, Hitachi K. Osada et al. ISSCC2003 Dig. pp. 302-303



Source-Line Driving

to reduce leakage & its variation while retaining the data

Voo
st A
Vin(STE) | SRAM :
: =
)
: l s
: oV. -
ACT STB [+ } = 17
_"jr %r D
> |/
VREF VTO VTmax VDD
=Vop—Vmin(STB) Vinin(STB)
Vinin(STB) - Min. Vpp to retain Lower V7p— Larger 6Vs

the data of all cells in the array. — Higher V7 with deeper
body bias (4V7)— Lower /;

K. Itoh, Hitachi M. Khellah, et al.,ISSCC Dig. pp. 624-625, 2006



Double-Gate FD-SOI

. NMOST PMOST
Small AVr & negligible dV/r SOl
(ultra-thin & lightly-doped channel) (< 20nm)\£ﬂ
<Adjustable Vr— multi- V7 BOX— [TE n
(S 10nm) n-well

elLarge V/rchange
(wide-range well-bias control)

eReduced SER & small /5,
<Dynamic V7 MOST

(e.g., G-well connection)

T <
90 nm bulk — {24% &
65 nm bulk i
Ll
45 nm bulk [m—— §
s i =
32 NM bulk |m———— S
65 nm FD-SOI [ 922, OTV7) = 0.0k nMosT
| — £ YN
45 nm FD-SOI (wmm g V:@ Vps=1.0 V
32 nm FD-SOI 1= tsor =20Nnm
=01 '
0 12 10 05 00 05 1.0
Standard deviation (a.u.) Back-gate voltage Viwer (V)

K. Itoh, Hitachi M. Yamaoka et al., Symp. VLSI Circuits 2004, R. Tsuchiya et al., IEDM2004 Dig. pp. 631-634



SRAM Cells with Dynamic- V7 MOSTs

to widen the voltage margin

VDD
Q/_ VDD
—— ? ——
RgrA

DL Mﬁ (:lillﬁ/lz | DL

M1: decreased Vr Ms: increased V+
Ms: Increased V1 My: decreased V+t

M. Yamaoka et al., SOI Conf. Dig. pp. 109-111, Oct. 2004

K. Itoh, Hitachi

1
!

o
.
o
<

R

Write margin improved with
decreased Vy for driver/transfer
MOSTs & increased Vt for load
MOSTSs.

M. Yamaoka et al., A-SSCC Dig. pp. 109-112, Nov. 2005



Challenges to LV e-RAMSs

RAM Cells Peripheral Circuits
<Extend low-voltage
limitation to sub-1V -Increased /s & lacr
-Degraded S/N eReduce speed variation
-Increased leakage -Unreliable operations
<Reduce cell size
DRAM SRAM e-RAM
WL 2
oL T Voo RAM cell
— Lt - ey
- J-\'o"{ 0 peniph. [DRAM]
T — SRAM
7

K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001
K. Itoh, Hitachi



Leakage Currents of Periphery

B Gate tunneling current (/5)
e Insensitive to Vz & temp.
e Sensitive to fox

1/10 /s-reduction with z,x-increment of for SOz, while
the same reduction with Vs-decrement of as much as

Such a large Vs control in low- Vppregion is risky.

— Device designers are responsible for the reduction. (High-k)

m Subthreshold current (/) e

e Insensitive to device structures —C |
e Sensitive to Vs, V7 & temp that Vs

can be controlled by circuits. _ ey
G_
1/10 /,-reduction with Vr-increment, or I < W10 4

Vz-decrement of S—100mV/dec.@100°C

1/10 with 4V7 = 100mV

— Circuit designers are respon5|ble for or AVs=-100mV

the reduction.

K. Itoh, Hitachi



Subthreshold Current (7,) of Periphery

Features of RAM Periphery e WD Emeny ey

1. Input-Predictable Logic
Designers can prepare
the schemes in advance.

2. Slow Cycle (trc=25, 60 ns)
Each circuit is active for only
a short period within “long”
cycle, enabling additional
time for /,-control.

