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SubHreshold oferaton

[ Gpportunities for Ultra-Low Voltage

= Number of applications emerging that do

not need high performance, only extremely

low power dissipation

Examples:

— Standby operation for mobile components

— Implanted electronics and artificial senses

i lci L

— Smart objects, fabrics, and e-textiles

= Need power levels below 1 mW (even uW
in certain cases)

Slide 11.4

Although  keeping  the
power density constant is
one motivation for the con-
tinued search to lower the
FOP, another, maybe even
more important, reason is
the exciting applications
that only become feasible
at very low energy/power
levels.  Consider,  for
instance, the digital wrist-
watch.  The  concept,
though  straightforward,
only became .mmun-.

once the power dissipation

[f1)

mmmnm

Swanson, Meind (Apri 1872)
+ Bt aercod ik {-
a2 Limitation: gain at midpoint
o AT

Vigyimia) '4_;1;.\‘4-‘-‘

M

i) = 28 ) )

G gate capaciiarce
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The question of the mini-
mum operational voltage
of a CMOS inverter was
addressed in a landmark
paper_[Swanson72] in the
carly "1970s — puBlished
even before CMOS inte-
grated circuits came in
voguel For an inverter to
be and to

- siopa actor
Fox ideal MOSFET (60 mVjdecade siopey

vkt oy

24 mprrare of 300 K

Pt . Swarssn. JSSC72 4 Wi, SSCT0)

conditions leads (0 an expression for ¥y cqual to 2(k Tjglln(l ¢

have two distinct steady- o -
stale operation points (a -.;a,(
“1"anda“0%)itisessential 4 ;in h
that: the absaluie \aloe of

the gain of the gaic in the ‘}m(... ]
LR EE08 W Wrge
than. 1, Solving for thos ]1”4

7)

), where n is the slope factor

of the transistors. One important obseratron 15 NAT Te b proportonal 10 The operational

temperatare T. Cooling down s CMOS circuit 10 temperTarss TIose (o RRORIE 7270 (e - Tl
ucl.um.m;kmr‘——vr?[r’ww_v—ln——rmmnmm vels possible. (Unfortunately, o

energy going Into the cooling

moce than ofteh GITeets The gains i operatioal encriy.) Alo, the closer the MOS transistor

operating in sub-threshold mode pets 1o the ideal mnvi?th“ transistor_behavior, the lower the
Gom_temperature, an ideal

Toverter (with 4 slope factor of 1)

i mEe AL A
could marginally opbrate at a ko m@—'—_—‘

Vg,

- AT D
Iv; J-;c““r 1'&.“1—

+
L
=

vhee T,

TSt thresnold Modeling of CMOS inverter
= From Ghapter 2:

il
Ty 1y S [l-r"‘]- 1

whare
1= 1,60

(DIBL can be ignarad at low voltagas)

of clarity. Forlow values of ps. the DIBL effect can be ignored.

J'S_v 2V,

M (1=
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et
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Giiven the importance of this

r

i©

We assume that at these
low operational voltages,
the Iﬂ:mﬂh\ﬂ operate only
in ih

o also called the
weak-iversion mode. The
“Curreni-voliage relmonship
for o MOS transistor in
sub-threshold mode  was.
presented in Chapter 2, and
is repeated here for the sake

% v,]/ﬁ_

“Theral vpich
X = Xp4 In

o/ér )(D :%D/g—
R LG ¥ a s

" Sub-threshold DE model of CMOS Inverter

FOr Ayl = 1: 1= Z0{n+ 1)

Pk . Vs, CRODS]

Slide 1.7
The(static) voltage transfer
characteristic (VTC) of the
inverter i derived by
cquating  the  current
through the NMOS and
PMOS  transistors.  The
derivation is substanially
smplified if we assume
that wo deviees have
exagily the same suength = kﬂ.
b ] Gperating sl
threshold. Also, nommaliz-
_—

ing all volta ges with7s]
fo i el voltage i - where
W

e o mo ]

Setting
gain to 1 yields the ;;meu,mig.- far the minimum voltage as was derived by Swanson. &C’K@
é e

N et

n (e Fot) %)

K‘Jl«%%?

Prvmeib | 3 2y = o Get) =25

nalytical Model

Sub-threshold Inverter

Minimum supply voltage for a given
maximum gain as a function of the
siopo factor

Normalized VTC for n=15as 2
functon of Vg (Xo)

SRwrB BN

°

x
;= 4 sufficient for reliable peration Xann'= 2IN(2.5) = 18310 n=1.5
e

[Ref: E. Vitioz, CRC'05]

thermal voltage leads 1o
reasonable noise margi
(assuming n = 1.5). This
approximately equal to
100mV.

Xp* %5 A= ECthermd wlede)

c YoonV

< F ok Teges fremteny.)

["Canfirmed by Simulation (at 90 nm)

Vi ()

Ohserve; noa-symmetry of VTC Inceeases Viom

sistor sizing will play a role in the design of minimum-volta ge circuits.

