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This paper presents the current state of understanding of the last 25 years has followed an exponential behavior that has
factors that limit the continued scaling of Si complementary metal- come to be known as Moore’s Law [3]. Since 1994, the semi-
oxide-semiconductor (CMOS) technology and provides an analysis conductor industry has been projecting these exponentials
of the ways in which application-related considerations enter into . -
the determination of these limits. The physical origins of these limits into the future to provide te‘Fh”_O'OQY development targets.
are primarily in the tunneling currents, which leak through the var-  The most recent of these projections is the 1999 International
ious barriers in a MOS field-effect transistor (MOSFET) when it Technology Roadmap for Semiconductors (ITRS99) [4]. It
becomes very small, and in the thermally generated subthresholdcontains projections for complementary metal-oxide-sesmi-
currents. The dependence of these leakages on MOSFET geometryynductor (CMOS) technology out to 2014, including 32-Gb

and structure is discussed along with design criteria for minimizing d . d DRAM teri d
short-channel effects and other issues related to scaling. Scaling dYNamic random access memory ( ) entering produc-

limits due to these leakage currents arise from application con- tion and processors with gate lengths down to 20 nm and
straints related to power consumption and circuit functionality. We 2x10'° FETs per chip.

describe how these constraints work out for some of the mostimpor- Byt will these exponential projections come to pass or
tant application classes: dynamic random access memory (DRAM),Wi” physical limits make them impossible? Many reviews

static random access memory (SRAM), low-power portable deViceS’have been written about the current state and future prospects
and moderate and high-performance CMOS logic. As a summary, . . .
we provide a table of our estimates of the scaling limits for var- for Si MOS field-effect transistors (MOSFETs) and CMOSs
ious applications and device types. The end result is that there is [5]—[9]. In particular, many different scaling limits for MOS-

no single end point for scaling, but that instead there are many end FETs have been proposed and discussed. In this work, we
points, each optimally adapted to its particular applications. describe the current state of understanding of these scaling

Keywords—EMOS, device design, discrete dopants, double-gate limits and seek to advance this state of understanding by ad-
MOSFET, DRAM, high- dielectrics, high-performance logic,  dressing the ways in which application requirements must be
Ieakagg currents, 'l'ml'ts’ 'ﬁw polyver,sl\g&fﬂFET, n?notechnology, intertwined with the setting of limits. The result in the end is
power density, scale length, scaling, - tunneling. that there will be no single “end to scaling,” but rather, a wide

range of limiting FET technologies, each optimally adapted
I. INTRODUCTION to its applications.

Much of our discussion centers on bulk-like MOSFET
scaling,asillustratedinFig. 1, butthisisnotintendedto exclude
other device geometries for MOSFETSs. In particular, partially
depletedsilicon-on-insulator (PD-SOI)MOSFETsare consid-

tala [2]. Since that time, it has been incorporated into inte- . X :
grated circuits and has grown to be the most important deviceeredto be part ofthis bulk-like category, since most ofthe same
limits apply to PD-SOls as to bulk. Consequently, PD-SOI

in the electronics industry. Progress in the field for at least the . - : "
is not explicitly discussed except when there are significant

device design differences. At the circuit level, there are, of
Manuscript received March 30, 2000; revised September 26, 2000. course, some important features of SOIs, such as the floating
The authors are with the IBM Thomas J. Watson Research Center, hody effects, butthese are forthe most partoutside the scope of
Yorktown Heights, NY 10598 USA (e-mail: djf@us.ibm.com; . . . e .
thispaper. The scalingbehavioroffully depleted silicon-on-in-
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Publisher Item Identifier S 0018-9219(01)02066-7. sulator (FD-SOI) MOSFETs depends a great deal on the

In 1930, Lilienfeld [1] patented the basic concept of the
field effect transistor (FET) . Thirty years later, in 1960, it
was finally reduced to practice in Si-Si®y Kahng and At-
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thickness ofthe buried oxide. Forthick buried oxide, thereisno
backside screening ofthe drain potential, resultinginrelatively
poor scaling characteristics compared to other device types
[10]-[13]. Since such devices are not likely to be used at the
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type of FD-SOI MOSFETSs, wherein both the insulator on the
back side of the Si channel layer and the Silayer itself are very

thin so that both sides of the channel are gated. There are also

in-between FD-SOI MOSFETs with buried oxide thinenough

to offer some screening, but not thin enough for use in active

view since the back gate can be used to dynamically adjust the
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DOPING= aN,

o=t ; . ) oo e g. 1. Schematic illustration of the scaling of Si technology by a
switching. These devices are interesting from a circuit point of factor alpha. Adapted from [5].

thresholdvoltage, butare notdiscussed hereforlack of space. Table 1 _
The outline of the paper is as follows. Section Il ad- Technology Scaling Rules for Three Cases

dresses some of the more fundamental limitations to the

continued scaling of MOSFETSs that appear to be on the Constant- | Generalized | Generalized
horizon. Based only on these fundamental limits, it may  Physical parameter | Electric Field | Scaling Selective
be possible to scale FETs down to very small dimensions, Scaling Factor | Factor | Scaling Factor
e.g., 10-nm channel length or smaller. Section Ill describeS  Channel length, Insu- /o 1/ 1/aq
research results related to this fundamental limit regime:  L.ior thickness
very tiny one-of-a-kind FETs. In the more practical world of ;3 = el 1/a 1a 1w
manufacturing, however, there are many types of variations widih
and fluctuations that require the design of MOSFETs with : ——
tolerances. In Section IV, we look at some of these practical ~_ectric field in device ! : :
limitations and their consequences for device design. Sec- _Voltage Yo el £/ea
tion V describes how the concepts of the previous sections = On-current per device Lo ik &/
play out when they are applied to meeting the needs of  Doping a ca £Qq
specific classes of applications. The paper ends in Section VI Area 1/0? 1/a? 1/a2
by summarizing all of the limits into a large table, followed Capacitance 1/a 1o 1w
by the conclusion in Section VII. Gate delay 1a e g
Power dissipation 1/o? g2 /a? €2 Jayag
Il. FUNDAMENTAL SCALING LIMITS Power density 1 &2 ay o

A. Scaling Theory

« is the dimensional scaling parameteris the electric field scaling

For many years now, the shrinking of MOSFETS has been parameter, and », anday are separate dimensional scaling parameters for
governed by the ideas of scaling [14], [15]. The basic idea is the selective scaling casep is applied to the device vertical dimensions
illustrated in Fig. 1: a large FET is scaled down by a factor and gate length, while., applies to the device width and the wiring.

« to produce a smaller FET with similar behavior. When all

of the voltages and dimensions are reduced by the scalingbeen slow because of the nonscaling of the subthreshold
factor « and the doping and charge densities are increasedslope and theorr current. To accommodate this trend,
by the same factor, the electric field configuration inside the more generalized scaling rules have been created, in which
FET remains the same as it was in the original device. This the electric field is allowed to increase by a factof17].

is called constant field scaling, which results in circuit speed Furthermore, the device widths and wiring dimensions have
increasing in proportion to the factoer and circuit density ~ not been scaled as fast as the channel lengths, leading to
increasing ag?. These scaling relations are shown in the a further scaling parameter for those dimensions. These
second column of Table 1 along with the scaling behavior of generalized rules are also shown in Table 1 and are described
some of the other important physical parameters. in more detail in [5], [9], and [18].

Fig. 2 illustrates the actual past and projected future The preceding scaling rules do not tell a designer how
scaling behavior of several of these parameters versus theshort he can make a MOSFET for given doping profiles and
channel length [16]. As can be seen, the voltages have notlayer thicknesses; they only describe how to shrink a known
been scaled at the same rate as the length, in violation of thegood design. Furthermore, since the built-in potentials are
simple scaling rules outlined above. In earlier generations of not usually scaled, the rules are inaccurate anyway. To find
MOSFETS, this occurred because carrier velocities were in-the minimum gate length at each generation of technology,
creasing with increasing field, yielding higher performance, one must analyze the two-dimensional (2-D) field effects
while deleterious high-field effects were kept in check by inside the FET. This is often done numerically using com-
the gradually descending voltage. More recently, carrier plex 2-D simulation tools, but the recent analytic analysis
velocities have become saturated, but voltage scaling hashy Franket al.[19] reveals the primary dependencies. Other
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Fig. 2. Past and projected future scaling trends for CMOS logic.
(a) Supply voltage and threshold voltage versus channel length. (b)
Gate oxide thickness and 2-NrND delay versus channel length.
Adapted from [16].
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Fig. 3. Idealized schematic cross section diagrams of (a) a bulk
MOSFET and (b) a DG-FET, defining the insulator thicknesand

the depleted Si thickness;. eg; is the dielectric constant of silicon
ande; is the dielectric constant of the gate insulator(s). Adapted
from [19].
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Fig. 4. 2-D potential perturbations in nFETs caused by a 20-mV
variation in the drain potential. (a) 2-D numeric simulation for
realistic doping profiles. (b) Simple analytic theory using the same
conditions as (a). (c) 2-D numeric simulation for a highgate
insulator & = 78, 30 nm thick) with extreme ground-plane-like
doping profiles and shallow source and drain. From [33].

of an idealized MOSFET structure such as that in Fig. 3(a)
can be expressed analytically using functions of the form
sinh(nmy/A,,) sin(nrx/A,,). The full dielectric boundary
conditions can be satisfied by matching these functions at the
interface, leading to an implicit equation for the scale length
A1, which characterizes the lowest order solution

0 = egitan(wty /A1) + ¢ tan(nts;/Aq) Q)

where the symbols are defined in Fig. 3. In the most
common regimet;/A; <« 1 and (1) can be approximately
solved as\; ~ tg; + (GSi/EI)t[ — (W2/3)(65i/€[)(6%i/6§ —

analyses have been made in the past [10], [20], [21], but we 1)(t7/ts;)*t7. There is also an analogous scale length for
prefer this approach because it allows us to treat the high- the double-gate MOSFET (DG-FET), which is a three-layer

dielectric case accurately.

structure with a gate and a thin gate insulator on both sides

According to this theory, the details of which are summa- of the channel, as shown schematically in Fig. 3(b). Its
rized in the Appendix, the potential variations in the channel equation is given in the Appendix. Fig. 4(a) and (b) shows
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é 0 1 2 3 discussed in Section Ill. For current manufacturing tolerance
NORMALIZED CHANNEL LENGTH, L/A 4 ratios and circuit design techniques, however, it appears that
the minimum practical worst case short FETs haye\; ~
Fig. 5. Plots of (a)AVt, DIBL, and inverse subthreshold slope i ;
and (b) transconductancé&'(,) and output conductancér(,,.), all 1.2 (TOI’ DIBL_ < 15.0 mV), so that the mmlmrum pra_ctlcal
versus thel /A, ratio, showing the dependence of short channel nominal design point is arount,e, /A1 ~ 1.5, allowing
effects on channel length. Based on 2-D FIELDAY simulations of for £20% gate length variation. This is only possible be-
idealized FET structures with; = 13.6 nm (tox = 1.5 nm, tg; = . . - ]
10 nm). AVt is determined aV ps = 0.05 V, DIBL is defined cause thé/ rolloff In bulk MO.SFETS is partially com_pen
asVir(Vps = 0.05) — V(Vps = 1.0), the transconductance sated by lateral doping nonuniformity _(e.g., halo doping, see
is measured &¥ps = 1.0V, Vo = V(Vps = 0.05) + 0.5 Section IV-A). For uniform lateral doping (e.g., an undoped
V and the output conductance is measured at the Sameand DG-FET), it is probably necessary to haﬂﬁom/l\l ~ 1.7

Vps = 0.75 V. ) .
e just to keepAV 1 below~100 mV, although the exact ratio

probably depends on the desirgd.. The bulk limit can be
a comparison between the numerically calculated 2-D seen, for example, in recent manufacturing technology [23]
potential change in a conventional MOSFET due to a changein which the minimum gate length (100 nm) FETs have DIBL
in drain voltage and the first-order analytic approximation. of ~120 mV (atVps = 1 V) and G,,,/Gou: 0of ~10, which
Clearly, the simple approximation accurately captures the correspond well to thd./A; = 1.2 point in Fig. 5. High
functional form of the potential variation along the channel, v threshold rolloff at this point would be unacceptably
where it is most important. The only substantial difference high, except that it is largely canceled out by careful halo
is in the deep depletion under the drain, but this does not doping.
significantly influence the subthreshold behavior. As a specific example of this scale length, Fig. 6 shows the

For this lowest order solution, the source—drain compo- numerically evaluated dependencefaffrom (1) ont; and

nent of the potential in the center of the channel varies as tg; for the Si-SiQ system. The simple linear approximation
(b21 +021) Sillh(WL/2A1)/Sillh(WL/Al), wherebs; andesy A =t + (651/6])1}[ Corresponds well to thﬁl =75nm
are bias dependent. Since this gives a length dependence ofase in Fig. 6, but note that the slope of the contours in-
~exp(—mL/2A1), theL /A ratiois a fundamental measure creases dramatically for shorter scale lengths, indicating a
of the quality of the FET. FoL/A; > 1, the FET will be- significant departure from this approximate solution. This
have nearly ideally according to the one-dimensional (1-D) increased slope is beneficial to highly scaled FETs since it

gradual channel approximation, but for smalfA; there implies that the penalty for using insufficiently scaled oxide
will be strong 2-D effects, including drain-induced barrier thickness is less than might have been expected.
lowering (DIBL), high-output conductance, aitr rolloff. By their nature, none of these scaling rules contain in

The dependence of these effectsloh\; is shown in Fig. 5 their formulation any limit on how far they can be applied.
for a particular case using 2-D numerical simulations of FETs The limits enter due to physical phenomena that are not
with idealized doping profiles like those in Fig. 3(a). Evi- included in the scaling. The physical dimensions are lim-
dently, L/A; = 0.4 is a fundamental limit on MOSFET as- ited by quantum mechanical tunneling currents that pass
pect ratio for this idealized design since voltage gain, given through the various barriers in the MOSFET when they are
by G,../Gou. Needs to be greater than one for CMOS logic sufficiently thin, degrading the device’s behavior. Voltage
[22]. scaling is limited on several fronts. The built-in junction
This scale length thus transforms the minimum gate length voltages are set by the 1.1-eV bandgap of Si which does
guestion into a question of maximum tolerable 2-D effects. not scale. Consequently, as the applied voltages are scaled
From an idealized theoretical point of view, these effects can down toward 1 V, the internal fields do not automatically
be large and./A; down to around one can be considered, as scale as desired. A similar difficulty occurs in trying to scale
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104

1.0-1.5-nm range, which should be reached in one or two
generations. Lower power applications require thicker min-
imum oxide thickness and are already near their limits.