3. Iterative-Circuit Blocks srainhhihhhhi T

~
\

T e mm mm mm e - —

|
Major J, sources. Pt :
All circuits in each block are i L \ [ e e o=
inactive, except selected one. Vor / selected \ ', I
4. Robust Circuits WL lohiz>EleETEo a; :
f,-immune NAND dec. a, BE8A : Vo 0
(w/o J/;-sensitive NOR dec.) Voo . }
) ) N NAND ,
5. On-Chip Power Supplies YL [VVVY = 222
Vior & Vaa utilized for dual-
static /.

K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001

K. Itoh, Hitachi Y. Nakagome et al., IBM J. R&D, Vol.47, No.5/6, Sep./Nov. 2003



/;-INncrease In Periphery

<At present, Vris still so high that /; is small in active mode,
though 7, dominates in standby mode.

«In the future, with further reducing V7, 7, will dominate even
INn active mode. Leakage reduction for active mode is the key.

chip (active) Trends in DRAM Peripheral Current
10* ;
l.ZE:V
100 e
/
E 102 ,t't/ IAC
Qo 1
= 103 P Cycle time=180ns
8 104 o T=75°C, S=97 mV/dec,
1o (1)
lact= lac + Ipc 108 |i5#
lac=2CjVpp I 10®76M 64M 256M 1G 4G 16G 64G
Ipc= Xl oo TW10-V7S . . Cc’:}paCIFy (bllts) . .
Vir= aVpp 33 25 20 15 12 1.0 08
k>> j Voo (V)

0.53 0.40 0.32 0.24 0.19 0.16 0.13
Extrapolated V/rat 25°C (V)

K. Itoh, Hitachi K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001



Basic Concept of 7,-Reduction

<Use high-Vr MOST
achieved statically or
dynamically with
Vin=V7n + AV7

=For static high- V7
AVr by ion impla. or
static- V/gz application.

eFor dynamic high- V7
AVr by dynamic back-
biasing schemes
G-S back-bias is best
due to large 47,/ 46,
applicable even to
active mode.

K. Itoh, Hitachi

Leakage Reduction (ratio)

=

-
o
N

o
A

=
O
N

<
o
o

NMOS

Voo -0 Voo
0—] v o 0— g )
(DIBL) 0 0
/
S
=k(No+2y-N2y)
Voo
—I[I{Lo
+0

L=90nm, 1,, =2 nm
Vop=1V

S =100 mV/decade
K=0.2VY? 2y=0.6V
A=0.05

| 1 | 1
0.2 0.4 0.6 0.8

Offset Voltage, o0 (V)

1.0

Y. Nakagome et al., IBM J. R&D, Vol.47, No.5/6, Sep./Nov. 2003



Three Practical Reduction Circuits

Applicable even to Active Mode

Switched-Source Imp.
(G-S Self-Backbiasing)

?VDD Vor (>Vop) ¢ Vop
Power Switch utilizing low-Vs . / _||%T low
internal power supply Vop
(G-S Offset Driving) - BB-llilow Vr i

e

) ir- - Vbp Vbp
Dual-Static Vrutilizing | i

internal power supply L g ;/\%D)

K. Itoh, Hitachi




5SS/ (G-S Self-Backbias)

for fast 7,-control of input predictable logic

circuits
/0 SS/ ////\\\\ with SS/

No matter how large /;is, it
Is confined to const. current
/2 with self-adjusting 6.

