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Slide 2.8
Models for Sub-100 nm CMOS Transistors Simplicity comes at a cost
however. Comparing the
unified model simulation IV curves produced by
o the model to those of the
I actual  devices (BSIM-4
,‘ SPICE model), a large dis-
il v/ crepancy can be observed
| for intermediate values of
el. saturation ‘TS Vs (around Vps,,). When
_—_—’—‘7 using the model for the
derivation of propagation
delays (performance) of a
saturation CMOS ¢ gate, accuracy in
this section of the overall
° 02 Vpgy 04 us o8 4 w operation region is not
that erucial. What is most

linear

important is that the values
of current at the highest values of Fps and Vs are predicted correctly — as these predominantly
determine the charge and discharge times of the output capacitor. Hence, the propagation delay
error is only a couple of percents, which is only a small penalty for a major reduction in model
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Thresholds and Sub-Threshold Current
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Forward and Reverse Body Bias

Threshold value can be adjusted through the fourth terminal,
the transistor body.

Forward bias restricted
by SB and DB junctions
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Slide 2.32
\'faﬁab"“y The topic of variability
rounds out the n
of the nanometer tran: r
= Scaled device dimensions leading to and its properties. It has
increased impact of variations always been the case that

Devica physics transistor parameters such
. phy as the geometric dimen-
— Manufacturing sions or the threshold vol-
— Temporal and environmental tage arc not detcrministic.
a i o i 1 When  sampled  between

Tpacts perionpance, pa!’ve’ (vmos Y walers, within a wafer, or

leakage) and manufacturing yield even over a die, each of

= More pronounced in low-power design due these parameters exhibits a

. statistical nature. In  the
to reduced supply/threshold voltage ratios pas, the projection of

the distributions
onto the performance space yielded quite a narrow distribution. TI casily understandable. When
the supply voltage is 3V and the threshold is at 0.5V, a 25mV variation in the threshold has only a
small impact on the performance and leakage of the di | module. However, when the supply
voltage is at 1V and the threshold at 0.3V, the same variation has a much larger impag

So, in past generation processors it was sufficient to evaluate a design over its worst-c
corners (FF, 88, FS, SF) in addition to the nominal operation point to determine the yield
distributions. Today, this is not sufficient, as the performance distributions have become
much wider, and a pure worst-case analysis leads to wasteful design and does not give a
good yield perspective cither.,

Slide 2.33

- i While variations influence
AT IpACS LEEKAgo the high-performancedesign
14 regime, their impact is far
more pronounced in the
T3l 30% low-power design  arena.
g_ First of all, the prediction of
£ 12 leakage currents becomes
H o, 130nm hard. Thesub-threshold cur-
Rl o rent is an exponential func-
E tionof the threshold voltuge

e 5X and cach variation in th
a6 i eV ST Y| ter is amplified in a major
1 2 3 a 5 way in leakage fluctuations.
Normalized Leakage (Ly) This is illustrated very well
Threshold variations have exponential impact on leakage in the performance-leakage
[Rol: P Golsinger, DAG'DA] distribution plot (for 130nm

1

). When sampled
aver a large number of dies (and wafers), gate performance varies over 30%, while the leakage current
fluctuates by a factor of 5. Observe that the leakiest designs are also the ones with the highest
performance (this should be no surprisc).

Slide 2.17
7"MOS Transistor Leakage Gomponents Quite & pumberof timea in
the introduction, we have
alluded to the increasing
cffects of “leakage™ cur-
rents in the nanometer
MOS transistor. An ideal
go MOS transistor (at lcast
from a digital perspective)

should not have any cur-
rents flowing into the bulk
{or well), should not con-
duct any current between
drain and source when off,
and should have an infinite
gate i As indi-
cated in the accompanying
slide, a number of effects are causing the contemporary devices to digress from this ideal model.

Leakage currents, flowing through the reverse-biased source-bulk and drain-bulk pn junctions,
have always been present. Yet, the levels are so small that their effects could generally be ignored,
excepl in circuitry that relies on charge storage such as DRAMSs and dynamic logic.

The scaling of the minimum [eature sizes has introduced some other leakage effects that are far
mere influential and exceed junction leakage currents by 3-5 orders of magnitude.