LML B L |
nFET

...... Measurement
—— Simulation

§ :g: What can be done to circumvent this limit? There are at
> 1 o Igast three paths of attack, aII. of which may be useful. The
= 100 first approach is to stop scaling the oxide, but attempt to
& 10 ' continue scaling the rest of the FET in such a manner as to
a 102 compensate for the thicker oxide. A related approach is to
§ 10 change the device structure in such a way that the MOSFET
g 10+f can be scaled further, even with the relatively thicker oxide.
o 10° DG-FETs are an example of this approach. The third ap-
S 10° proach is to try to change the gate insulator to another ma-
107} terial such that the effective capacitive thickness can be re-
108 et duced without increasing the tunneling current.
00 05 1.0 15 20 25 30 The first approach has two aspects: 1) one can reduce the
Gate Voltage (V) depletion depth (or the Si layer thickness for DG-FETS) as
) ) i far as possible, to minimizé&; without further thinning of
Fig. 7. Calculated (lines) and experimental (dots) results for tunnel . .
currents from inversion layers through thin oxides. Adapted from Lo the oxide and 2) one can seek ways to reduce the minimum
et al. [24]. acceptabld /A1, such asimproving the halo doping. The de-

pletion depth can be reduced by increasing the doping and/or

the threshold voltag®&+, which is tied to the nonscaling by forward biasing the body-source junction, but this has
behavior of the subthreshold slope and its influence on two drawbacks: body leakage currents and a degraded ide-
the OFF current. At very low values, the supply voltage ality factor. The leakage currents are due to forward body-
is also fundamentally limited by the need for sufficient source junction current and band-to-band tunneling between
gain to provide logic functionality. These and other issues the body and drain, which is described below. The ideality
associated with scaling are examined in more detail below. factory is the reciprocal of the rate of change of the channel
Currently, the scaling of physical dimensions is also limited surface potential as a function &% (in the subthreshold
in a practical sense by the discreteness of dopants sincaegime) and is approximately equal 10+ es;tr/erts; for
present manufacturing techniques do not control the exactbulk MOSFETS. It enters into the subthreshold slope, thus
placement of dopant atoms. Consequently, since very smallimpacting theorr current. Applications that can be refrig-
device volumes contain only a small number of dopants, erated may particularly benefit in this regime, since forward
large statistical variations become likely. Although single junction current and degraded subthreshold slope can both
devices can be built, large functional circuits may be unman- be ameliorated by running at low operating temperature.
ufacturable by present techniques. This effect is discussed As mentioned briefly in the preceding section, a laterally
in Section IV-C. nonuniform doping distribution can at least partially com-
pensate for thé/ rolloff that occurs forL/A; < 2. Of
all the 2-D effects,Vt rolloff has the worst effect on cir-

Tunneling current through the gate insulator is one of the cuit margins, so this compensation is very important and
most constraining limits to scaling. For SiCthe conven- enables worst casg/A; to be reduced from~1.5 for no
tional gate insulator, this leakage (see Fig. 7) exceeds thecompensation te-1.2 for current generation halo doping.
requirements of some applications (e.g., DRAM) already at Halo doping achieves this lateral nonuniformity by angling
2.5-3 nm, even though high-performance logic technology is in shallow body-type doping from the source and drain ends
currently pushing 2-nm oxide thickness [23] to achieve the of the FET with the gate as a mask creating a “halo” around
desired performance. According to Fig. 7 [24], 2-nm SiO the source and drain. For shorter FETs, these halo profiles
will have a leakage current of about 0.1 Aftrat 1.2 V. work to create a higher average doping in the channel than is
For conventional designs this will only contribute a few mil- seen by a longer channel FET, thus tending to rais& tha
liwatts to the overall chip dissipation, which is only prob- opposition to short-channel effects that are lowering it. Such
lematic for very low power applications, but is indicative halos are used to achieve the 25-nm bulk CMOS design de-
of where things are headed. Several writers suggest that thescribed in Section IV-A. The other 2-D effects, however, are
upper limit of acceptable gate leakage is in the 1-10-&/cm not compensated and fér/ A; much below 1.2, device per-
range [25]-[27] or even 100 A/chi28], although if one as-  formance becomes severely impacted anyway.
sumes more aggressively that up to 10% of the total power The second approach involves changing the device
dissipation could be due to gate leakage (see Section V-A),structure to one in which the gate essentially surrounds
then it may be possible to tolerate leakag&000 A/cnt in the channel. The most investigated form is the DG-FET in
very high performance chips and even higher densities in which there are a gate and a thin gate insulator on both sides
small areas (unless reliability problems prevent it, see Sec-of the channel, as shown schematically in Fig. 3(b). This
tion V-A). Either way, the minimum pure SiQOgate insu- geometry has been shown to have better scaling properties
lator thickness for high-performance applications is in the than the conventional bulk MOSFET [11], [12], [29] at least

B. Tunneling Limits
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for room temperature operation and is described in some
detail in Section IV-B. The three-dimensional (3-D) version
of these devices in which the channel is a thin post and the
gate wraps around it cylindrically has the best electrostatic
scaling properties of all and has been investigated by several
groups [30], [31], but may prove to be impractical because of
the high quantization energy levels for such a channel. (The
lowest quantum energy level of the confined channel adds to
the classicaVt of the MOSFET, creating an additionglp
control issue [6].) The primary advantages of these alternate
device structures are a better ideality factor, near unity, and
the possibility of thinner Si channels than would be possible
in bulk devices except at very low temperature. It is not yet
known to what extentVt rolloff can be compensated in Fig. 8. Contours of constant scale length versus dielectric constant
these structures, although it seems that at least in principle,2nd insulator thickness, showing the useful design space forihigh-

. . . gate dielectrics. Data points are rough estimates of the tunneling

it may be possible to do so. For planar forms of the device, constraints for various high-insulators. Depletion depth is 15 nm

one could implant halo doping profiles into the channel here. Useful design space will shrink with decreasing depletion
although this would be subject to more fluctuations than for depth- From [33].

bulk devices because the volume available for such doping is

smaller due to the thinness of the channel. Lateral variationsincreasingk [19]. This may be thought of as a case of “ma-

in the gate workfunction might also be possible [32]. jority rule”: when there is more insulator than Si, one ap-
Finally, there is much work aimed at reducing the gate tun- proaches the situation in whicky = t; + (e7/¢s;)tsi, i-€.,
neling problem by changing to a higher permittivity) gate the Si gets converted to equivalent insulator thickness rather
insulator. This is largely a materials problem since its successthan the insulator being converted to equivalent Si.
depends upon achieving high layer uniformity, integration  The overall implications of the scale length considerations
with other Si processes, minimal/controlled reactions with on high# dielectrics are illustrated in Fig. 8, which indicates
Si and the gate electrode, and low fixed-charge, defect, andthe regime in which these dielectrics can usefully contribute
trap densities in the insulator and at the interface between theto further scaling of Si MOSFETS. The contours of constant
insulator and the Si substrate. Interface chemistry might alsoA; are equivalent to contours of minimum gate length since
necessitate the use of metallic gate electrodes in which caseaninimum gate length is proportional fo,. Since it is unde-
metals must be found with workfunctions near those of n- sirable to retreat from scaling and be forced to make larger
and p-poly-Si to achieve low rs. If a suitable insulator can  FETSs, the upper region that corresponds to larger minimum
be found, it would be characterized by three thicknesses: itSFETs than can be achieved with Si-Sii® blocked out. The
physical thickness;, its equivalent oxide tunneling thick-  lower region is blocked out by the approximate tunneling
nesstoxreq, and its equivalent oxide capacitive thickness |eakage limits of hight materials and reflects the empirical
toxCeq- Although t; would be larger than the (application observation that insulator bandgaps tends to decrease with
dependent) minimum SiOfilm thickness for most highk increasing:. Only the unhatched region is usefully available
dielectrics, the goal is to find an insulator with the property for high-k improvements to scaling. Based on the ratio be-
that when itS oxreq iS €qual to the minimum Sigxhickness, tweenA; for SiO, (19 nm) and the best accessildleat high
ItS toxceq IS significantly less than the minimum SjGhick- k (15.5 nm), it appears that highmaterials can offer about
ness. This would enable further scaling since when the gateone additional generation of gate length scaling at fixgd
insulator permittivity varies, at least initially, all of the other but probably not more.
device dimensions and voltages can be scaled in keepingwith  The gate insulator is not the only barrier through which
toxceq rather than the physical thicknegs(since this main-  tunneling currents may flow in very small MOSFETSs.
tains the scaling of charge density). The body-to-drain junction can also experience tunneling
There are, however, some constraints on highsulators. currents if the field is high enough. Fig. 9 shows the field
The scale length theory of Section II-A shows that the phys- dependence of such band-to-band tunneling currents. Since
ical thickness of the higlt-insulator becomes important as the cross-sectional area of the highest field body-to-drain
k increases, increasing the scale length and the drain potenjunction region is~1/3 that of the gate insulator, it may be
tial penetration under the gate [19], [33]. This is illustrated possible to tolerate higher tunneling current density, perhaps
in Fig. 4(c), which shows the potential perturbation in the up to 3000 A/cri for aggressive high-end applications. Ac-
channel of a MOSFET withk = 78 gate insulator and the  cording to Fig. 9, this puts the scaling limit for body-to-drain
sametoxceq as in (a) and (b). Note that the potential falls electric field at~2.7 MV/cm, which corresponds to peak
much more slowly in (c) than in (a) and (b), even though body doping around 810" cm—2 for bulk MOSFETSs,
the channel is longer in (c). A more detailed analysig\of depending on bias and doping gradients, for a minimum
from (1) shows that the physical insulator thickness should depletion depthg; of 8—13 nm. For low-power applications,
always be less than the Si depletion depth under the channethe limit is likely to be below 1 A/cr or 1.7 MV/cm and
since otherwise the scale length will actually increase with 0.8-1.2<10' cm~2 body doping for a minimums; of

Insulator Thickness (nm)

2 4 10 20 40 100
Dielectric Constant
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at room temperature for channel lengths around 10 nm (see
Section Ill). It currently appears that scaling for most appli-
cations will stop due to minimum insulator thickness prob-
lems before this source-to-drain tunneling limit is reached.
One lasttunneling-related constraint on scaling MOSFETs
is tied to the need for FETs in most applications to provide
greater than unity power gain, not to mention voltage gain.
For sufficiently leaky gate insulators, the power required to
drive the input leakage current could exceed the power avail-
able at the output especially if the output conductance is high.
This would turn the FET into an attenuator rather than an am-
plifier and so represents perhaps the ultimate limit on thin-
ning the gate insulator. For practical very large scale integra-
_ o _ tion (VLSI) applications, however, power density problems
legét?i'c fg&tfgfr tia\?‘::\?;’:‘;gigg_ nggg(t’gdt?r';?f'['g%_Cu”ent versus are likely to limit scaling long before this limit is reached.
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13-15 nm. In SOI MOSFETs with floating bodies, including C: Voltage Limits

DG-FETs, this tunneling current is potentially more prob-  the most conspicuous nonscaling voltage in the conven-
lematic because, in addition to creating d|SS|pat|on, it can tional SiMOSFET is the Si bandgap potentiz /e = 1.1V
charge upthe floating body, lowering the effective threshold (where e is the elementary charge), which can only be
voltage. This body charging reaches steady state when the.panged significantly by changing the semiconductor itself.
body voltage is low enough that the thermionic current into ;g honscaling behavior does not actually limit operating

the source balances out the tunneling injection from the \ 596, but it does complicate device design. In traditional

dra?n. Since the tunneling current depends ;trongly_on the Gircuit design, the body is tied to the source supply voltage
drain-to-source voltage, so does the body bias, which cangng. consequently, as the supply voltage is scaled down

create very high output conductance. For DG-FETS, the sit-; 1 the 1-v range, the effect of the bandgap potential is
uation is not quite so bad: the rate at which carriers that haveincreasing. The primary effect is to increase the junction
tunneled from the drain into the body can thermionically exit fa4s and/or depletion depths in the FET above what
the body into the source is approximately the same as thethey would be for ideal scaling. For the body-to-source
rate at which carriers are thermally injected into the channel 5,4 _grain junctions, the higher field necessitates higher

from the source. Therefore, as long as the drain—to—bodytmctiOn doping, but the nonscalég}; tends to suppress the

tunneling current does not exceed the subthreshold channe and-to-band tunneling compared to what it would be if the

current,.the device should behave reasonably well. For morebandgap were scaled. For the channel depletion region, the
conventional SOl FETs, however, the barrier for carriers increasing field perpendicular to the oxide interface con-

to leave the body can be much higher than the channelgos channel carriers closer to the interface, reduces their

barrier and therefore very little drain-to-body tunneling pijity, increases their quantum confinement energy, and
can be tolerated before thér is shifted significantly. The  jy.reases gate depletion. Since these effects tend to increase
only apparent way around this floating body problem for the threshold voltage, they make it very hard to lower
FD-SOl is to lower the supply voltage so that there is N0 4 the |evels needed for high-performance applications. The
fjlrect tunneling pat_h available be'tween drain and dey. This first step in achieving a lowe¥ and channel surface field
imposes an approximate constraint¥p, for conventional i still getting a scaled shallow depletion depth is to use

FD-SOI of the formVpp < Eg/e — Vo/n. For PD-SOI,  teyragrade doping profiles with low doping at the surface and
there is also a second solution available: use a body contacthigh doping near the desired depletion depth [6]. If this does
It must be pointed out that these tunneling estimates could not lowerV sufficiently for some applications, one could
easily be too optimistic because the currents in Fig. 9 are for consider very shallow counterdoping of the surface of the

ideal band-to-band tunneling. Such tunneling can be greatly retrograde_doped channel to further lower e without
enhanced by deep traps in the junction, resulting in much significantly increasing the depletion depth. Alternately,
higher junction leakage currents that would depend on the most of theseE; scaling problems can be addressed by for-
statistical distribution of deep traps in the jUﬂCtiOﬂS. This ward biasing the body relative to the source [37] in a manner
problem particularly impacts DRAM retention time distribu-  which in effect scalesFs. The problems with forward
tions [34], [35]. biasing the body include the need to generate and distribute
Forverysmall MOSFETS, direct subthreshold source-to- more supply voltages and the forward-biased diode current,
drain tunneling through the potential barrier below the gate which would add to dissipation. Since the latter problem
is another possible source of leakage current. This effect hasmight be solved by low-temperature operation, forward body
been reported in electrically variable shallow junction MOS- bias may indeed be a viable solution for high-performance
FETs (EJ-MOSFETS) operating at 77 K with physical gate computing applications and is discussed more extensively in
lengths of 8 nm [36] and is expected to become important Section 1V-A. Note that PD-SOI MOSFETS tend to acquire
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moderate forward body bias automatically in the process Highest high Lowest high

of equalizing the impact ionization and tunneling currents Vi _E V2

entering and leaving the body. Vi Vi
The biggest limit to scaliny r is that theoFF currentl g

of the FET is constrained by application considerations and

Ig = Iyp10~V7/S, whereS is the inverse subthreshold Lowest low Highest low

slope andly 7 is the current at whiclV ¢ is defined. Since v Vi Vi

S ~ (In 10)nkT/e, wherer is the idealityk is Boltzmann's

constant, and’ is the temperature, the only way to scale @)