Stacking effects (0= 0.2 V)
= G-S backbias of Q1 (1/100) fo :gg;g?t@t
e Sub-S backbias of Q1 (1/1.5)

= DIBL effect of Q2 (1/2)

10-VT/5

" 110- (5+ VT)/S

sst| iZ=iowz10"V775

[const ]
current

wr

Applicable even to active mode
= Fast /;-control capability with I’ =12

small §& C, and self-reduction 9= (5/In10) In(Wi/ w2) e
= Small area penalty if applied Reduction Ratio y=/7//; =107/ =W/ W

to iterative circuit blocks e Smaller 7, (=/2) & larger 6 with smaller W>
- Capability of confining to min. ~ * 7= 1 (noreduction) for W2 =z
active circuitr Other secondary effects reduce /.
y (Sub-S backbias & DIBL)

K. Itoh, Hitachi M. Horiguchi et al., Symp. VLSI Circuits Dig., p. 47, 1993.



Small Area Penalty with S5/ Sharing

Inverter Chain

e For O-V input, /; flows from
an Nn-MOST in each O-V input
Inverter, and accumulates
Into SS/.

e SS/ confines to its constant
current (=/ip W>10-V7S),

oWoz=wi= ... 2w, without speed
penalty because each inverter
switches at different timing.

e Area penalty is negligible with
iIncreasing the number of
Inverters because W> « Xw;.

Such is the case for p-MOST
SS1.

K. Itoh, Hitachi M. Horiguchi et al., IEEE J. Solid-State Circuits, vol. 28, no. 11, pp. 1131-1135, Nov. 1993.



Small Area Penalty with S5/ Sharing

Iterative Circuit Block (non-selected/standby)

e During non-selected periods
/. (= 1) flows from each circuit,
and accumulates into SS/.

e SS/ confines to its constant
current (=/p W>10-V75),

e W>=w without speed penalty
because only one MOST is
activated with SS/ on.

e Area penalty is negligible with
n>» 1 because W- « nw.

K. Itoh, Hitachi M. Horiguchi et a/., IEEE J. Solid-State Circuits, vol. 28, no. 11, pp. 1131-1135, Nov. 1993.



Confining to Minimum Active Circuitry

Partial activation of multi-divided block

block (selected) subblock subblocks
(selected) (non-selected)

vated

- n/m-

1,023/—> 1347/
for n/m =1024/8

| -

(n-1)7 (/m-1)i  =(m-1)7

i:io w 10-VH/S iz’:io Wo 10-V#/S= i, Wo=w

K. Itoh, Hitachi K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001



Power Switch (G-S Offset Drive)

Low- V7 switch (Q) shuts off the supply of low- V/r core during
standby. A raised Vpn needed to cut off Q with G-S backbias.

Problems:

1. If Vpngenerated by charge pump, ACT STB

= Unregulated floating Vpy Level |, Vor (> Vo)
For well-regulated Vpg,

CoVpuf< CoVipplp, C1»Cp,
C; »C>, level monitor.

= Increased pump power
For low pump power with
keeping the Vpuy level,
CPVDDfp & CzVD/-/f reduced.
-> Smaller C> & slower F

2. Area penalty by large Q
3. Slow recovery of internal power node (@)

K. Itoh, Hitachi K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001



Power Switch with Level Holder

Applicable even to active mode, if the switch itself operates fast enough.
After evaluating the input, the output level continues to be held by high-
Vrholder without leakage. Otherwise

eFloating output discharges, causing a large /; at pMOST in the succeeding

circuit, in which the switch is still on.
eUnnecessary discharging prevents the output from quick recovery.

o Voo

Low- V7 Low- V7

circuit Level holder circuit

K. Itoh, Hitachi K. 1toh, VLSI Memory Chip Design, Springer-Verlag, March 2001



Dual Static V7

Useful for active & standby modes Voo Voo

Selective use of a high V7 to

= Off-MOSTs during standby

= Non-critical path, while using
low V7to critical path.

-> Low /; & high speed chip

The reduction is not remarkable

because Vrdifference must be
small.

A large Vrdifference may
cause a racing problem:

a pulse-timing imbalance
between V7 -& Vrp-Circuits.