Most important are the sub-threshold drain-source and the gate leakage effects, which we will
discuss in more deta

G
l Gate leakage

Slide 2.18
mLeakage Incarlier slides, we have
alluded to a relationship
between the value of the
Vos = 1.2V threshold voltage Fyyy .md.
(sub-threshold)
When the gate voltage nl'.x
transistor is lowered below
the threshold voltage, the
transistor does not turn off’
instantancously. In fact,

G
G =L
s % D
G ==
= sub 5
the transistor enters the

Sub-threshold slope S=kT/q In10 (1+G,/C) so-called  “sub-threshold

The transistor in “weak inversion”

108 ke llog &)

regime” (or weak inver-

0z 04 o8 08 1 12 sion). In this operation

Vau V1 mode, the drain-source

Drain leakage current varies exponentially with Vs current becomes an expo-
Sub-threshold swing S'is ~ 70-100mV/decade nential function of Vs

This is clearly observed
from the Iy Vs curves, if

the current is plotted on a logarithmic scale.




m- a’ne'dui:ed Threshold Voltages on Leakage

gt M i
g3 it 5] i
BE 10* H
b g 104 H
3E 1" i
- .

GS:

300 mV

01 02 03 04 05 05 07 08 05 10

Leakage: sub-threshold current for Vzs=0

: o (i
lm=2n;nCﬂ%(£]e wiila | | _oHle
q

—Mresﬂoid Current

= Sub-threshold behavior can be modeled physically

W ]

where nis the slope factor (21, typically around 1.5) and /= lnuCD‘T[E)
q

= Very often expressed in base 10

Yo Vo Vg
Ios=T 100 [I—IO J

where S=n (EJ In(10), the sub-threshold swing, ranging between 60 mV and 100 mV
q

o
=,se. fa | | =it

=1 for
Vps > 100 mV

(3

[ilicdeie Tor Sub-100 nm CMOS Transistors

unified model simulation

fos Al

o oz ¥

e e on T "
Vos™

complexity.

ty comes at a cost
Comparing the
I-V curves produced by
the model 1o those of the
actual  devices  (BSIM-4
SPICE model), a large dis-
crepancy can be observed
for intermediate values of
Fips (around Fpg,). When
using the model for the
derivation of propagation
delays (performan
CMOS gate, acc
this section of the ov
operation region is not
that crucial. What is most
important is that the values

of current at the highest values of Fps and Vs are predicted correctly — as these predominantly
determine the charge and discharge times of the output capacitor. Hence, the propagation delay
error is only a couple of percents, which is only a small penalty for a major reduction in model

["Aipha Power Law Model

= Alternate approach, useful for hand

analysis of propagation delay
w o
f.ﬁﬂu(‘,.(\’.d-Vm) « This is not a physical
= Simply 3
. i — Gan fit (in minimum mean
Parameter o is between squares sense) 10,8 variety of
1and2. a's, Viy
* In 65-180 nm CMOS — Need fo find one with o
technology o ~ 1.2-1.3 ‘minimum square error -
a 24 mmumm
[Ret: Sakurai, JSSC'80]

Slide 2.9

Even simpler is the alpha
maodel,  introduced by
Sakurai and Newton in
1990, which does not even
attempt  to  approximatc
the actual -V curves.
The values of & and Vg
are  purcly  empirical,
chosen such that the propa-
gation delay of a digital
gate, approximated by
Ip = (B, best resem-
bles the  propagation
delay curves  obtained
from simulation. Typically,
curve-fitting techniques

such as the minimum-mean square (MMS) are used. Be aware that these do not yield unique solutions.

and that it is up to the modeler to find the ones with the best fit.

Owing to its simplicity, the alpha model is the corner stone of the optimization framework

discussed in later chapters,

- M";’ﬁgé‘ﬁﬂechanisms

i FN tunneling
18

AscmMV? Direct-oxide wnneling

©IEEE 2000

[ 0.5 02 025
VE (MViem)™

Direct-oxide tunneling dominates for lower T,

[Ref: Chandrakasan-Bowhill, Ch3, '00]

Slide 2.26

Gate leakage finds its source
in two different mechan-
isms:  Fowler-Nordheim
(FN) tunneling, and direct-
oxide tunneling. FN tunnel-
g is an cffect that has
been effectively used in the
design of non-volatile mem-
ories, and is already quite
substantial for oxide thick-
ness larger than 6nm. Its
onset requires high electric-
field  strengths,  though.
With reducing oxide thick-
nesses, tunneling starts to
occur at far lower field

I The i

is direct-oxide tunneling,

effect under these conditions

G % si0, g High-kMalorial
|
9 ctode
Electrode l ] & !
f
Si substrate Sis i

Equivalent Oxide Thickness = EOT
of high-k material

(£ar~12-16)
~ Often combined with metal gate

T, =T (3.00k,),
whoro 3.9 is rolative permittvity of SIO; and <, is relaiive permitivity