Viz

N W

-

o

N W
T

-
T

N & O
T T

Vour. Vin (nkT/€) Vour, Vin (nkT/€) Vour, Vin (nkT/e)

lo
EN

V1 without also changind.g is to scalel’. For high-end
applications, this is beginning to happen to some extent, i Vi1 (b)
but for many applications (e.g., cell phones), significant [ Vi Vop=3.3 nki/e
cooling is not an option. For these low-to-moderate power i XAl 4 inputs rising
applications, the maximum dissipation-limited active-mode - 1 input rising
I may range between 10 and 10* A/cm, resulting [ iz
in minimum Vs varying between 0.54 and 0.27 V, re- . . . 3 . -
spectively. These thresholds assufyg = 0.1 A/cm and
S = 90 mV/decade. Very high-performance circuits might Vi ©
tolerate thresholds near 100 mV (by ti¥s: definition). Vi Vop=3.01 7kT/e
Note that these are worst case thresholds at Rigj.
Nominal threshold voltages must be set higher to allow iz
for manufacturing tolerances. As noted before, double-gate , ) Vi . ,
structures generally have smaller inverse subthreshold slope,
perhaps 70 mV/decade at room temperature, allowing the v
threshold and, hence, the supply voltage to be scaled further. HI \(/d) =2.7 nkT/e
For very low-power applications, there is an interest in re- po=4-71
ducing the supply voltage as far as possible as a way of re-
ducing the power by trading off performance [38]. From a ) ) > Vit .
fundamental point of view, in binary digital logic, the min- 0 4
imum permissible logic swing is the smallest swing that is Vine Vour (nkT/e)
still large enough to maintain two distinct logic states and _ o , o _
it was shown long ago that this level is aroungk”[22). [0, 10, Mustaten of minmum swng determivaton seg
This estimate can be refined by considering the self consis-conditions for best- and worst case logic outputs. (b)—(d) Transfer
tency required for a combinatorial logic gate. In this regime, characteristics in the form of “eye” diagrams. Output voltage
each logic state is identified with a relatively small range of ‘ézfeussv'v”hpe“rf ‘ﬂf?%ignl%ﬁfﬁ ‘g‘i{;?gﬁr:’ger:ﬁj Sv”rfgh‘t;‘l)']fgﬂf ifnogLf[‘se
voltages, either high or low. Self consistency means that aare switching. Inputs that are not switching are heldva,. (b)
combinatorial logic gate with any possible combination of Logic swing is above the minimum. Self-consistent low output
inputs taken from the logic state ranges will always produce Sates are Egvv\\'ggg;ll 1?]%\\/%;2 _ar(]cd) T_ﬂ;’iiog\f}isntge i Eggcg;tg?t
an output state that lies in one of the logic state ranges. minimum. (d) Logic swing is below the minimum; there are no fully
Conventional combinatorial logic circuits are built using self-consistent output logic states.
series and/or parallel combinations of input devices, one (or
two for CMOS) device(s) for each input. To find the fun- puts changing and the output state ranges are isolated and self
damental limits, imagine circuits in which the usual sources consistent, even though the range of input states does create
of logic state degradation (noise) are absent: there are nosome spread. This logic swing is above the minimum limit.
voltage drops in the wiring, no capacitive coupling between When the logic swing is reduced too far [see Fig. 10(d)], the
wires, no process-induced parameter variations among theearliest and latest curves no longer cross, indicating that there
devices, no variations in the supply voltages, no extrinsic is no self-consistent solution f&f;,> and V2 (as defined in
resistances, and no thermal noise. The nonlinearity of thethe figure). The lack of a self-consistent state means that op-
active devices serves to compress the variety of input logic erating a long chain of such logic gates can result in the loss
states into just two output states, but since the devices areof the logic signal (Fig. 11). Fig. 10(c) shows the minimum
not “infinitely nonlinear,” a finite voltage range is required to  logic swing condition: the earliest and latest curves are ex-
achieve adequate compression. As an example, Fig. 10 illus-actly tangent at their intersection points (and the noise margin
trates this for a simple CMOS four-inpNAND gate, where is reduced to zero).
(a) shows the bias conditions which lead to the upper and Using this type of minimum logic swing condition, analo-
lower logic state ranges. In Fig. 10(b), the logic swing is gous curves can be found for other logic families and fan-ins
“large”; the “eye” diagram shows a small amount of noise and analytic calculations and simple circuit simulations can
margin between the earliest switching gate with only one be carried out to determine the minimum logic swing or
input changing and the latest switching gate with all of its in- supply voltage; some results for MOSFETs are given in
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Fig. 11. Output signal versus time for every second gate in a series
chain of subthreshold CMOS four-inpnAND gates when operated
with logic swing of 2.9947kT, which is below the minimum
(3.019kT). Logic gates are configured in worst case fashion:
low-going stages receive all four inputs from the previous stage,
while high-going stages receive only one input from the previous
stage, having the other inputs tied high. Note that for this case the
logic signal is lost after 35 stages.

Table 2
Minimum Self-Consistent Supply Voltage for Fixed Fan-In Logic
Gates for Several Circuits and Conditions

Minimum Supply Voltage

Circuit family FI=2 | FI=4 | FI=8 | Units
CMOS NAND
well below Vp 2.27 | 3.01 | 3.72 | nkT/e
CMOS NAND

Vr=Vpp/4, T=300 K || 144. | 207. | 274. | mV

Resistor Pull-up nFET
NOR, well below Vp 4.22 5.2 6.08 | nkT/e

Minimum design points assume that the device sizes and/or bias voltages
have been optimized to center the input/output curves. For random logic, the .
minimum logic swing would be determined by the average or typical fan-in
rather than by the worst case, since high fan-in gates would be buffered by

lower fan-in circuits.

Table 2. These limits vary roughly dg47’/¢) ln(FI) for
conventional devices in their exponential regime, where

©
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5 CMOS 4
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Fig. 12. Minimum supply voltage versu¥r as a fraction of
Vpp for four-input CMOSNAND gates. These calculations use a
constant mobility Brews model [97] to simulate 1u0a channel
length surface channel FETs with thin oxide (4.5 nm) and realistic
source—drain contact resistances. Threshold voltage here is defined
by the extrapolation to zero of the source—drain conductance for
very low drain voltages.

The introduction of realistic nonidealities such as noise,
tolerances, and short-channel MOSFET behavior into the
above analysis will create a statistical spread of scenarios re-
quiring higher voltages to guarantee logic state consistency.
On the other hand, from a theoretical but impractical point
of view, one could buffer the output of every multiple input
logic gate with a chain of inverters, effectively increasing
the gain and decreasing the minimum required supply
voltage somewhat, although the power consumed by the
buffers seems likely to eliminate any real advantage from
this approach.

D. Resistance Issues

It is implicitly assumed in the scaling theories that the
parasitic resistance in series with the intrinsic MOSFET
is either negligible or scalable along with the channel
resistance. Otherwise, the performance gains derived from
scaling are quickly lost. For example, recent experimental
work on 20-nm gate length MOSFETs reported current
levels much below today’s optimized 100-nm devices
because of excessive series resistance [40].

In spite of this case, series resistance is not expected

FI is the fan-in. Note that the lowest voltage FET results to impose a fundamental limit on CMOS scaling. Tech-
are achieved by using the FETs in their subthreshold nological advances, e.g., self-aligned silicide for contact
regime, where they present their maximum exponential resistance reduction and rapid thermal annealing for abrupt
nonlinearity. To achieve smaller minimum logic swing, source—drain formation, allow today’'s state-of-the-art
one would need devices with stronger nonlinearities since high-performance bulk nMOSFETs to achieve a series
the greater the nonlinearity, the smaller the voltage rangeresistance below 10Q ;;m [23]. This is less than 10% of the
required for logic state compression. Using MOSFETSs in effective device resistan¢® pp — Vr)/Lo, 22 1000 £ ppm.

the conventional above-threshold manner decreases theitJltimately, the intrinsic device resistance of an ideal ballistic
overall nonlinearity and increases the required minimum MOSFET approaches’,,v,)~*, whereC,, is the effective
supply voltage, as shown in Fig. 12, from 75 mNI(= 4) gate capacitance per unit area including quantum effects and
for pure subthreshold CMOS to 207 mV f§ir = Vpp /4 v, IS the thermal injection velocity at the source [41]. For a
at 300 K. Adding more contact resistance may also increasephysical or equivalent,, of 1.0 nm, the limiting intrinsic

the minimum supply voltage since it decreases overall device resistance is about 500,m. Even without further
nonlinearity[39]. Another consideration is that transient reduction in series resistance below currently achieved
simulations show increased timing variability (dependence values, no serious performance degradation is expected.

on input state) near the minimum logic swing limit because  For bulk CMOSs, there is a tendency for the series resis-
of the asymmetric switching. tance to increase as the junction depth is scaled down for
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shorter channel devices. But this is unlikely to pose a fun- Uppar gate
damental problem as it can be dealt with by structural solu- intargate oxide L ower gate |
tions such as raised source—drain using selective epi. Further- Gate oxide : '
more, it is shown in Section IV-A that for an optimized halo ; n
design, strict junction depth scaling is not required for short '3‘ '
channel control. This can be understood from the principle n 1 1 i
of the scale length model in which the source—drain depth p-sub ', Channe |
only enters the preexponential factor of the threshold voltage Uiirmciten lowr Woamme: | s in
rolloff. (@)

Particular attention is needed to avoid high series resis- ——rrrr ——rrrr
tance in SOI and/or DG-FETs that use thin silicon films. I
Ideally, the source and drain regions should fan out to a
much thicker film for reduction of both the electrical and the
thermal resistance.

100 -

Il. ULTIMATE MOSFETS

As indicated in the discussion about scale length and min-
imum channel length in Section II-A, the primary constraint : 3
on shrinking channel length is the coupling between 2-D C ]
short channel effects and tolerances. When 2-D effects be- B [ TN L
come large at very short channel length, random variations 10 100
) " TEMPERATURE (K)
in gate length, dopant positions, and other structural param-
eters cause very large changes in device characteristics. If (b)
one is only interested in a single FET or if one assumes thatFig. 13. (a) Cross-sectional view of 8-nm channel length
ways can eventually be found to reduce process variationsEJ-MOSFET. (b) Temperature dependence of the inverse

S subthreshold slope at various channel lengths. Reprinted from
to insignificance and to place dopants exactly, then toler- [3g] by permission of H. Kawaura.
ances are not an issue and one can design and build extremely
short gate-length MOSFETSs. These can be very useful for ex- . ) o ) )
ploring the physics of small FETs even if they do not reflect idea that the current in this regime is d_omlnated by dlrgct
manufacturable processes. _tunnellng through the channel barrier smce_such tunneling

The smallest reported experimental FETs are 8-nm IS not very te_mperature dependent. Tunneling _through the
EJ-MOSFETs made by Kawaus al. [36]. As shown in 22-nm effective channelllength appears plausible for this
the cross-sectional diagram in Fig. 13(a), these electrically 48Vice because the barriers are lew,~50 mV, and the
variable shallow junction nMOSFETs use a second gate effective mass qfthe Iowestquantumle_vel is quite low in the
over the top of the first gate to induce inversion layers in the ransport direction. Furthermore, the ideality factor-e8
source and drain regions. Such inversion layers are muchr this FET increases the apparent tunneling inverse slope
shallower than the usual implanted source—drain extensions Significantly above what it would be in a more ideal device.
which reduces to a minimum the influence of the drain on  On the theoretical device design front, recent work by
the channel of the FET. The lower gates were patterned byPikuset al.[42], [43] has shown that it should be possible to
e-beam lithography and lateral etching to achieve a min- scale DG-FETSs [see Fig. 3(b)] down to 8-nm channel lengths
imum physical gate length of 8 nm. This FET has substrate for logic and DRAM. These simulations use a ballistic trans-
doping of 2<10'® cm™3, a depletion depth of 25-30 nm, port model to predict device IV characteristics such as those
tox = 5 nm, and consequently; ~40 nm (see Fig. 6). If  shown in Fig. 14 for a Si channel 1.5-nm thick with 2.5-nm
the effective channel length is of the same order as the gateSiO, gate insulators on both sides of the channel. These
length, this MOSFET ha&/A; ~0.2, which is extremely  particular curves do not include source-to-drain tunneling,
small and seems unlikely since itér shift, DIBL, and but their later work does, showing that the effect becomes
gm/gout ratio are all consistent wittler/A; ~0.5-0.6, important at~8-nm channel length at 300 K. Using the
judging by Fig. 5. By this analysis, it appears likely that this three-layer generalization of the scale length theory [see
FET has an effective channel length €22 nm with the (A5) in the Appendix], these FETs have, = 9 nm so
extra~14 nm due to fringe screening of the upper gate field to allow for reasonable gate length aiWd tolerances in
by the lower gate. Nevertheless, for transport measurementsan FET without V1 rolloff compensation the minimum
this FET is very interesting. It appears to be so short that it channel length should be13 nm. However, if the design
shows evidence of direct tunneling between source and draincriteria for use in logic is only that there be sufficient gain,
through the channel barrier. This is demonstrated by the in-then these simulations show that such MOSFETSs could be
verse subthreshold slope measurements versus temperatuneseful for logic down to about 8 nm dt/A; = 0.9. For
shown in Fig. 13(b). The saturation of the inverse slope at DRAM, the most important thing i&§N—OFF ratio and the
low temperatures for the shortest FETs is consistent with the simulations suggest that a sufficiebt—oFF ratio can also

S~-FACTOR (mV/decade)
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Fig. 14. Drain current and voltage gafi~ = dV/dV« (at constant current) versus gate voltage
for very short channel DG-FETs. Reprinted from [42] by permission of K. Likharev and the American
Institute of Physics, © 1997.

be obtained for channel length down to 8 nm, at which point forward biased by 0.5V, the depletion depths can probably be
source-to-drain tunneling becomes significant. reduced toe~5 nm, making it possible to achieve a 10-12-nm

Finally, consider the ultimate limit for conventional channel length. Second, a forward body bias lowers the re-
bulk-like MOSFETSs. According to Section II-B, the thinnest verse bias and therefore the field across the drain-to-body
possible depletion depth for bulk FETs at maximum body junction, hence suppressing the band-to-band tunneling cur-
doping is about 8 nm. Coupling this with a 1.2-nm very rent. Meanwhile, the leakage current of the source junction,
leaky gate insulator and 0.7-nm gate poly-Si depletion gives although forward biased by the applied body voltage, is in-
a scale length of~11 nm, which ought to make it possible significant at low temperature as long as the body bias does
to consider FETs with channel length of order 10 nm, in not exceed~0.5 V.
keeping with the preceding examples. Unfortunately, it will  The steeper subthreshold slope at low temperature
be very difficult to get the desired low-threshold voltages allows V1 and, therefore,Vpp to scale further below
with this design because quantum confinement effects will their room-temperature limits given in Fig. 2(a). With the
raiseVr at least 200—250 mV at such high fields [6]. If a threshold voltage scaled to 0.1 V or so for 100-K operation,
high-k gate insulator is not available, it will be even more we estimate that it is possible to extend CMOS~tb1-nm
difficult because the resulting high-ideality factgr~1.5 channel length with a 1.2-nm,, and 0.5 VVpp. 2-D
will cause a highVr due to the built-in field and will drift-diffusion simulations show inverse subthreshold slope
necessitate a highit due to the low-subthreshold slope. of 40 mV/decade even for 1.5 ntyg,. at 100 K and 10-nm