L H L
(standby) I:
VT/? |/7'/
T T

Iow Vr high Vr

N D{I ndmE o
RS 0 o m y\] Chip

OO0O0O8 0O

/; reduced to 1/5 for uniform use of Vz
with assumptions:

Whotar (Critical path)=10%b of W;eras (chip),
Vp=0.21V, Vi=0.31V, S= 0.1 V/dec.

K. Itoh, Hitachi K. ltoh, VLSI Memory Chip Design, Springer-Verlag, March 2001



256-Mb DRAM (Standby)

Voo

[y SSI2
(Vo) Voo
—— |/
9y C SSI1
(Vor) Vort

Sense amplifier

1/0 [_ SA }+—t¢

YL
DL DL |

T I

M. Hasegawa et al., ISSCC Dig. pp. 80-81, 1998.

K. Itoh, Hitachi



Standby Current Reduction (256 Mb)

1.28 mA

Conv. Peri.

.
.
“““
[
Pt
5 .
""""
“““
.t
.
.
.

S= 109 mV/dec. (PMOST)

Proposed 89 mV/dec. (NMOST)
F;ce)\lll\c/ire ?r%\évr? V= 0.03 V (PMOST, 0.7 nA/um)
-0.02 V (NMOST, 0.7 nA/um)

0.21 mA Vop=2.0V, Vpp=3.8V, Vegg=-1V
H—/

40 yA with dual V7

K. Itoh, Hitachi M. Hasegawa et al., ISSCC Dig. pp. 80-81, 1998.



1-V 16-Gb DRAM

Active Current Reduction

1180 mA
Conv.
Proposed
Vr=-0.12V (2nA/um), S= 97 mV/dec., 75°C
Vor=1.75V, Vop=1V, tpc= 180 ns

K. Itoh, Hitachi T. Sakata et a/,, 1993 Symp. VLSI Circuits.



0.6-V 16-Mb e-DRAM

i I 0.6V
Y Circuits External 03y~ bL
- Some int. voltages are Yoo (0?6 V) Vz%o 1o(25V) "0 &
controlled to compensate _ DL DL
for A (iL, T) caused by on-chip converters ——
A (V7 T, Vop). | ! } ! —|—_’_f\_7 256
Vnse] 3V |09V : T 40" ¢ [wLs
PR 0 S Vrss 0.3V ==
-S b.b. reduces S /1. P
Ve Vs -
6 vspo0.o9 0.9 Vo0 0.6
PG 551z ¢ Vs P-switch
Voo 0.6 V-8

N 0.9
%
SEN 4[: 08 s >°ED >o—ND 7 sA
0] < Vs Vs 0.2-VVr
A

Vi P-switch
NG SS/; a o -0.3 ]_' B
-0.3 0.3 VSN ND

P-switch driver (inverter chain)

K. Itoh, Hitachi K. Hardee et. al, ISSCC2004 Dig. p. 200 K. Itoh et al., CICC 2004 Dig. Tech. Papers, pp. 339-344, Oct. 2004



0.6-V 16-Mb e-DRAM

X Circuits (Active)
2.5V

SS/>

XE1 O

K. Hardee et. al, ISSCC2004 Dig. p. 200

: . K. Itoh et al., CICC 2004 Dig. Tech. Papers, pp. 339-344, Oct. 2004
K. Itoh, Hitachi



0.6-V 16-Mb e-DRAM

X Circuits (Sleep)
2.5V

SS1> SS/3

XE12.5

K. Hardee et. al, ISSCC2004 Dig. p. 200

: . K. Itoh et al., CICC 2004 Dig. Tech. Papers, pp. 339-344, Oct. 2004
K. Itoh, Hitachi



1.2-V 1-Mb e-SRAM

Multi-Bank Architecture :
BSzo

Active Mode BSic
4-bank arch. with one-bank

. . . . other periphery
activation confines active BSoa (SA, write amp, etc.) |

circuitry to 1/4, and reduces
< AC power of cont. signals
</, In inactive banks if SS/

Is applied to WD & cells.