Currently SiO,/Ni; Candidate materials: HIO, ( £ ~15-30); HISIO,

Reduced Gate Leakage for Simllar Drive Current

Slide 2.28

The MOS transistor current
is proportional to the pro-
cess transconductance para-
meter k' = pCy = pefty.
To increase k' through scal-
ing, one must cither find a
way 10 increase the mobility
of the carriers or increase
the gate capacitance (per
unit area). The [ormer
requires a [undamental
change in the device struc-
ture (to be discussed later).
‘With the traditional way of
increasing the gate capaci-
tance (i.e., scaling 7,) run-
ning out of steam, the only

remaining option is to look for gate dielectrics with a higher permittivity ¢ — the so-called high-k




34 Exocutivo Summary

6 Executive Summary

This was the (First) Era of Geometrical (classical) Scaling, This type of scaling was the foundation of the National LR [-Eroves R R B g B et
Technology Roadmap for Semiconductors (NTRS) initated in 1991 Lok o Rl e R

The TTRS laid out the foundations of the (Second) Era; Equivalent Scaling (e.g., strained silicon, high-K/metal gate, T PrET | PAFET | PR PGP | L | VoA | v
2 silice o . 2 Logic device structura op

Multigate transistors and use of non-silicon semiconductors in genesal) between 1998 and 2000. rsor | rosor | roaa | Leaa i M3D 2
The implementation of these technologies VGAA
successfully  supported the growth of the
semiconductor industry in the past decade and it will Power Supply Votage - Vild (V) 0.60 075 0.70 0.65 055 0.45 0.40
continue to do so until the end of the present decade | Subihveshold slope - JuVidec] 75 70 L] L] 4
and beyond Inversion layer thickness - fnmf 110 1.00 050 0.85 0.80 .80 0.60

V100 () st 160 B 1 B 1 ) =2

In the next decade ITRS 2.0 predicts that the advent e T
Logic.

Prermemme o the third phase of scaling “3D Power Sealing” will o
Depleted become the driver of the rejuvenated semiconductor H@" bl V) i
v ; Rext (Ol Lagic
PIEIIIICOI rcustcy and this answers the question posed before S i ooy T [ Tsoear |
about the future of the semiconductor industry: “¥es PR s oim 1
the semiconductor industry will continwe to be a key Vivas (V) -LP Logic 018 |
High-K Low Resistance | [EESOSprI g e (uAam) ot Lofr=T00n-\jom - HP puse
Gate Insulstor : Source/Drain logic w/ Ress-1
““'“K’ l""f'm’“““‘ Moore’s Law is now entering into a third phase o i e SR I 1287 1207 178 1548 1456 1391
‘miconductor 2 afler Rest
characterized hdy vertical integration and performance o T P prn o pron
s riven towards reduction of power in e
either the active or the stand-by modes. :;:“f"m:""ﬁ"“"‘/‘" Ed 586 37 637 821
" Coh. toal (fF/pmn3) ~HFILPL FTET) 3452 35 ERT
Fig. 3.1 The ldeal MOS Transistor e s o ¥ 08
[ Ceuie esnd 7 pom)~LP Logic X 166 . 120
UL (oo - FO3 lod HP L X 261 K 089
€T - 0 load 117 o E 038 I 112
“Energy per swiching [CV2]
03 load, HP Logic 347 282 189 0.50
" Device and Technology Innovations
Slide 2.29 ) = Strained silicon
The “dV'(‘"‘HB?S offered by = Silicon-on-Insulator
high-k gate dielectrics are » Dual-gated devices -
ite clear: fa - -S01
quite clear: faster transis- * Very high mobility devices
tors and/or reduced gate « MEMS —transistors
lcakage. e
High-k va S0,
Gato 0% gmater | Faster ranaistors
capacitance
Gale dielectric | >100% Lower power
leakage reduction
Buys a few generations of technology scaling
[Courlassy: Intel]
Improved ON-Current (10-25%) translates into:
* 84-97% leakage current reduction
« or 15% active power reduction
[ETs——
Slide 243 g
ey Silcon-on-Insulator (SO1) _ Slide245 )
e g is o technology that has W_ y - - . The FinFET (called a tri-
[} ————— been “on the horizon” for NFETs — An Entirely New Device Architecture ; :
b gate transistor by Intel) is
— quite  long time, yel it
never managed 1o an entirely different tran-
e 8 ek gionad though Witk ) sistor structure that actu-

some exceptions here an
Substrate there. An SOI MOS tran-

ally offers some propertics
sistor differs from a “bulk™

similar to the ones offercd

* Recdiced capasance (saurce and dran 1 bulk results device in that the channel is A
n lower dynamic el A “l by the device presented in
« Faster b hreshald oo (o fo 60 mVidecade) o — salidle: The 16
= Random threshold fluctuations eliminated in fully- z‘lk:‘;l‘:l f‘:"f(’::ﬁm peke the previous slide. The term
depleted SO {iy sificon dioxide. FinFET was coined by
* Reduced impact of soft-errors cally silicon dioxide i
. But Doing so offers some rescarchers at the Univer-
~ Mare expensive attractive features, First UG Berkeley, 1999 si [ Californi erke-
~ Secandary sifects ‘i drain and e GIEE Y. sity of California at Berke
sions extend all the way ley to describe a non-planar,
down to ator layer. their reduced. which translates