It appears possible to approach this regime, however, bychannel length, so achieving a IoW with low OFF current
cooling the CMOS chip to low temperatures and forward bi- appears quite feasible, but these simulations do not include
asing the body. While low-temperature operation by itself source-to-drain tunneling current. Separate estimates indi-
does not help 2-D effects, some of the improvements in sub-cate that this tunneling current will start to dominate the
threshold slope can be traded off for a narrower gate deple-thermal oFr current somewhere in the 10-12-nm regime,
tion width to attain better control of short-channel effects. thus creating the-11-nm channel length limit.
A forward body bias in this case is helpful in several ways.  These design points by their definitions do not include any
First, a forward body bias reduces the built-in potential and tolerances and, thus, serve as reference points for what may
adjustsVr to lower values, both directly and by decreasing be possible if process variations could be completely con-
the field and the quantum confinement energy. If the body is trolled.
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IV. PRACTICAL LIMITS ON MOSFETS generation of 75-nm resolution in year 2008 according to the
ITRS roadmap [4]. Key issues such as gate work function,
channel and source—drain doping requirements, poly-Si de-
pletion effect, and nonequilibrium carrier transport in 25-nm

strained by a variety of factors that (at least presently) pre- CMOS are addressed. As discussed in Section VI, it may
y y y be possible to scale a little further than this, but only at ex-

clude reaching the ultimate limit, except in one-of-a-kind de- .
: . . tremely high power.
vices. Perhaps the most important of these factors is the man- : . . .
ufacturing reality of tolerances. These tolerances arise both While straightforward 2-D scaling calls fqr a gate O?('de
! around 1 nm for 25-nm MOSFETs [see Fig. 2(b)], direct

from processing variations and from circuit conditions. . . . . . .
. . . . L tunneling leakage in oxide/nitrite gate insulators is very
On the processing side, there are lithographic variations | . T .
high for such thin insulators as already discussed, so we

due both to exposure conditions and to photoresist variations. . o o : .
. . . taketoxceq = 1.5 Nm, which is near the limit described in
At the finest level, the molecules of the photoresist are dis- ) o
. Section 1I-B. To maintain reasonabterF currents on the
crete and may cause a certain level of fundamental coarse- . .
) . . . order of 100 nAim for an integration level of 13-10°
ness. From a device point of view, the most important con- ) ;
. . - . ._ devices per chip, the room-temperature threshold voltage
sequence of these lithographic variations is a random varia-. .
L . o is kept at a minimum of about 0.2 V under the worst case
tion in the gate length. This variation occurs both from de- L . !
. ; - . : - conditions. The power supply voltage is set at 1.0 V, which
vice to device within a chip, due to exposure nonuniformi- . :
. - . represents a reasonable tradeoff among active power, device
ties, proximity effects, stochastic effects, etc., and as an av-

o . . performance, and high field effects. With the nonscaled
erage variation from wafer to wafer and chip to chip, due to : . .
) ) " gate oxide and supply voltage, an optimized vertically and
imperfect control of processing conditions. All other aspects : . )
. . .~ laterally nonuniform doping profile called the superhalo
of manufacturing are subject to control tolerances, too, in-

. o . [16] is needed for controlling short-channel effects. Fig. 15
cluding layer growth or deposition thicknesses, etch depths . ) I .
) 9 . . . shows such a doping profile along with simulated potential
and profiles, ion implantation conditions, and annealing con- o )
- . contours for a 25-nm MOSFET. In principle, such a profile
ditions. None of the current manufacturing processes con- . T . .
. " ._can be realized by ion implantation self-aligned to the
trols the exact atomic position of each dopant atom and this

. . - ; gate edges with very restricted amount of diffusion. The
uncertainty by itself can lead to substanfia} variations in hiahlv nonuniform orofile sets up a hiaher effective dooin
very small FETSs, as described Section IV-D. gnly P P 9 ping

oo concentration toward shorter devices, which counteracts
There are also circuit related tolerances due to the capac- . . . "
. . . . : short-channel effects. This resultsdAF currents insensitive
itive coupling between signal lines. Since a computer has a

. . S . .to channel length variations and allows CMOS scaling to the
very large set of possible states, there is a statistical distri- .
’ ) : : shortest channel length possible. In the 25-nm CMOS de-
bution of noise coupled onto each signal line. For very low

. e . . sign shown in Fig. 16/, is nearly independent of channel
supply voltages, the logic state variations described in Sec'le?\gth variationg betwr([aen 20 ;nd 33 nm. The superior
tion 1I-C are another source of such noise. i

Both of the above forms of uncertainty must be accounted _short-channel effect obtained with the superhalo is shown

) L - . o in Fig. 17 compared with a nonhalo retrograde profile. Be-
for in designing optimized devices and circuits. Several
. - - cause of the nearly fla¥ + dependence on channel length,
studies have been done at the circuit level characterizing the . .
. . superhalo allows a nominal device to operate at a lower
effects of these tolerance 8fir andVpp. The basic result is o o
- . threshold voltage, thereby gaining significant performance
that optimized threshold and supply voltages must be raised - .
enefit: 30%—40% over nonhalo devices for 25-nm CMOS
somewhat to accommodate these effects compared to wha . o
! . at 1.0 V [27]. It should be pointed out that DIBL, which is
they would be for perfectly controlled FETs with nominal still present in superhalo devices, has only a minor effect on
characteristics [44]-[47]. Section IV-A and Section IV-B P P ’ y

describe practical attempts to address the scaling Iimitsth?rgglzzfgf;éﬂ?:zee\fl?gea dge';/?r;]r:j'gg;dr:i’iﬁ:é uire stringent
of MOSFETSs in the context of tolerances, Section IV-C 9 q 9

addresses one of the sources of variations, namely discretescallng of junction depth. Fig. 17 shows that tig rolloff

dopant effects, and Section IV-D briefly discusses power 'S r?trr:er |hnsen3|t|\;1e to :‘he_ vertl_cal éunctrllo_n gepg? Vc\j/';fh only
dissipation, a slight change when the junction depth is doubled from 25

to 50 nm for the same halo profile. This allows the junction
depth to decouple from the channel length, thus avoiding
A. Bulk CMOS the high-resistance problem with very shallow extensions.
Bulk CMOS has been the mainstream VLSI technology The lateral source—drain gradient, however, is much more
for the past two decades. Below 100-nm linewidth, however, critical. As CMOS channel length is scaled down, the lateral
CMOS design options are severely constrained by the fun-doping profile of source and drain junctions should also
damental issues of oxide tunneling and voltage nonscalingsharpen in step and be kept abrupt on the scale of a fraction
discussed in Section Il. To explore in more detail the limit of the channel length. Otherwise, short-channel effects
of bulk (and PD-SOI) CMOS scaling, we present a feasible degrade rapidly [27]. This is because channel length is
design for 25-nm (channel length) bulk CMOS without com- largely determined by the points of current injection from
plete scaling of oxide thickness and power supply voltage the surface layer (inversion or accumulation) into the bulk,
[27]. Such channel lengths can be achieved at a lithographywhich takes place at a source—drain doping concentration

As shown in the previous section, the ultimate theoretical
limit on the size of a MOSFET is very small indeed. Un-
fortunately, the commercial use of FET technology is con-
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Fig. 17. Short-channel threshold rolloff for superhalo and
retrograde (nonhalo) doping profiles. Threshold voltage is defined
as the gate voltage whefg; = 1 pA/pm. From [27].

Fig. 15. Source, drain, and superhalo doping contours in a 25-nm
NMOSFET design. The channel length is defined by the points
where the source—drain doping concentration fallstd@'® cm—3.
Dashed lines show the potential contours for zero gate voltage and
a drain bias of 1.0 Vi> = 0 refers to the midgap energy level of the

substrate. From [27]. threshold voltage magnitudes far too high for both devices

[48]. With doped poly-Si gates, a frequently raised issue
is the effect of poly-Si depletion on CMOS performance.
L. Depletion effects occur in polysilicon in the form of a
1E1 v thin-space charge layer near the gate oxide interface, which
/ acts to reduce the gate capacitance and inversion charge

1E+1

density for a given gate drive. The percentage of gate ca-

£

o

<

=

g

3 1E3 ) . I :

= ‘ pacitance attenuation becomes more significant as the oxide

2 1E5 o i ---1=30nm || thickness is scaled down. Actually, the net performance loss

£ — 25nm due to poly-Si depletion effects is much less severe than

8 S S/ N W 20nm | | is suggested byC-V measurements. As it happens, the

5 / """ 15 0m delay of intrinsic, unloaded circuits is only slightly degraded

* 1E9 E (~5%) because although poly-Si depletion causes a loss in
0.5 0 0.5 1 1.5 the drive current, it also decreases the charge needed for

Gate Voltage (V) the next stage. These two effects tend to cancel each other.

Fig. 16. Subthreshold currents for channel lengths from 30 to
15 nm. I, = 105 Alem (1 nAjum) for 20, 25, and 30 nm
devices. From [27].

For the heavily loaded case in which the devices drive a
large fixed capacitance, the delay degradation approaches
those of theoN currents £15%). This can be compensated

to some extent by using wider devices. On the average, the

of about 2 10*? cm~2 [48]. Any source—drain doping that  Performance loss due to poly-Si depletion effect is about
extends beyond this point into the channel tends to compen-10% for partially loaded 25-nm CMOS circuits with a
sate or counterdope the channel region and aggravate thel-5-nm-thick oxide [27].
short-channel effect. The abruptness requirements of both Extensive 3-D statistical simulations have been carried out
the source—drain and the halo doping profiles dictate abso-on the effects of dopant fluctuations on threshold voltage for
lutely minimum thermal cycles after the implants. Note that the above 25-nm device design [49]. Some of the details are
a raised source—drain structure may help making contacts,presented in Section IV-C.
but does not by itself satisfy the abruptness requirement To evaluate the potentiabn-state performance of
discussed here. 25-nm CMOS, detailed Monte Carlo simulations were

As discussed in Section 1I-B, a key issue with the high performed using the simulator DAMOCLES [50]. Both n-
p-type doping level and narrow depletion regions in this and p-channel MOSFETs have been simulated, yielding
25-nm design is the band-to-band tunneling through the low-output conductance high-performande-V charac-
high-field region between the p-halo and the drain. For the teristics for both device types [27]. The transconductance
peak field intensity (1.75 MV/cm) at high drain and zero exceeds 1500 mS/mm for this nFET, with an estimafted
gate biases shown in Fig. 15, the tunneling current density ishigher than 250 GHz. Transient Monte Carlo simulations
on the order of 1 A/ci (Fig. 9). This should not constitute  were also done for a three-stage chain of 25-nm CMOS in-
a major component of the device leakage current given theverters. Fig. 18 shows the output waveforms. The estimated
narrow width of the high-field regiorny-15 nm accordingto  delay time is 4-4.5 ps, about three to four times faster than
Fig. 15. 100-nm CMOS operated at 1.5 V.

The threshold design in Fig. 17 assumes dualprt One way to go beyond 25-nm bulk CMOS is to cool the
Si work function gates for nMOS/pMOS, respectively. A CMOS chip to low temperatures as discussed in connection
midgap work function metal gate would clearly result in to the 11-nm bulk MOSFET described in Section IIl. This is
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feasible at least for high-end systems and offers the advan-

tages of higher carrier mobilities and a steeper subthresholdrig. 19. Threshold voltage rolloff for DG-FET with equivalent gate

slope that allowsVt and, thereforeVpp to scale further flJXéd% thic'énle;St(’q)log 15 nt?: e:(nd silicon Cthannﬁl tf?ickr&e_S; OfI dod
- [ : . H .0, 9, an nm. 1.5-nm thiCKNess IS not practical and IS Incluae

be!OW their room-temperature limits given in Fig. 2(a). To here only as areference. DIBL is taken into tfonsideration by plotting

gain the most performance out of low-temperature CMOS, the threshold voltage rolloff at a drain voltajg, equal to the power

therefore, the threshold voltage should be tuned to lower supply voltage.

values while maintaining the saroercurrent as the temper-

ature decreases [16]. If the 11-nm MOSFET can be realized '

as a worst case design point, then it should be possible to es- or 5°‘:"1":‘\3,a‘e
tablish a nominal design point for low-temperatuxel 00 K) ¢ =15nm
bulk CMOS at around 15-nm channel length. Of particular -50 |-

interest is the case when the p-type substrate (body to nFET)
is biased aVpp = 0.5 V and the n-well (body to pFET) is

5nm-15% J

AV, [mV]
>
o
L

biased at ground potential. No extra power supply or on-chip ::::Si: g :: . 15%
voltage generator is needed. 150 F Ot 2 10 M - 15% 4
—D—-t:: =10 nm
B. Limits for DG-FET 200 : B LA
10 100
The merits of the DG-FET have been analyzed by many Gate Length (L) [nm]

researchers [11], [12], [29], [51]. There is a consensus that

the electrostatic design of such FETSs, with the gate com- Fig. 20. Threshold voltage roll-off for DG-FET with equivalent
. . - gate oxide thickness ;) of 1.5 nm. Silicon channel thickness;()

pletely surrounding the channel, is quite ideal and offers the i’ hm and 10 nm witht 15% variation.

potential to scale somewhat further than bulk devices [9].

Fig. 19 shows that DG-FET can be scaled to a channel length

of about 20 nm [12] using 5-nm-thick Si and 1.5-nm gate

oxide. This assessment is critically dependent on the assump

tions_ that: 1) the silicon channel thickness can be controll_ed AL Zegibox 4 coxbsi  Abs;

to within a reasonable tolerance; 2) the transport properties - = .

of DG-FETs are similar to those of single-gated bulk FETs

despite the thin channel; and 3) the fabrication of DG-FETSs In this way, the short-channel consequences of thickness

does not impose additional constraints as compared to bulkvariation can be accounted for as a part of the overall gate

FETs. This section addresses the three aforementioned aslength variation budget. For high-dielectrics, a more

sumptions. general formula can be found in the Appendix.

Silicon channel thickness variations lead to threshold The quantization induced threshold voltage variation
voltage variations from several sources: 1) short-channelcan be estimated from the particle-in-a-box approxi-
effects due to the electrostatics of the device geometry; 2) mation for the lowest subband [11], [12], [53], giving
quantization induced threshold voltage dependence on theAVy = —(h?/4qm*t3;)(Atsi/tsi). Since this uncertainty
silicon channel thickness; 3) threshold voltage dependencegrows rapidly with decreasings;, it appears imprac-
on the channel doping; and 4) random fluctuation of dopant tical to use a channel thickness very much below 5 nm
number and dopant placement in a doped channel. Fig. 20 il-[11], [12]. Consequently, although thg; = 1.5 nm
lustrates the threshold voltage variation due to short-channelcase in Fig. 19 appears to offer very promising channel
effects, comparing the threshold voltage rolloff curves lengths down to~7 nm, it cannot currently be consid-
for channel thickness15% from the nominal thickness. ered practical because it would have unacceptably large
Analytically, by differentiating the Suzuki scale length threshold variations. In the case where channel doping is
[19], [52], the effect of channel thickness variation can be employed to adjust the threshold voltage, the variation of

converted to an equivalent variation in the channel length
for a constant./A; ratio [29]

= . 2
L desibox + coxbsi  Usi @

272 PROCEEDINGS OF THE IEEE, VOL. 89, NO. 3, MARCH 2001



threshold voltage (for n-channel FET) with silicon channel
thickness iISAV aNatsitex/2e0x fOr accepters and
AVt = (qNDtSi/z)((tox/fox) + (tSi/4€Si)) for donors.

For thin channels, thin insulators and reasonable doping, it
will be difficult to adjust theV by more thard=100 mV.
Random dopant fluctuation accounts for about 20-50 mV
(one sigma) [49], [54] for practical doping levels employed
to set the threshold voltages. Taking the above four factors
into account, the tolerance for a5-nm silicon channel
thickness needs to be about 10%.