SS/;: Small 51 & C,—>0.3ns
SS/-: Drawbacks;
Large 6-(0.4V) & C;— 3 ns
Cell-supply reduced by &>

Sleep Mode
Periphery off with ;
power switch off —» 3ns B_'

Vb

M. Yamaoka et. al., ISSCC2004 Dig. p. 494
K. Itoh et al., CICC 2004 Dig. Tech. Papers, pp. 339-344, Oct. 2004

K. Itoh, Hitachi




Leakage of 1-Mb e-SRAM (Active)

1.2V, room temp.

Vr=0.4/0.3V

Conv.

(300 MHz) | cells (Vr=0.4V)

SS1,
(300 MHz) |

SS1; & SS1]
P-switch
(100 MHz) :

K. Itoh, Hitachi M. Yamaoka et. al., 1ISSCC2004 Dig. p. 494



Challenges to LV e-RAMSs

RAM Cells Peripheral Circuits
<Extend low-voltage Reduce leakage
limitation to sub-1V -Increased /s & lacr
-Degraded S/N
-Increased leakage -Unreliable operations
<Reduce cell size
DRAM SRgAM e-RAM
V:\E Voo RAM cell
o ] e
CSJ‘\'D"{ 0 PETIpA. [DRAM]
T — SRAM
7

K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001
K. Itoh, Hitachi



Speed Variation

W Ever-increasing 4l/7,
and rapidly-lowering

90 nm bulk [SOTE= s &1;)
65 nm bulk [ m—

) ) 45 nm bulk
gatg—over C_lI’IVe with 32 nm bulk
device scaling. 65 nm ED-SO

B They enhance speed  45nmFp-soi |
variation of periphery 32 nmFrp-soi |

At/ T o< A VT/( Viop— Vr)
m Solutions

eFor inter-die 4r,
Compensation with

VBs generator. e.qg.,
Speed improvement by 63%0

eFor intra-die 47, FD-SOI

K. Itoh, Hitachi M. Yamaoka et al., Symp. VLSI Circuits 2004

\mm Oint O(V7)

244

0 1 2

Standard deviation (a.u.)

1NN

w

=

o

N
\\ ITRS 2001
.LP S;DC .

Gate Over Drive , Vop—V7 (V)
N

600 250 130 65 32
Process Technology (nm)




Vs Generator for NMOS Body

Ips (M1) is a good indicator of /;
& speed. Ves(M1) = Vpp/2 = V7.
Vb is compared to Vpp/2 + A4 and
Vop/2 — A to determine if Vs
should be increased or decreased.

e.g.,
For low V7 (fast process or high 7))
Vb < VDD/Z — A.

The lower OP activates PUMP,

so Vg starts to decrease and V7

IS iIncreased to compensate.

For high V7 (slow process or low 7))
Vb > Vpp/2 + A.

The upper OP discharges M2-gate
for driving the body, allowing V/r

to be reduced and compensated for. -o0.4f

Such iIs the case for Vpp.

K. Itoh, Hitachi K. Hardee et. al, ISSCC2004 Dig. p. 200

Viop/ 2
— A

M2

4

Max.=
1/2Vpp

[

A

LIMI

I

»PUMP

0.4

- _._ - _ - _ -'\j:-T:ast Process

> /nvB
Min.=

0 25 50 75 100 125

Temp (°C)



Intra-Die Speed Variation

Low-Power CMOS LSIs

L/W = 1F/6F
Vio = 0.3V, AVr==% 30'( Vr)
T( Vr) oc VDD/( VDD—VT)1'25

T( Vio+4 Vr) /T(Vro)
N

 puk AT i
(L 110 =7 ] ==~ ==~ <1.19
08 —H—F—  — T T m— == N Gk
] | AVr (=) _
0 . : : :
F(nm) 90 65 45 32
Voo(V) (ITRS'03) 0.9 0.8 0.7 0.6
o(V7) bulk (ratio) 1 1.29 1.89
o(V7) SOI (ratio) — 0.23 0.38 0.50