Slide 11.9
Simulations (for a 90mm
technology) confirm these
results, When plotting the
minimum  supply voltage
as a function of the
PMOS/NMOS  mto, a
minimum can be observed
when the inverter is com-
pletely symmetrical, that is
when the PMOS and
NMOS transistors have
identical drive strengths.
Any deviation from the
symmetry causes Ve 10
rise. This implies that tran-

Also worth noticing is that the simulated minimum voltage of 60mV is slightly higher than the
llzomncn] wvalue of 48 mV. This is mostly owing to the definition of “operational” point. At48mV,

, Salbalul
eder is only marginally functional. In the simulation, we assume a small margin of
Approsma v Dol fincionst




When only one input is

RGBS o ire Complex Gatos e (1 e otbc

fixed to ~07), the built-in

Dagratation dus asymmetry kads o a
M operasonal aupply voktaga asymmetry higher _minimum _voltage
than _when Both _ are

switched  simultancously
This leads to a useful
design rule-of-thumby
when designing logic net-
works for_minimum-vol-

TN L0 M
topology symmetrical over.

all input condizions
ok okl

-‘P}W

4\47’-»,1-” C'Jd'“"-l €/Mme+‘/|ékl
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Now that theissue of the mini-
mum voltage s semled, the
question of the minimum
energy per operation (EOP.
can betacked. In a Sow-up
10the 197 2paper by Swanson,
Meindl [Mendl, JSSC00)
[avgued that moving a single
electron over the minimum
whkage requies an merzy

= Moving one electron over Vg
.43_ - Emin = Voo = 9 202K T2 =4 TInG2)

0. LT’“_D £ Al B Nkt Sy ) equal 10 KTy 2). This result
4 e Ay is remarkable in a number of
= Minimum sized CMOS invertar at 80 nm operating at 1V i
V= 0.8 1070 or & orders of magritude larger! :

3 =  This expression for the
2fX)o|T Fiow doss can ono 07 minimum energy for a
Pl . Ve Neocemar, S06] digital operation  was
already predicted much
crlier by Jobn von
Neumann (as reported in [von Neumann, 1966]). Landaver later established that this is only the
case for “logically irreversible™ operations in a physical computer that dissipate energy by
generating a comesponding amount of entropy for each bit of information that then gets irrever-

sihly erased. This bound hence docs not hold for reversible computers (if such could be built)
[L!nd.aue: 1961].

b".‘
W
vk[;’?\

Slide 1112
The above analysis, though
X weful in setting absolutz
bounds, ignores some prac-
valaspests, sucha leakage.
Hence, lowering the Voltage

as low as we can may not

nEERARTy aght E'
‘ATEWeT 10 MinmIE energy.

mu Inverter

the sub-threshold  region,

however, may be one way to
- £t closer to the minimum-
oam . encrgy bound. Yet. & should

. be 10 surprise, this comes at
a substantial cost in perfor-
mance. Following the com-
mon practice of this book,
we ugain mup the design

Companson betwaen
curaftted mockl

task as an optimization problem in the E-D space.

One interesting by-product of operating in the sub-threshold region is that the equations are
quite simple and are exponentials (as used 1o be the case for bipolar transistors), Under the earlier
asumptions of symmetry, an expression of the inverter delay is readily derived. Observe again that
a refuction in supply voltage has an exponential effect on the delay!
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** Note: from the FIDS working group data; however, the catibrarion of Vad, GLph, and UCY i ongoing for improved targets in 2014 ITRS work

GRAND CHALLENGES IN THE NEAR-TERM (THROUGH 2020) AND
LONG-TERM (2021 AND BEYOND)

LOGIC DEVICE SCALING [ DEVICES, AND.

DEVICES, FRONT END PROCESSES, MODELING AND SIMULATION, AND METROLOGY]

The conventional path of scaling planar CMOS will face significant challenges set by performance and power
consumption requirements.

Reduction of the equivalent gate oxide thickness (EOT) will continue to be a difficult challenge in the near term despite
the introduction of high-x metal gate (HKMG). Integration of higher-x matcrials while limiting the fundamental increase
in gate tunneling currents due to band-gap narrowing are also challenges 10 be faced. The complete gate stack material
systems need to be optimized together for best devi (power and and cost.

New device architecure such as multiple-gate MOSFETS (e.g., filFETS) and ultra-thin bady FD-SOI are expected. A
particularly challenging issue is the conirol of the thickness, including iis variability, of these ultra-fin MOSFETs. The
salutions for these issues should be pursued concurrently with circuit design and system architecture improvements.

High mobility channel materials such as Ge and 111-V have been considered as an enhancement or replacement for Si
channel for CMOS logic applications. High-x metal gate dielectric with low interface trap density (DIT), low bulk traps
and leakage, unpinned Fermi level and low ohmic contact resistances are major challenges.

MEMORY DEVICE SCALING [ DEVICES, AND

DEVICES, FRONT-END PROCESSES, MODELING AND SIMULATION, AND METROLOGY]

The challenges for DRAM devices are adequate storage capacitance with reduced feature size, high-x_dielecirics
implementition. Tow Icakage access device design. and low sheel resistance materials for bit and word lines. The drive to

4F" type cell to increase bit density and to lower production cost will require high aspect ratio and non-planar FET

structures.

Flash memory has become a new FEOL technology driver for critical dimension scaling, materials and processing

Uithography, etching, etc.) technology, ahead of DRAM and logic. Continued Flash density improvements in the near

term rely on the thickness scaling of the tunnel oxide and the intergate dielectric. To guaranee the charge retention and

endurance requirements, the introduction of high-x materials will be necessary. Cost effective implementation of 3-D

AND flash beyond 256 Gb with MLC and :m.‘cphlbir reliability ;mmmmm semains & TGl challenge Sm
e 1