This silicon channel thickness tolerance requirement is
quite stringent (about 0.5 nm for a 5-nm channel) consid-
ering the present state of the art for thickness control in SOI
materials. Thickness tolerance of SOl wafers are typically
+2-5 nm over an 8-in wafer. Bonded wafers typically have
better tolerances than SIMOX wafers, both in terms of global
thickness uniformity and local thickness variations (rough-
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Fig. 21. Experimentally measured electron mobilities in thin

silicon channels drop substantially below about 10-nm channel
thickness. Lines are visual guides and do not suggest trends in the
data. Mobility data of Choet al.[62] and Toriumiet al.[61] are the
peak mobility at low effective fields. Electric field corresponding to

ness). Over a smaller area (5-in diameter), bonded wafersthe mobility data of the Ernsit al. [63] was not specified in their

show variations oft1 nm. This suggests that it may be pos-

sible to control the thickness to the required tolerances as

technology for making bonded wafers progresses.

There have been few reports and predictions on the trans-

port properties of short-channel DG-FETs [11], mostly due
to the difficulty of modeling the physics precisely including
the full 2-D quantum solution in the channel [55], [56] and
the effects of dynamic switching [57]. There have been the-
oretical speculations on degradation of phonon-limited elec-
tron mobility in ultrathin silicon channels [58]-[60] due to
the electronic structures of the confined thin silicon channel.
Experimental verification of such degradation has not been
made. Little has been said about carrier mobility at high
normal fields where the FET operates.

Generally, the experimental data show mobility decreasing
rapidly below 10 nm (see Fig. 21). However, most experi-
ments on mobility for thin silicon channels reported in the lit-
erature contain too many uncertainties to be conclusive. To-
riumi et al.[61] attributed the mobility reduction to Coulomb
scattering from the interface traps at the back interface of the
thin SOI. Choiet al.[62] ascribed the mobility reduction to
silicon film stress for the thin silicon channel. Eresal.[63]
showed mobility reduction, but did not offer any possible ex-

paper and is presumed to be the low field mobility.

doping at all to avoid discrete dopant effects. Conventional
layer-by-layer-type fabrication techniques, which have
served the microelectronics industry well for the past 25
years, are difficult to apply to the DG-FET structure that
is somewhat 3-D. Various methods have been attempted,
including selective epitaxial growth through a tunnel [64],
forming a vertical silicon channel with side gates [65],
[66], and wafer bonding with the channel and gates in place
followed by selective epitaxial growth of the source—drain
fan-out [67]. While these experiments generally show high
series resistance and lowax-current than expected, further
innovations and perfection in the fabrication techniques
should improve device characteristics in the future.

C. Doping Fluctuations

As was already mentioned, one of the potentially sig-
nificant sources of variation in MOSFETSs at the limits of
scaling is randomness in the exact location of dopant atoms.
Although the average concentration of doping is quite well
controlled by ion implantation and annealing processes,

planations. In all these experiments, the silicon channel wasthese processes lead to randomness at the atomic scale in

thinned by oxidation from a SIMOX wafer. This procedure
introduces uncertainty due to the quality of the back inter-

the form of spatial fluctuations in the local doping con-
centration, which in turn cause device-to-device variation

face. The source—drain series resistance tended to be highn MOSFET threshold voltages. These fluctuations were

which introduced more uncertainty to the measurements.
The fabrication of the ideal DG-FET is extremely difficult
[54]. The “ideal” DG-FET should have [64]: 1) a uniform
silicon channel, thin compared to the channel length, with
tsi < 0.4L (see Section VI); 2) a thick source—drain

anticipated long ago [68], but at the time most FETs had
sufficiently many dopants that it was not a genuine problem.
Since then, however, the number of dopants in the depletion
region of an FET has been decreasing steadily with scaling,
as illustrated in Fig. 22. The decrease has been roughly

fan-out structure to reduce the series resistance; and 3) togn proportion toL® due to the incomplete scaling of the
and bottom gates that are perfectly aligned to each otherelectric fields, so that we are now into a regime in which the

and to the source—drain dopings and fan-out in order to

smallest FETs have fewer than 1000 dopants determining

reduce overlap capacitance and series resistance of théhe threshold voltage. Since fluctuations in dopant number

ungated region. It may also require metal gates with specif-
ically chosen workfunctions in order to obtain the desired
threshold voltages since doping can only shift ¥ by

~100 mV and it would be preferable not to require any
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have a standard deviation equal to the square root of the
number of dopants, in keeping with Poisson statistics, the
43 bounds shown in Fig. 22 become extremely large by
the time channel lengths reach 25 nm.
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Fig. 22. Number of doping atoms in the depletion layer of a
MOSFET versus channel length [49].

Fig. 23. 3-D perspective plot of the dopant atoms in a 25-nm
Many workers have investigated the effects of these MOSFET. Darker dots are donors and lighter dots are accepters.

doping fluctuations on thévV.: of MOSFETs. The first ~ From [79]-
model, proposed by Keyes [68], was an analytic approxi-

mation involving a percolating path from source to drain E %0 | ooa:vdd=10vV o]
and has served as a basis for more recent analytic models, = 44| ®®4:Vdd=0.05V _
e.g., [69] and [70]. Various workers have also used 2-D b X ]
numerical simulations [70]-[72], but the most quantitatively -3t _
accurate work uses stochastically placed dopants in full %‘ B _
3-D MOSFET simulations to fully resolve the effects of T 20 0 G'i'sgﬁiiéeé‘ice tors _
dopant placement [49], [73]-[75]. Fig. 23 shows an example % [ 44 : Discrete donors _/:,:f .
of such a doping configuration for the 25-nm MOSFET 210 -y 1
design described in Section IV-A. This particular example > - g . T
was created by a program that can analyze doping fluctu- = 0 o * 2 ! ;, : "5 : é : 10

ation effects for arbitrary doping profiles by associating a
random number with every Si atom site in the entire device
simulation volume. For each atom, the random number is Fig. 24. Threshold uncertainty due to dopant fluctuations versus
compared against the local probability of a dopant atom depth parametet, of the source—drain extension implants, showing
(determined from the continuum doping concentration) to the separate contributions of the donors and the acce_pgters. The
decide whether that atom is a dopant. These dOpants ards surace, wih stndard ceviadani te versca dreaton and
then snapped back to the simulation grid [49]. 0.7d laterally. The junction depth; ~ 2.2d. All widths are 50 nm,

As an example of the results of such 3-D simulations, With 100 realizations for each point. From [49].
Fig. 24 shows the dependence &fr uncertainty on
source—drain depth for the 25-nm bulk MOSFET design. Which would be lost amidst the process-induced variations,
The threshold uncertainty increases with increasing junction but small FETs such as those in SRAM cells may haye
depth because of the increasing body doping needed toas high as 40 mV, which is sure to be a problem for large
maintain a fixedbFrcurrent of 1 nA:m. By separately sim- ~ SRAMSs [78] in which variations up 6oy or higher can
ulating the effects of discrete donors or discrete accepters,be expected.
the simulations also show that the effect of discreteness in It is not yet clear how this SRAM yield problem will be
the source—drain is usually negligible. Stochastic simulations met, but it is clear that MOSFET design will need to take
also confirm the analytically predicted result that highly into account dopant fluctuations by choosing doping profiles
retrograde channel doping profiles can yield significantly that reduce the problem. If channel doping profiles can be
(>2x) lower ovrs than uniformly doped channels [49], adequately engineered, published projections [9] show that it
[75]. This is because the doping fluctuations are moved should be possible to meet the SIA roadmap requirements for
further away from the channel and closer to the body and socvr Out to at least the year 2012, but it is not clear that these
have less effect since they are screened by the free carrieréequirements are sufficient to guarantee circuit functionality
in the body [76]. at the intended supply levels. As in other cases, the DG-FET

Most importantly, these simulations reveal the magnitude May have an advantage: since (under some conditions) itdoes
of oy for MOSFETS at the limits of scaling. The 25-nm  not require as much doping to obtain the desired threshold,

Source/Drain Depth Parameter (nm)

designs, in particular, have,r ~ 7 — 10//w mVum*/2, its fluctuations may also be lower [79].

wherew is the width. Even for idealized retrograde doping )

this value does not fall below5/\/w mVum'/2. In addi- - Power Density

tion, Asenovet al. [77] have shown that quantum confine- Power density is an important application issue, but not a

ment effects add anothey24% to these uncertainties. This fundamental limit. It was demonstrated in 1981 that nearly 1
means that high-performance logic devices which tend to be KW/cm? could be removed from a Si wafer [80] by forcing
wide may only have a few extra millivolts &f - variation, liquid coolant through channels etched into the back of a Si
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Table 3
Application Classes and their Minimum Equivalent Oxide Tunneling Thicknesses,

Application Class Piot Py Vpp Jox toxTeq | T | Foz10ur
(W/em?) | (W/em?) | (V) | (Afem?) | (am) | (O)

High Performance 100 10 1 667 1.2 85 0.25

-40 | 3x10°3
Desktop 10 1 1 67 14| 85 102
Short battery life | 50x1073 | 5x1073 1 0.33 1.8 40 | 3x10~7
portable

Long battery life [ 50x10~¢ | 5x10~6 1 |33x107*{ 24 | 40 | 10713

portable

P, is the total active powet?, is the power due to gate insulator tunneling;** is the tunneling current density through the gate insuldtas the
operating temperature, affd, 10 .. iS the estimated probability of an oxide failure in ten years of operation. Assume that 18% ofin be allocated to gate
leakage. 3% of the chip area is oxide, of which half is leaking at any given tige.., is derived from Fig. 7, using2>=. It is assumed that standby-mode
dissipation can be eliminated by powering down unused circuitry and that dynamic circuitry may well be precluded by such high leakage. Sincevére low po
cases must have high¥¥rs to reducerr current, the supply voltage has been kept at 1 V to maintain performance, although a somewhat better optimum is
probably possible.

wafer and even more would probably be possible with fur- dissipation. As scaling proceeds further, however, it is im-
ther engineering effort. It is true that high switching activity portant to understand that power dissipation associated with
circuits at a density commensurate with the source—drain tun-gate tunneling current also needs to be managed. Depending
neling-limited FET size can probably reach a power density on the application, different amounts of tunneling dissipation
~1 KW/cn? for small macros, but by judicious choice of cir-  can be tolerated and this translates into different minimum
cuitry and system architecture, such dissipation can usuallyt.xreq for different applications. Table 3 illustrates the re-
be averaged down by other macros that are not so activelysults of such an analysis [81] using the aggressive premise
used. Consequently, practical limitations on power density that a full 10% of the active mode power can be dissipated
are much more important than fundamental limits becauseas gate leakage. The use of 10% is an engineering tradeoff
there are many applications for which such a high dissipa- estimate based on the idea that power usage should be rea-
tion is unacceptable, necessitating much more constrainingsonably balanced (in this case, 2/3 active switching power
scaling limits, as discussed in Sections V-A and VI. and 1/3 passive steady—state dissipation, assuming 20% goes
For SOI device designs, the 19@vorse thermal conduc-  to subthreshold current). High-performance dynamic circuits
tivity of SiO. creates additional concerns. At high-power might be impacted by this leakage level, but static CMOS
density, SOI devices can experience unacceptable localshould still function. The table illustrates very clearly that,
temperature rises, especially under dc measurement concontrary to the ITRS99 assumptions [4], the thinnest insu-
ditions. For realistic buried oxide thickness and switching lators are not suitable for low-power applications since they
device duty factors, however, it can be shown [9] that these leak too much.
temperature rises are quite contained and should not impose One immediate consequence of this analysis is that there
a fundamental limitation. cannot be a single “end of scaling,” but rather, there will be
a range of different device designs for different applications,
utilizing a range of gate insulator thicknesses, whatever that
V. APPLICATION DEPENDENCIES best insulator turns out to be. Note also that if a better insu-
lator than Si@ cannot be found, we are already at the end of
gate insulator scaling for some applications. The 10-yr relia-
Having looked at some of the fundamental, theoretical, bility estimates in the last column are for pure $igate in-
and practical limits to scaling, we now consider in more de- sulators only since there is very little data on other materials.
tail the application dependencies of some of these limits. One They are intended to provide a rough order-of-magnitude il-
of the most important “limit"-related issues is the power dis- lustration of the reliability situation for ultrathin oxide [82].
sipation associated with leakage currents. Active power is They assume a total thin oxide area of 20 frfor each case
generally determined bg'Vi3, f, wheref is the clock fre- stressed at a 50% duty factor, i.e., for a cumulative total of
quency, and can be adjusted by changifgp and f, but five years. The potentially high failure rate of 1.2-nm oxide
leakage currents depend to a large extent on device design. at elevated temperature suggests that low-temperature oper-
It is widely understood thaVt should be set differently  ation of high-performance processors may be important not
for different applications to control the subthreshold leakage only for speed, but also to achieve acceptable reliability.

A. General Considerations
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The following sections explore in more detail scaling limit {VC
issues for some of the more important classes of applications. 0

B. DRAM Vpp Vi~ 0.3V
1) Scaling Challenges for DRAMAIthough DRAMs / C I Ve, 0
and microprocessors share a common technology base, Vs =
their product requirements and technical challenges are (e.g,,-0.5V)
considerably different. DRAMs are driven by the goal of re- @)
ducing cost/bit in each generation, which has been achieved Device Capacitor
by having greater density and more efficient production Voltage, Voltage,
of larger chips with larger starting Si substrates. DRAMs Vbp Ve
generally use higher internal voltage to store maximum 25 15
charge in the memory cells and there is a requirement for low 18 10
leakage to minimize the refresh activity. Microprocessors 15 08
are driven by the demand for higher and higher speed. The 10 0.6
highest performance processors are now going to lower ) '
voltage levels to keep the much higher chip power within (b)
reason. Leakage current does not need to be as low as fokig. 25. Negative wordline voltage technique for DRAM memory
DRAMSs, except in some battery-powered applications. cells. (a) Memory cell schematic. (b) Scaling path ¢ versus

Because of these requirements, the CMOS technologyVDD'
used in microprocessors has been scaling to small dimen-
sions at a faster pace than that used in DRAMSs. As scalingvoltage on the capacitor will shrink rapidly as the voltages
of both DRAM and microprocessors continues into the 21st are scaled down unless a better technique is found. Also it
century, clearly there will be a drive to integrate them at the is very difficult to achieve such a higkit in these scaled
chip level to increase the memory bandwidth as demandeddevices, at least with the usual poly-Si gates.
by the faster processors. This will place a premium on A basically better arrangement, which has been used in
DRAM speed for some applications while density and some DRAMSs, is shown in Fig. 25 [84]. It uses a lower
cost will remain the driver for the large-volume memory threshold device that is easier to make and allows a higher
applications. voltage levelV to be stored on the capacitor for a given

The steady progress in DRAM up to the present has beenwordline up levelVpp. Leakage of charge back through the
driven by dimensional scaling of the devices and wiring device is shut off by keeping the turned-off gate negative
plus continuous improvements in the basic memory cell to compared to the lowest source voltage on the bit line or on
achieve a more compact areal layout, such as the use otthe capacitor, which is zero in this case. When the transistor
trench or stacked capacitors. While there is some opportu-is turned on to writéV or zero into the capacitor, the gate
nity for further scaling of DRAM devices, it is becoming is stressed t&/pp for the case of zero on the bit line. The
very difficult to find still more compact cell arrangements. table in Fig. 25 lists the estimated capacitor voltage that can
Here we discuss first the scaling of devices and voltages be stored as a function of the maximum device volfsge.
in DRAM and then the challenges and possibilities for This assumes that the body effect, threshold tolerances, and
improved cell concepts and structures. signal required on the device all scale down as the device is