K. Itoh, Hitachi



Challenges to LV e-RAMSs

RAM Cells
<Extend low-voltage
limitation to sub-1V
-Degraded S/N
-Increased leakage

DRAM

K. Itoh, Hitachi

Peripheral Circuits
eReduce leakage
-Increased /s78 & lacr
eReduce speed variation
-Unreliable operations

e-RAM

K. Itoh, VLSI Memory Chip Design, Springer-Verlag, March 2001

RAM cell
array

periph. DRAM
SRAM




RAM Cells (DRAM)

Short DL allows a small Cs & simple Cs-structure with small Cp.
Planar-Cs cell might replace e-SRAM cells. vsig= Cs/ Cp - Vipop/ 2.
In addition, short DL enables low- Vjp fast operation.

proposed (ISSCC2005) conventional

Logic : DRAM

Cells/DL 128
Cs 5 fF (Taz0s5; MIM) > 15 fF (MIS)
Additional wire No local wire (MO)
Thermal budget no impact on logic intolerable impact
Cell RC delay W storage cont. Non-metalized cell
Co-salicided S/D
Cell contact R 10 Q 10 kQ

K. Itoh, Hitachi M. lida et al., ISSCC2005 Dig. p. 460, M. Shirahata et al., ISSCC2005 Dig. p. 462




Cell Size Reduction (6-T SRAM Cell)

Stacked TFT SRAM Cells

e Single-crystal TFT z 't—0ad f-TFTﬁF{?F
- - ransrer n- )
The h2|ghest density cell double-stacked
(25F %) comparable to over bulk driver
DRAM cells. ‘ | n-MOSTs in

1.8-V 61.1-mm? 144-MHz different levels
256-Mb SRAM. of layers.

e Drawbacks as e-SRAMs
Sophisticated process,

High- Vpp operation

due to TFT PMOST of g B pul
S =140 mV/dec., rm.im—l
Ips = 2/3 of the bulk. —t

BB
EVE
Ve

i

K. Itoh. Hitachi S.-M. Jung, et al., Symp. VLSI Tech. June 2004, Y.H.Suh et al., ISSCC2005 Dig. p. 476.



Cell-Size Comparisons

SAC for stand-alone DRAM
No SAC for others == =k
20.5
201 !
o
O %
= L
©
= (00]
) 15 -
c
g S
D ¥
= 10 B
O =
n
) g
5T ]
16 1.8
0

1-T 1-T 3-T 3-T 4-T 6-T
[SAC][Spon]
3 poly

K. Itoh, Hitachi



Future Prospects for RAMs

6-T SRAM Cell: Due to high necessary Vr& large AVr

<Not suitable for sub-1-V Vpp,

eContinue to be used for a high Vpop (=1 V).
Challenge; Small-4V7 MOSTS. TFT cells for stand-alone SRAMs.

1-T DRAM Cell: «Suitable even for sub-1-V Vpp.
Challenges; Planar capacitors, Small-4V7r MOSTSs.

Peripheral Circuits:

eSubthreshold-currents will be reduced sufficiently
with existing technigues even for active mode.

«Speed variations will continue to be serious.
Challenges; Vzszcontrol, Small-4V/ MOSTSs.

Two Approaches:
High- Vpp bulk-CMOS for low-cost RAMSs,
Low- Vpp FD-SOI for high-speed low-power RAMS.

K. Itoh, Hitachi



Conclusion

1. I discussed challenges and trends in LV RAMSs.
2. 1 reviewed state-of-the-art LV RAM circuits.

3. 1 gave prospects of RAMs with emphasis on
further needs for
<Ultra-low voltage RAM cells,
e Advanced devices & circuits to reduce speed
variations.

K. Itoh, Hitachi