double-gated transistor built

directly into power savings. Another advantage is the higher mhllvn\huhk]u pe factor (approach-
y e 7 ! 5 on an SOI substrate. The

ing the ideal 60mV/decade). reducing leakage. Finally. the scnsitivity 1o soft errors is reduced * Suppressed short-channel effects

owing to the smaller collection effici leading 10 a more reliable transistor, There are some = Higher on-current for reduced leakage ishing characteristic
important negatives as well. The addition of the Si0, layer and the thin silicon layer increases the « Undoped channel — No random dopant fluctuations X .
costof the substrate material, and may impact the yiekl as well, Inaddition, some secondary effects P P N of the FinFET is that the
should be noted. The SOI transistor is essentially 4 three-terminal device without a bulk (or body) TR HURng: (ECH controlling gate is wrapped

nates body biasing as a threshold-

contact, and a “body” that is floating. This effectively ¢ arcuiid d thinssilicon Ra,
contral lnhmqm The flo istor body also introduces some inleresting (ironicilly speak- " - s e o — § :
ing es such as hysteresis and state-dependency which forms the body of the device. The dimensions of the fin determine the effective channel length
Dﬂ-mnw«"mmrmh € between twe types of SOI transistors: partially-depleted (PD-SO1) of the device. The device structure has shown the potential to scale the channel length to values that are
and fully-depleted (FD-SOI). In the latter, the silicon layer is so thin that it is completely depleted hard. if . bl lish di 1pl deviees. In f: 1 transistors witl
it oisal traniior ooevation, wiih et that the depletion/tnVersioc. Layer usdse (he ate hard. if not impossible. to accomplish in traditional planar devices. In fact. operational transistors with
extends all the way to the insulator, This has the advantage of suppressing some of the floating- channel lengths down to 7nm have been demonstrated.
bady effects, and an ideal sub-threshold slope is theoretically achievable. From a variation R . N e T B R
perspeetive, the threshold voltage becomes independent of the doping n the channel, efeetively _ In addition to a suppression of deep submicron effects, a erucial advantage of the deviee
eliminating a source of variations (as discussed in Slide 2.37). FD-S01 requires the increased control, as the gate wraps (almost) completely around the channel
depositing of extremely thin silicon layers (3-5 times thinner than the gate length!).
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Slide 2.46

This increased two-dimen-
sional control can be
exploited in a number of
ways. In the dual-gated

" BackGated FinFET

Galo longth = | length = v
B device, the fact that the
=Ty Gate2 gateis controlling the chan-
Y8 Control nel from both sides (as well
Switching Fin Height as the top) leads to

Fin Helg

Hym= I?’I; L Hom=W increased process transcon-
ductance. Another option
Double-gated (DG) MOSFET Back-gated (BG) MOSFET is to remove the top part

‘ of the gate, leading to the

r o T ortang Back e back-gated transistor. In

Independent front ans ICK gates 1h-‘ tructure, on r lh

One switching gate and Vi, control gate A e
Increased threshold control B ik

control gate, whereas the

other is to manipulate
the threshold voltage. In a sense, this device offers similar functionality as the buried-gate FD-SOI
transistor discussed carlier. Controlling the work functions of the two gates through the selection
of appropriate type and quantity of the dopants helps to maximize the range and sensitivity of the
control knobs.

w Transistors: FINFETs

Intel tri-gate

Berkeley PMOS FinFET

Manufacturability still an
issue — may even cause
more variations

[Courtesy: T.J. King. UGB; Intel]
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ransistors: FinFETs

Berkeley PMOS FinFET

Manufacturabity stil an
issue — may even cause
more variations

Coutesy. 1.1 Fas, UC; ke

Intel tri-gate

Slide 2.47

The fact that the FinFET
and its cousins are drama-
tically different  devices
compared to your standard
bulk MOS transistor is
best-illustrated with these
pictures from Berkeley and
Intel. The process steps
that sct and control the
dimensions  are
entirely different. Although
this creates new opportu-
nities, it also brings chal-
lenges, as the process steps
involved are vastly differ-
ent. The ultimate success of

inFET depends greatly upon how these changes can be translated into a scalable, low-cost and

high-yield process - some formidable question, indeed! Also unclear at this time is how the adoption

of such a different structure impacts variability, as eritical d

dependent upon entirely different process steps.

and device parameters are