2) DRAM Devices and Voltage ScalinpRAM memory scaled to operate at the low€iHp.
chips, for a given lithography capability, now use longer  Up to now, DRAMs have commonly used a thinner equiv-
channel lengths and higher voltage levels on the gate com-alentt., for the storage capacitors in the memory cells com-
pared to the performance-oriented logic devices in order to pared to the.,. used for the gate insulators. This has tended
store more charge on the capacitor. Most present circuitsto maximize the charge stored on the capacitors considering
achieve a voltage differencéc on the capacitor which is  the lower voltage stress on them. Sustaining this trend with
about 1.5-1.8 V less than the peak voltage applied to thefurther scaling appears to be challenging. Rather than simply
gate of the memory cell devices. This is because of the needmaking the capacitor insulator thinner, which will soon lead
for a high-threshold voltag¥t in the memory cell devices  to high tunneling current, this suggests that higher dielectric
(~0.8 V) to prevent subthreshold conduction of charge from constant materials will be needed. The leakage current re-
the capacitor to the bit line at times when the bit line is at a quirement for the capacitor is quite stringent because of the
low voltage and because of body effect, threshold tolerances,large area involved. If SiQwere used, the limiting thick-
and signal required to turn on this device adequately to ness would be about 3 nm for trench capacitor structures
write the high-levelV¢ into the capacitor. In the future, (~10-% A/cm? leakage). The commonly used nitride—oxide
as DRAMs are scaled to smaller dimensions, the voltage composite can be scaled to a somewhat thinner equivalent
that can be applied to the memory devices will follow a oxide thickness than that, perhaps 2.5 nm.
path similar to logic devices (but delayed in time) because The leakage current requirement for DRAM is also a sig-
those devices are at maximum field strength for gate-oxide nificant challenge for scaling of the cell transistor. Although
reliability in any given generation [83]. Therefore, the stored DRAM devices are properly turned off with the scheme of
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Fig. 25thereisaconcernthatdrainjunctionleakage atthe gate Vin/
edge (alsoknownasgate-induceddrainleakage, or GIDL) may
discharge the capacitor [85]. This effect is greatly alleviated
when the junction voltage approaches the Si bandgap. How-
ever, tunneling currentin the drain-body junction due to heavy
body doping is a concern for devices using a heavy “halo”
or pocket implant. The tunneling current density that can be
allowedinthejunctionisabout 1¢ A/cm?. Thisisreachedfor
abackground doping density ofabout 30*%/cm? foranideal
junction [26], but may require a much lower concentration BL Voo BL
because of defects [34]. WL

Tunneling current through the gate insulator is also a con-
cern. With the gate of the array transistor biased to a nega-
tive value, relatively few electrons can tunnel from the gate —_
into the weakly inverted channel and only a portion of these
will flow to the drain. The potentials are favorable to tun-
neling in the gate—drain overlap region, but the gate—drain
insulator thickness can be increased relative ta thén the
channel region by a “bird’s beak” created in the gate-reox- G
idation process. It appears, therefore, that the most critical _ ) ) ) ]
region is the boundary between the "birds beak” and the 12,25, S anstor e Ra col, Cel s sddressod by e
channel, where the oxide is thinner but the channel potential inset shows a set of superimposed transfer curves for the two halves
is still near that of the drain. In this region a current density ©f the SRAM cell showing how the noise immunity (shaded box) is
of 10~* Alem? can be tolerated, which corresponds to,a affected by a threshold voltage shift in one of the halves.
around 2.5 nm for the biases of interest.

3) Future Directions: From the above considerations A typical high-speed SRAM uses the standard six-device
it appears that DRAMs can be scaled to effective channel cell configuration as shown in Fig. 26. The typical area of
lengths of 50-100 nm if a direction for increasing the capac- these high-performance SRAM cells ranges from about 100
itance/unit area is found. However, it will be very difficult to 200 lithographic squares. This is to be compared with
to continue the past trends in compacting the memory cell, only eight squares for a DRAM cell and even smaller areas
i.e., decreasing the size normalized in lithographic squares.for some nonvolatile memory cells. Why, then, does the in-
The present approach, which gives about eight squaresdustry tolerate such an inefficient use of silicon area? The
per cell, can only be improved significantly by going to a main factors determining this are high speed, compatibility
vertical structure for the device as well as the capacitor. with logic, and the use of caching. These factors mean that
Such structures have been proposed for some time, but ngerformance has much more weight than density, at least in
ideal solution has been found. The approach of Gruening the first level (L1) cache designs since demands for higher
et al. [86] looks interesting and appears to be capable of density can be shunted up the memory hierarchy. To ap-
reducing the cell area to six squares. preciate the memory hierarchy in the context of technology

Undoubtedly, progress in scaling DRAM will continue evolution, consider Fig. 27. This figure shows how a larger
for some time to the degree that lithography advances andpart of the memory hierarchy is placed on-chip as the tech-
the increased density on a chip will allow new systems ap- nology progresses. Stand-alone SRAM, which today has im-
proaches. It seems likely that today’s conventional DRAM portant uses both for cache and in signal processing sys-
will be embedded with microprocessors on the same chipstems, will probably become part of a larger on-chip system in
and speeded up by utilizing the microprocessor devices andthe future. For instance, a recent microprocessor unit (MPU)
architectural improvements [87], while chips that perform [88] features 32-kB instruction and data caches as well as an
only the memory function will continue to emphasize den- on-chip 256-kB L2 cache. In the future the L1 cache is likely
sity, slower speed, and perhaps nonvolatility. Thus, DRAM to increase fairly slowly in size to maintain its high speed,

Vour

may evolve in more than one direction in the future. whereas several megabytes of L2 cache might eventually be
used and perhaps even additional levels of hierarchy would
C. SRAM Limits be incorporated on chip.

Practically, this means that the speed-critical SRAM,
For most large logic applications, the SRAM is a highly which must use the general logic technology, becomes a
critical component. The SRAM cache access time is a critical smaller part of the total chip and issues of power dissipation
part of the system access time. A large fraction of the tran- become less important for this part. These SRAMs become
sistors in a modern processor chip are in SRAMs, impacting merely an extension of the logic technology with no special
the density and standby power of the entire chip. There areconsideration as to density, standby power, etc. Fairly large
several different types of SRAM in use in these systems, so subthreshold currents can be tolerated; for instance, a 64-kB
it is important to understand their different requirements.  cache £&10° current paths) at a power supply voltage of 1
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density rather than speed by using narrower transistors and
cru K ; CACHE MAIN using the multilevel wiring capability for the crossovers.
(SRAM) MEMORY Further density improvement can also be obtained by repar-
(DRAM) titioning the SRAM to reduce peripheral circuitry. The L2
(a) SRAM would need high-threshold voltage transistors in the

cells to minimize device leakage as well as a thicker gate

CA|CHE oxide to reduce gate leakage. Such options are already being
v MAIN incorporated into today’s technology and will continue
s :} C MEMORY to be necessary in future scaled logic technology. The L2
cPU i% CHIPS cache would most likely also use longer channel length
(DRAM) FETs to reducéV rolloff variations. The longer channel
length would not impact the cell size severely because all
® of the other groundrules will remain unchanged. The higher

L1 CACHE (SRAM) threshold cells will a_Iso need a higher power supply volta_lge
| than the general logic and a higher swing from the wordline

MAIN drivers to adequately turn the transfer devices both on and

CPU MEMORY off [91]. To save dynamic power, the bit lines and sense

CHIPS amplifiers may run at the somewhat lower voltages of the

L2 ; : . .
CACHE <}:{> (DRAM) general logic [92]. Dual or multiple power supplies will
probably be available from the future technology for these
© and other purposes.

The above scenario, which is very likely, leads to the pos-

Fig. 27. Evolution of the memory hierarchy with increasing sibility that most of the standby current leakage requirements
integration level (a) CPU and Cache on separate chips. (b) CPU and of the chip could be shunted to a less demanding technology

Cache on the same chip. (c) CRU2 level cache on one chip. .
P- () P in terms of threshold voltage, channel length, gate leakage,

and reliability, leaving more freedom for the logic technology

V can tolerate~1 pA/pm of leakage current for 1-W power  to be optimized for performance.
dissipation, which is consistent with low FETSs. Potential issues for future SRAMs are soft errors due to

The picture is very different for the L2 cache, which scaled-down voltage and capacitance and hard fails due to
now has a relaxed speed (latency) requirement comparedhreshold voltage variability of the small in-cell FETs due to
to the L1 cache, but is much larger. Many tradeoffs can random dopant fluctuations and other processing issues. Bur-
be made for speed versus density and completely differentnettet al.[78] investigated cell stability under random dopant
technologies can, in principle, be incorporated such as fluctuations and showed how this leads to increased voltage
DRAM, floating gate and thyristor memories [89], which requirements for the cell in scaled technologies. In practice,
use silicon technology but add processing steps to theredundancy technigues can and are being used to reduce the
CMOS logic process, or memories such as ferroelectric impact of the hard fails [88] and error-correction techniques
and magnetic RAM, which introduce new materials, with can reduce the soft error rate to an acceptable level. Alter-
the cost being the determining factor. Given the design nate technology choices such as thin SOI with or without a
latitude with emphasis on density rather than speed, otherdouble gate could reduce soft errors through decreased col-
SRAM approaches than the 6-T cell such as 4-T and 5-T lection volume and hard errors by eliminating (or reducing)
versions or cells using resistor loads placed above the cellsthe body doping.
(or preferably thin-film transistor loads) to reduce standby
power might find their place. At the cost of the added D. Low-
technology involved in stacked load devices, SRAM cell
size can be reduced to the 50-100 square range, but this There is a steadily growing market for low-power appli-
is currently practiced only for stand-alone SRAM chips. cations of CMOS technology and it is the battery-powered
The 4-T cell has reduced static noise margin (on read) asnature of most of these applications that particularly creates
compared to the 6-T cell, especially at low voltages [90], but the low-power constraint. To achieve good battery life, these
there will still be a great incentive to use these designs given circuits simply cannot dissipate very much power. Roughly
the increased density, where the noise margin issue can bespeaking, these are circuits that consume less than 1 ¥v/cm
countered with appropriate choice of voltage (see below) with a subgroup of ultralow power circuits in the range below
and a less demanding speed requirement. 1 mW/cn?. Higher power applications are discussed in the

A conventional SRAM L2 cache would still be the next section.
cheapest choice for many applications since it does not add Low-power constraints fall into two broad categories:
any processing cost if it uses the general logic technology those that relate to active mode power dissipation and
although even here, modest technology enhancements tdahose that relate to dissipation in the quiescent state. Some
improve density, such as buried contacts, may prove totypes of applications are primarily sensitive to active power
be cost effective. Cell layouts may be used that maximize considerations, since they are switched off when not in
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use. Other applications may be turned on almost all the

time, but rarely ever actually compute anything and so are °T  suppLy
more concerned with the quiescent power dissipation. Since - VOLTAGE
MOSFET design limits are different for these two cases,
they need to be considered separately.

Reducing active power begins at the top. The most effec-
tive place to reduce power dissipation is almost always at
the highest level of the problem definition. Redefining the
problem, the architecture, the algorithms, and/or the proto- 0.4 | é==Z
cols can often save several orders of magnitude in power dis- | THRESHOLD

VOLTAGE (V)
= - -
0] N o

g
»
v

sipation. The development by Merg al.[93] of a portable o VOLTAGE = T es=azg
video-on-demand chip set using only 10 mW is an example 0.001 0.01 0.1
of this. (ACTIVITY FACTOR/LOGIC DEPTH) RATIO

At the device design level, the important low-power vari-

ables are the threshold voltage, the gate leakage current, anf[9- 28, Plot of supply voltage and threshold Wliage versus
. . . . ) y factor-to-logic depth ratio for four different delay

the device size, which largely determines the body-to-drain constraints. Logic depth: 47, = 48, 40, 28, and 8 for the
tunneling dissipation. For current generations of technology, data points from left to right across the plots. Threshold voltage
the latter effect is not usually significant, but at the limits of B‘Zrtz e tf':grg?z]""'tage atwhigfy* linearly extrapolates to zero.
scaling, it should become quite important. For active mode '
dissipation, these parameters offer strong tradeoffs between
speed (at lowVr, thin oxide, and small devices) and low for cases in which the optimum supply voltage is well below
power (at higheW 1, thicker oxide, and larger devices). This the 1 V used in the table.
tradeoff occurs because all three variables tend to simultane- Quiescent power constraints are often much lower than
ously increase the circuit’s speed and its dissipation during the optimized background dc dissipation during active mode.
the time it is not switching. This means that the optimum active mode FET design cannot

The optimization of théV.r and Vpp tradeoffs for low satisfy the quiescent constraints. This problem can be ad-
power has been well studied [44]-[46], including the effects dressed in at least three different ways: 1) one can use higher
of process and supply variations, which are quite important. Vo FETs throughout the design, so that the quiescent power
The study by Franket al. [46], for example, shows that requirements will be met; 2) one can dynamically change the
even in the presence of realistic variations, the optimum body voltage (or backgate voltage for double-gated struc-
supply voltages can readily drop below 1 V and can reach tures) to switch between a hig¥ir quiescent state and a
0.5 V under some conditions (high switching activity and lower V active state; and 3) one can put series switches in
switching speed target 5-%0slower than the maximum  the power supply to turn off inactive circuit blocks.
technology capability). The optimum value i increases The drawback to using highé/r FETs throughout is
for slow circuits to reduce static dissipation and increases that one must then raise the supply voltage to maintain
by 20-100 mV when the tolerances are doubled from their adequate performance in the active mode. One must also use
nominal (realistic) values. The dependence of the optimum thick enough oxide that its quiescent leakage satisfies the
design points on activity factor and logic depth is illustrated constraint, requiring still higheé¥ p1, to retain performance.
in Fig. 28. These particular optimizations are for @ui+ The device size must also increase to support the increased
static CMOS arithmetic circuits and each point in the figure voltage without increasing the body-to-drain tunneling
represents an independent optimization of both the supplycurrents. Thus, the active mode is likely to consume much
voltage and the threshold voltage. Optimization of the gate more than the minimum required power, making this an
length at the 0.Jsm generation was a weak effect, but at inefficient option unless extremely little active power is ever
the limits of scaling it will be very important because of required.
body-to-drain tunneling, as discussed in Section VI. As  Dynamically adjusting/r using the body voltage is anin-
shown, the optimum nominal threshold voltage depends teresting option which has also been suggested as a way of
strongly on activity factor and logic depth, so that in the compensating out process-induced threshold variations. The
limit of minimum power, a wide range 6f s are needed to  biggest disadvantage of this approach is that it only elimi-
satisfy the requirements of a range of applications. nates dissipation due to subthreshold leakage, but does not

The optimization of oxide thickness for low-power con- take away the gate and body-to-drain leakage dissipation.
sumption has only recently become a concern and so has nofhere is also the question of whether body junction leakage
received significant study. The rough estimate used in Sec-and bias generation power may not exceed the subthreshold
tion V-A of 10% of the total power allocated to gate leakage dissipation one is trying to suppress.
seems reasonable as a first pass. Based on this estimate, as The third option appears to be the best for logic circuits,
indicated in Table 3, the likely minimum,re, varies from since it eliminates all three forms of leakage dissipation,
~2.6 nm for ultralow-power applications t&1.7 nm for leaving in their place only the leakage dissipation asso-
moderate low power, although it could go somewhat thinner ciated with the series switch. The disadvantage here is in
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controlling and powering the series switch, but this appears dard deviatiorr . Using this distribution, one can calculate
feasible. Another consideration is that it is not permissible quiescent current
to power down the latches and SRAM if they are holding

data that must be retained. Data-holding circuits seem to Ippg =N Ve p(V)lop(Vp) dVy

have little choice but to use high-threshold voltages in order VT min

to suppress quiescent dissipation. This line of reasoning :N/ 1 o~ (Vr—Vr_cnp)?/2031
strongly suggests that low-power chips will require at least V21 oy

two threshold voltages, one low and optimized for logic, and - Iype~ Y/ 0)S gy

one high and optimized for holding data. It should, however,
be possible to reduce th¥pp applied to data-holding

circuits during quiescent mode, which would reduce their whereN is the number of FETs anl¥ g _eax iS the qui-
tunneling currents. escent current that would flow if all the FETs on the entire
chip had exactly the same threshdld_cyp. Thus, it can
. . 2 - 2
be seen thalppq is raised by the factartove/10-385" due
E. High-Performance Applications to the variations iV .

In addition to its obvious use in determining whether
a chip satisfies the leakage requirements of its particular
application,/ppq also plays an important role in reliability
strategies. Sincéppg is sensitive to several types of de-
is defined by products in which raw switching speed is fects, mcludlng_ some that may not prevent functionality, it

. . is used as a reliability criterion in many lower cost products.
the primary goal of the process technology. Active power -
A measured low value indicates an absence of shorts and

(cj)lnsslp?_trl](;n Lzlaelso ;ngsferzﬂf,?ﬁ?Jgﬁgﬁsﬂgaa Ze%?\:gzrsydecreases the likelihood of latent defects in shipped products
this.application Spayce int())l a few subcategoriesgwhich we that may fail later in the field. In less cost-sensitive arenas
discuss explicitly. Furthermore, as scaling continues into many pro_ducts are *burned in” by operating the product for
the sub-100-nm regime, we expect that gate oxide Ieakagesa limited time at elevated voltages and/or temperatures. Both
: . L O S subthreshold conduction and oxide leakage are enhanced
will also place limits that differ by application in a similar . . . X . .
. . . _during such burn-in conditions, resulting in very high
manner. The high-performance CMOS scaling trends since uiescent current
1990 were shown in Fig. 2 from which it is clear that as g Einally V. 'the worst case threshold voltage for
silicon manufacturers near production of the 0;d8-node al, VT-we o : Y
of the ITRS roadmap [4], the industry is on the verge of a any individual MOSFET, is limited as well in at least two
regime where there is nc; room to continue the past trends. o > First, digital CMOS circuits require adequate noise
fo?threshold voltages P immunity to function properly. This constraint should scale
1) Worst CaseV ¢ Limitations: As discussed at the be- 2t 162t approximately with’pp and as a worst case, it

L . has been estimated thatr_.. must be at least 10% of
ginning of Section IV, there are many sources of parameterV based on analvsis of 2.5- and 3.3-V logic technolo
variations in MOSFETSs. For high-performance circuits, itis o’ Y ) ) g 9y

I I 0,
especially important to understand the effectsvaf varia- [83]. Nominal Vi design targets are usually around 25% of

tions, in particular. These variations may be either intradie Vpp. Second, some classes of high-performance circuits,

or interdie and are caused by process variations, gate-lengthSUCh as dynamic logic, obtain performance advantage from

. . T . . ¥ nFET-dominated switching (nFET evaluate trees) and use
variations, process-induced proximity effects of neighboring . .
) . . . very narrow pFETS or just node capacitance to hold the
structures, stochastic doping effects, and other intradie fluc-

) o . : ..~ output high for a clock cycle prior to evaluation of the
tuations [94]. These variations enter into consideration in ! . . o
. ) . o . logic. If the V of a single nFET in such a position were to
three ways: 1) die-to-die and wafer-to-wafer variations in

. o . : become too low, then subthreshold leakage would make the
Vr_cHir, the averag® t of a given chip; 2) an on-chip shift N . )
. 4 o circuit nonfunctional. Since there are a very large number
in Ippq, the total quiescent current of a die; andV3)_ .,

the worst case threshold voltage for any individual FET on a of d_ewces on a chip, the statistics suggest that one should
die. design to at leagis tolerances unless it can be shown that

. ) o ) the V distribution falls off faster than Gaussian for low
The die-to-die variations in meavir can be character- Vos.

ized by an average valdér_,,.,, and a variance, although 2) High Power (30-100-W/ch Active Power): For

= N peageovr/2(n(10)5)?

The last dozen years have seen tremendous growth in
a specialized, but significant, application of CMOS logic,
namely that of high-performance CMOS. This application

usually the worst case low average threslel...i, is of  high-power applications;’v2f is large, possibly reaching
greatest interest since it is usually the fastest performing, 55 high as 1 KwWi/ci in high-activity factor macros at
both because of the low and because loWy is gener-  eng-of-scaling logic density. As a result, under normal

ally associated with shorter gates. Manufacturers sometimespperating conditions the subthreshold leakage and gate
take advantage of this spread by sorting the chips and Se”'”gtunneling leakage may be more limited by functionality

the fastest ones at a higher price. concerns than by leakage power constraints. Because
The intradie variations iVt at the individual FET level  switching power is dominant, these designs do diye,
are characterized by a Gaussian distributipvit ) with stan- toward lower values which, in turn, driveésr down. On the
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other hand, the use of dynamic logic places an upper bounda dualt,, approach also likely to appear in order to better
on individual FET leakage, creating a floor iy values manage leakages.
and forcing the use of somewhat larger thresholds than 4) Moderate Power (0.5-5 W/&n Mobile processors,
would be allowed by power considerations alone. Use of high-speed SRAM, and high-performance application-spe-
multiple threshold values [95] can moderate this constraint, cific integrated circuits (ASICs) fall within this category.
but does not entirely remove the problem. A high degree of Ippq is limited simply due to power restrictions of the ap-
reliability is usually required by systems employing such plication. Loss of functionality due to leakage currents is not
technologies and often demands special screening and/ogenerally a concern. The low-power end of this range already
burn-in procedures. Voltages from 25% to 100% above has Vr limited to ~300 mV for 0.1xm MOSFETs and
the nominal operating supply voltage and temperatures asthese thresholds will have to increase as scaling continues.
high as 160°C have often been employed. If, as is often Since quiescent power requirements are often much lower
the case, circuit functionality is required at these elevated than the optimum active mode leakage power, gate oxides
temperatures and voltages, then #e floor necessary for  may be limited to a thicker range (1.7—2.0 nm) than would
dynamic logic and/or noise margins is raised significantly, be possible for active mode optimization alone (1.3-1.6
especially compared to the low s suitable for chilled nm). This application area is already experiencing smaller
operation. Furthermore, in the limit the device cannot returns in performance witNpp scaling than obtained in
be scaled as far if it must sustain these higher voltages.the past as a result of these pressures. Various well-biasing
Currently, theV situation is accommodated by using a and power-supply switching schemes have been proposed
higher Vr than desirable at operation conditions, solely so as a means of allowing lowé/r for further performance
that burn-in conditions can be met. In future generations leverage, but it is presently not clear just how much relief is
of technology, this burn-in constraint could be met through practical. Techniques that either mod¥y dynamically or
use of body-bias (or back-gatér control in DG-FETS) to power Vpp locally must also be able to respond with very
dynamically increase th&' ¢ during burn-in. In this case, little delay. As a result, many solutions for the low-power
it may be possible to push the nominal operating condition arena (see Section V-D) may not be practical here.
leakage currents up closer to the logic functionality limit,
enabling lower threshold and supply voltages. In the end
reliability testing will force high-reliability parts to be larger
and slower than “unreliable” parts that do not require such  Having described in some detail many of the physical ef-
screening, and iV control is not used, they will be even fects that limit scaling of CMOS and the specific details of
slower due to the need for high&¥s. these limits for various applications, we now attempt to dis-
The past scaling trend in this arena has been to scaletill all of this information into a single table, Table 4. This
Vr_wom With Vpp to maintain performance, while only table is intended to show the general landscape more than
allowing logarithmic scaling oV r_;;, to contain increases  exact values and is compiled in the same spirit as Table 3:
in the worst case leakage currents. Clearly this results in apower density is the overriding parameter and the leakage
steadily decreasinyr tolerance budget, which is getting mechanisms are each allocated as a certain fraction of the
more and more difficult to satisfy. total power. More detailed optimizations might well change
3) Medium-High Power (5-30 W/é&n This includes these fractions somewhat, but the overall trends described in
high-end desktop and midrange workstation processors. Forthe table should still be valid.
these applications, leakage current can be limited by both Table 4 is oriented around the power dissipation for active
power and functionality concerns, depending on design. circuits. This focus is based on the assumption that quies-
Typically, leakage dissipation must be limited to some cent power dissipation requirements during periods of long
reasonable fraction of the total power budget at normal inactivity are best met by switching off the power supply.
operation conditions and at this level, it will not impact For applications for which this is not possible, it will be nec-
functionality. Already some recent technologies with leak- essary to use higher thresholds, thicker oxides, and less ag-
ages in the realm of 10 nAm are beginning to experience gressive doping than their active power limits would permit.
this power limit. Reliability assurance will continue to be a As is the current practice, it is expected that multiple tech-
burden, however, as in the high-power sector. These appli-nologies may be present on the same chip, each optimized
cations may also have low enoudth-s that functionality is for its own particular power density target. Nevertheless, the
impacted during burn-in, possibly necessitating dynamically assumption that the active power can be arbitrarily set to
adjustable thresholds here, too. While the reliability require- whatever limit the application demands needs further exam-
ments are typically less demanding, costs associated withination. The high-performance logic proposed in this table
the ability to burn in highlppg designs may be prohibitive  should easily be able to dissipate dynamic power at a rate of
and, thus, drive lower leakage constraints ¥ and tx 1000 W/cnd if run at full speed with a fairly high activity
than the high-power sector. If du&ly strategies are used, factor (as is common for much of the logic in a high-perfor-
the low V1 may be limited to~180 mV at 25°C based on mance processor). This is already ten times higher than one is
the use oflpng for reliability measurements. Similarly, probably willing to dissipate at the package. By lowering the
may be constrained to 1.2-1.5 nm of silicon dioxide with speed somewhat, moving toward narrower longer devices at

"VI. DISCUSSION
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Table 4
Estimated Scaling Limits for Various MOSFET Design Parameters and their Dependence on
Application Class and Device Type

Device | Application T Power | Vpp e S ymin t;"zi;keq 2" | Amin | Lnom
type (°C) | (W/em?) | (V) | (nA/pm) | (mV/dec) | (mV) | (nm) | (nm) | (nm) | (nm)
Bulk High Performance 85 1000-30 |0.8-1.2 | 1000-110 99 140-2351.0-1.3 1 8.5-11 | 9.5-13 | 14.5-19
-40 | 1000-30 |0.7-1.0}1000%-115 65 95-150- | 1.0-1.2 | 8-10 9-12 | 13.5-18
-170 | 1000-30 0.5 1000%-155 33 50-75 [0.9-1.1 8 9-9.5 140
....burn-in limited 140 - 1.8 1000¢ 115 180°¢ 1.3 13.5 15 23
Bulk Medium-High Performance || 85 30-5 0.8-1.2| 120-20 99 235-300 [ 1.2-1.5 | 10-14 | 11.5-16 | 17-24
Bulk Moderate Performance 85 5-0.5 0.6-1.0 25-2 99 300-390 1 1.3-1.6 | 10-14 | 11-16 17-24
Bulk Low Power 65 | 0.5-0.001 {0.7-0.9| 1.0-0.01 94 410-550 { 1.7-2.0 | 13-17 | 15-19 22-29
Bulk Ultra-Low Power 40 < 0.001 [0.7-1.0f < 0.008 87 550-710 | 2.1-2.6 ] 16-22 | 18-25 27-38
Bulk Moderate Perf. SRAM 85 5-1 0.9-1.2 20-4 99 300-360 | 1.4-1.6 | 12-15 | 13.5-17 | 20-26
Low Power SRAM 65 0.1-0.01 |0.9-1.2| 0.5-0.05 94 425-510 | 1.7-2.0 | 15-19 | 17-21.5 | 25-32
Ultra-low power SRAM 40 0.0001 1.2 0.0006 87 635 2.4 23 26 39
Bulk DRAM - metal gate 85 - 1.0 0.0001 99 790 2.5 28 31 49
Bulk DRAM - neg. WL 85 - 1.0 0.0001 99 250 2.5 28 31 49
DG-FET | High Performance 85 | 1000-30 |0.8-1.2 ] 1000¢-75 85 155-255 [ 1.0-1.3| 56 | 8.7 13%
-40 | 1000-30 [0.7-1.0 | 1000°-85 55 100-160 | 1.0-1.3| 56 | 8.7 13%
-170 | 1000-30 | 0.5 |1000%-155| 25 45-65 |1.0-1.2| 6-7 | 93 14
DG-FET | Medium-High Performance || 85 30-5 |0.8-1.2| 90-15 85 245-305 | 1.3-1.6 | 5-7 | 9-11.5 | 13%-17
DG-FET | Moderate Performance 85 5-0.5 0.6-1.0 20-2 85 300-390 | 1.3-1.7| 5-6 9-10.5 | 13%-16
DG-FET | Low Power 65 | 0.5-0.001 [ 0.7-0.9 | 0.7-0.007 80 420-510}1.7-2.1 | 5-8 9.5-13 | 14-20
DG-FET | Ultra-Low Power 40 < 0.001 0.7 < 0.005 75 530-660 | 2.1-2.5( 5-8 [10.5-15] 16-22
40 < 0.001 1.0 < 0.005 75 515-645 | 2.2-2.6 | 11-15 | 16-22 25-33
DG-FET | Moderate Perf. SRAM 85 5-1 0.9-1.2 14-3 85 315-355 | 1.5-1.7 5-9 9-13 13-20
Low Power SRAM 65 0.1-0.01 [0.9-1.2| 0.3-0.04 80 425-475 | 1.8-2.1 | 6-13 10-18 15-27
Ultra-low power SRAM 40 0.0001 1.2 0.0006 75 570 2.5 17 24 36

I, Ve andtZin,, are worst case values. Low temperature {0C) bulk cases assume a forward body bias of 0.5 V, while all of the other bulk cases
assume no forward body bias. PFBT™ | is expected to be-50 mV lower thanv i, To facilitate comparisons between cases, more precision is shown

in some cases than is warranted on an absolute scale. Parameter ranges are intended to span the range of requirements and limits that migheexist within
different application classes and are all organized in the same sense (from most aggressive scaling to least) with Fewebaind independent variables.

* indicatesI 2> is limited by functionality concerns rather than by leakage dissipatiamdicatesL...... is limited by source-to-drain tunneling rather than

by scale length: indicatesVin s limited by noise margin requirements (10%\0$ ) rather than byoFF current.

the lower power end of the table, and optimizing the thresh- the chip in bursts of power-optimized activity and turn it off
olds and supplies for “low power,” one may be able to lower between bursts; and 4) one can design the chip as many spe-
the dynamic energy consumption per switching event by per- cial purpose macros, each power- or energy-optimized for its
haps an order of magnitude. The speed of these technolo-specific task. The chip would then shuffle its work among the
gies probably also decreases about an order of magnitudemacros, minimizing the energy consumed, and increasing the
from the high-performanc&pp — Vr ~ 1.0 V cases to averaging used in 1).

the Vpp — Vo ~ 0.2 V longer channel low-power cases. The methodology that has gone into creating Table 4 is as
So, the overall situation is that the energy per logic opera- follows. Under worst case conditions (shortest gate length,
tion only varies by about one order of magnitude over this lowestVr, thinnest insulator, highest temperature) 20% of
table and the speed varies another order of magnitude, whilethe total power is allocated to subthreshold leakage currents,
the desired power varies by over six orders of magnitude. S010% is allocated to oxide tunneling currents, and 5% is al-
how will the power density be lowered to the levels specified located to band-to-band tunneling through the body-to-drain
in the table? There are several approaches: 1) chips hardlyjunction. These somewhat arbitrary percentages are chosen
ever use all of their circuitry so actively (by averaging over with the overall intent of allocating-2/3 of the power to

the less active areas and over large areas of lower dissipauseful switching, as in Section V-A. Since the final scaling
tion SRAM or DRAM, one can probably reduce the power limits are only logarithmically dependent on these percent-
density an order of magnitude); 2) one can lower the clock ages, the exact values are not criticalVifp < Eg/e —
frequency until one’s throughput requirements are only just V3°™/r, we assume there is no body-to-drain tunneling be-
satisfied (this may also enable a further reductioVigp, cause the bands do not line up. For definiteness, we have
althoughVpp, cannot get too close té because threshold  takenVae™ = Vin 4 50 mV. The supply voltages do not
variations cause too much timing uncertainty); 3) one can run represent scaling minima, but rather are simply estimates of

282 PROCEEDINGS OF THE IEEE, VOL. 89, NO. 3, MARCH 2001



what we think will constitute reasonable supply levels for Si film thickness instead of half the channel length. In this
obtaining good performance. The supply voltage rises for case,A,,;, is determined by scaling from&; = 10.2 nm
ultralow-power applications simply to maintain some per- DG-FET simulation as a function &fps + Vo /7.
formance in the face of rising threshold voltages. The sub-  Next, t2" is evaluated using the precedifg,y, tg;j%eq
threshold slope is obtained from the given temperature andand the scale length theory presented in Section 1I-A and the
an assumed ideality factor at shortest gate length of 1.4 for Appendix. Since these are supposed to be limits to scaling,
the nonbody-biased bulk cases, 1.6 for the forward-body-bi- we assumed that the gate insulator is like,®@d with a
ased bulk cases (those-at 70°C), and 1.2 forthe DG-FETs.  tunneling barrier similar to Si§) but twice the dielectric
The preceding are the only places where temperature entersconstant. If alternate dielectric materials cannot be used
the tunneling processes are assumed to be temperature-indeand FETs are stuck with oxy-nitrites, then the channel
pendent. lengths in Table 4 would need to be increased 0%—-20%
The remaining variables are calculated self consistently depending on the extent to which the increased insulator
using a spreadsheet. Beginning at the end, the nominalthickness can be countered by thinnifj*. For DG-FETS,
channel length is used to derive a total device width,, if the computed:2i® is smaller than the minimum Si layer
per cn? of Si, assuming that gates occupy 3% (estimated thickness (5 nm, based on the tolerance-related principles
from ITRS99 [4]) of the total Si area and that the physical discussed in Section IV-B) or if it does not exist because
gate length is 40% longer than the effective channel length Vpp < Eg/e — V5™ /n, thentg}i“ is setto 5 nm and,,;,,
Lyowm. Assuming that on average half of the FETs are in is recomputed fromg}™ andt2%,,. For the cases in which
the oFFstate and contributing leakage current, the allocated source-to-drain tunneling constrains the valud.gf,,,, we
subthreshold power is divided by the supply voltage and sett®™® to yield the constrained value fd,.., Since there
Wiot /2 to obtainl,g. The OFF current is, however, limited  is no point in making it smaller.
to a maximum of 1000 nA/m as a rough estimate of the Finally, the nominal channel lengtlis,.,,, are determined
circuit functionality constraint. If the functionality constraint by multiplying the scale length by 1.5 for logic MOSFETs
is reached, the gate and body-to-drain tunneling currentsand 1.6 for the DRAM. This assumes that both bulk and
are also limited to 500 and 250 n#th, respectively. DG-FETs have some sort of compensation Yor rolloff
The nFET threshold voltag& r, is then obtained from  (e.g., halos), although the feasibility of such compensation
Von = Slog,o(To/LnomIos), Wherely is 300 nA for bulk for the smallest devices is certainly questionable.
devices and 600 nA for DG-FETSs (since they effectively  This table reveals the dependence of scaling limits on
have twice the width). The maximum gate insulator tun- applications very clearly. As one moves from high- to
neling current density is determined by dividing the power low-power applications, the shrinking leakage requirements
allocated to gate tunneling by the supply voltage and half cause the minimum allowed nominal channel length for bulk
the total gate area, again on the assumption that only halfMOSFETSs to increase from-14 nm to~38 nm, almost
the gates are in the turned-on state. DG-FETs use 6% for3x, while tg;(i%eq increases from 1 to 2.6 nm. DG-FETs
the total gate area since there are two surfaces, which arechannel lengths also increase from 13 to 33 nm, revealing a
assumed symmetric for this analysis. This tunneling current 10%—-50% scaling advantage depending on conditions. The
density is translated into a minimum equivalent tunneling advantage is low for the shortest channel cases because both
oxide thickness&g;j%eq using the curves in Fig. 7. We are devices are limited by source-to-drain tunneling and is also
optimistically assuming here that oxide/insulator reliability low for the highVr, highVpp cases where the DG-FET is
problems can be solved to the extent that they will not more impacted by body-to-drain tunneling. For the majority
impose lower current density limits for the supply voltages of applications, however, especially those at lowasp,
considered. If these problems cannot be solved, the high-perthe DG-FET shows a very substantial advantage, equivalent
formance cases might need substantially thicker insulators,to an entire generation of scaling. TNg,p, dependence is
possibly increasing their channel lengths 10%—20%. particularly evident in the ultralow-power case. Note that
The minimum scale length\,,,;, is derived from the the DG-FETs tend to have lower threshold voltages for
body-to-drain tunneling constraint. For the 25-nm bulk the low-power cases because of their steeper subthreshold
design the vertical extent of the body-to-drain tunneling slopes, but this is partly compensated by decreakinge-
region is ~10-15 nm, which is~L/2 (see Fig. 15). We  quirements due to their greater density. On the performance
have assumed that this dimension will scale with channel side, the DG-FETs can probably significantly outperform
length (and that half the FETs are in therstate) and so the  their bulk counterparts in wiring capacitance-dominated cir-
power allocated to this tunneling is divided by the supply cuits because of their effectively doubled current drive (two
voltage andW,./2 times L., /2 to obtain a maximum gated surfaces). Overall, for both device types, traditional
tunneling current density, which is converted into a max- V1 /Vpp ratios only appear to be achievable for the highest
imum field Fy,.x using the curve in Fig. 9A,.;, is then performance design point. The lower power points require
obtained from this field by scaling the 25-nm design point: progressively higher ratios than have been used historically.
Amin = A2z am(1.75 MV/IeM/ Fox) (Ve + Eg/e)/2.1 The temperature dependence of the high-performance
V), whereAs; iy = 16.7 nm, andVpg = Vps — Vgs is design points shows that although temperature may not
the drain-to-body voltage. The calculation for DG-FETs is buy any advantage as far as minimum channel length is
similar except the cross-sectional area for tunneling uses theconcerned, it should allow lower voltage operation. This is
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very important since lower voltage means lower energy per any insulator. Unfortunately, the most sensitive parameter in
logic operation and, hence, more operations can be donedetermining the minimum scaling dimension is the depletion
per second for the same total chip power dissipation; i.e., depth, which is determined from the band-to-band tunneling
the clock can be sped up or the logic made more dense.curve in Fig. 9. This curve admittedly rests on relatively
The low temperatures should also enhance device speed byittle data and deserves much further investigation because
improving mobility. The—170°C 0.5-V design points are it plays such a prominent role in the end of scaling.
interesting because their nominal design points are limited For the DG-FET limits, one big uncertainty about these
by source-to-drain tunneling rather than by their scale projections is the question of whether high channel mobility
lengths. This is because source-to-drain tunneling interferescan indeed be obtained since this has not yet been success-
with the steep low-temperature subthreshold slopes a little fully demonstrated experimentally. Also, obtaining the de-
sooner than it strikes the less-steep room temperature curvesired Vs is difficult for DG-FETs since the channel is not
(see Section IlI). The high-temperature burn-in limited case thick enough to allow 1 shifts of more than abodt100 mV
shows that the scale length must be increased significantly toby use of doping without causing excessWe fluctuations
satisfy the high burn-in voltage requirement. Al3&; must due to the discreteness of the dopants [54]. Indeed, it would
be set quite high to meet margin requirements well above thebe better not to put any dopants in the channel at all. Conse-
desiredV for the lower temperature operating conditions, quently, the DG-FET design points probably require the de-
resulting in further reduced performance if a dynamically velopment of several different metal gate technologies with
adjustableV approach (e.g., body-biasing) is not adopted. suitable workfunctions. Drain-to-floating-body tunneling in

The DRAM design points are based on the criteria in DG-FETs is also an issue and needs further work.
Section V-B and show two possibilities with regard to  Although the designs presented in the table account for
achieving the necessaofr current. For the wordline (WL)  ~25% lithographic variation in channel length by setting the
not going below ground, a midgap workfunction metal nominal channel longer than the minimum channel length,
gate would probably be necessary to achieve the desiredthey do not explicitly take into account threshold variations
threshold. For a negative wordline-low voltage, however, due to dopant fluctuations. As pointed out in Section IV-C,
a more reasonable logic-like threshold could be used, asthese variations are already substantial for the 25-nm
described in Section V-B. MOSFET design and will only grow larger in scaling to the

The bulk MOSFET projections in Table 4 all assume 15-nm design point suggested in the table. This problem
that the body is at a fixed bias of zero, except for the primarily afflicts the bulk designs (if the DG-FEV 1s are
—170 °C cases, which assume 0.5-V forward bias. For obtained by workfunction adjustment) and will necessitate
PD-SOI MOSFETSs, this is not usually the case. The high raising theV targets—especially for SRAM. This effect
drain-to-body tunneling currents assumed in these extremelyappears to give an added advantage to DG-FETSs.
scaled FETs would forward bias the floating body much  For lack of expertise, we have not discussed analog device
further than occurs in current designs. From the point of application constraints in this paper, but a few general com-
view of scale length, this would seem advantageous becausenents are possible. Two of the main requirements of analog
like the —170°C case, it would reduce the depletion depth, applications are “higher” supply voltages (1.5-2.0 V often
which would enable further scaling. Another effect is that seems to be the minimum acceptable) and high-output re-
the forward body bias may be strongly dependent on the sistance. The higher voltage will necessitate thicker oxide,
drain voltage, potentially causing large output conductance 2—3 nm depending perhaps more on reliability concerns than
such as that seen recently in 52-nm physical gate lengthon leakage current. The high-output resistance translates into
PD-SOI [96]. If Vpp is increased on the DG-FET designs, alargeL/A; ratio according to Fig. 5, perhaps 3.0 or more.
the same sort of effect would be expected. More research isBased on these assumptions, it appears that the scaling limit
needed into this regime to determine the relative advantagesfor generic analog applications is considerably larger than for
and disadvantages of forward body bias and high output |ogic, probably in the~80-nm channel length regime.
conductance in SOI.

These scaling limit projections rest mostly on the leakage
current mechanisms discussed earlier in this paper. Howy/||. concLusiON
accurate are they? The required threshold voltages should
be reasonably accurate since they depend only on the We have described most of the important physical
V1 definition itself and the well-understood dependence phenomena that stand in the way of continued scaling of
of the subthreshold current ok’ and ideality. Only for Si CMOS technology and have shown how these effects
the high-performance DG-FET and170°C cases does determine different limits for different circuit applications.
the subthreshold enter into the less-well characterized Most of the application limits are set by limitations on the
source-to-drain tunneling regime. Th %eq requirements amount of power that can be dissipated in the three primary
are based on oxide tunneling curves that have been wellleakages: subthreshold channel current, gate-to-channel
measured in recent years. Although there is some disagreetunneling through the insulator, and body-to-drain junction
ment about how to determine the physical thickness of very tunneling currents. Source-to-drain tunneling along the
thin oxide layers™i should really be thought of as a channel is also a possible limitation for very short channels

oxTeq
parameterization of the current density that can be applied toand at low temperature.
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The scale length theory that has been presented here prorately approximate the potential variation along the channel
vides a useful framework within which to understand the under the gate.
tradeoff between channel length and short channel effects. By constraining the upper and lower analytic solutions to
Using this theory in conjunction with the various limiting satisfy the usual dielectric boundary conditions at 0, one
effects, we have projected that bulk-like CMOS should be can arrive at an equation for the eigenvalues, of wliicks
extendible down to about 14-nm nominal channel length for the smallest
hi.gh-perform.an.ce logic gnd35 nm folr very Iqw power ap- 0 = e tan(kyt7) + €7 tan(kits;) (A3)
plications, with intermediate applications falling in between.
DG-FETs are projected to be scalable to 10%-50% shorter
channel lengths than their bulk counterparts with the greatest 0 = esitan(nwty /A1) + er tan(nwtgi/A1). (A4)
advantage being at low-supply voltages. These estimates in- |n a similar manner, a device containing three layers of
clude allowance for reasonable tolerances between nominalielectrics with thicknesses, t», andts and dielectric con-
and worst case channel lengths as required for current manustants:, , ¢, ande; can be solved for an eigenvalue equation

facturing processes, but for experiments in which tolerancesfor the lowest order scale length satisfying both sets of di-
can be ignored we have discussed several results for FETs|ectric boundary conditions

with channel length in the 8-12-nm range.

Overall, we conclude that there is no single endpoint to
scaling of CMOS. Rather, there are many endpoints, each op-
timally adapted to its particular applications. As the industry

moves forward, greater flexibility will have to be developed This solution could be used to analyze a bulk MOSFET with

or, in terms of the scale length

F—Q tan(kltl) tan(kltg) tan(kltg)
3

1 1 1
= — tan(kltl) + — tan(kltg) + — tan(kltg). (AS)
€1 €2 €3

in manufacturing different devices for different users. a two-layer insulator (e.g., a thin SiQayer followed by a
high-% layer) or it can be applied to a DG-FET in which case
APPENDIX the center layer is silicon. If the DG-FET is symmetric, as in
Following the method of [19], consider the idealized Fig- 3(b), the e|g.envalue equation can be simplified to
MOSFET cross section in Fig. 3(a), which defingg,, the 1= tan(rty /A1) tan(mts;/2A1). (AB)
er

depletion depths;, and the dielectric thickness. Using
superposition, the potentials andz, in the center of the
FET can be written as

By differentiating this equation with respect tg,, one can
arrive at an expression analogous to (2) relatiig; to AL
at constantL/A;

1 =urpi(z, y) +uri(x, y) + vi(x) +vpi(z, v) AL sinc(2nty /A1) ~Atg;

e =ura(z, y) + ure(z, ¥) + va(x) + vpolz, y) (A) "L sinc(wtsi/Ar) + sine(2nt /AL)  ts
where the functiosinc(u) = sin(u)/u.

(A7)

where thewp; satisfy Poisson’s equation for the fixed
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