Ch. 7 MOSFET Technology Scaling, Leakage Curreatd
Other Topics

MOS ICs have met the world’'s growing needs for electronic devfor computing,
communication, entertainment, automotive, and other applications with ystead
improvements in cost, speed, and power consumption. Such steady improvemams
stimulate and enable new applications and fuel the growth of &S.salhere is now an
entrenched expectation that this trend of rapid improvements evitincie. How the
MOSFET might continue to meet this expectation is the subjethisfchapter. One
overarching topic introduced in this chapter is the off-stateentior the leakage current

of the MOSFETSs. This topic compliments the discourse on the onestiamt presented

in the previous chapter.

7.1 Technology Scaling—Small is Beautiful

Since the 1960’s the price of one bit of semiconductor memory has draéppemillion
times and the trend continues. The cost of a logic gate has undexganglarly
dramatic drop. This rapid price drop has stimulated new applicatiehsesmiconductor
devices have improved the ways people carry out just about all hachaities. The
primary engine the powered the ascent of electronics is “miniatanZatBy making the
transistors and the interconnects smaller, more circuits céambbeated on each silicon
wafer and therefore each circuit becomes cheaper. Miniatonzdtas also been
instrumental in the improvements in speed and power consumption.

Gordon Moore made an empirical observation in the 1960’s that the numbevioés
on a chip doubles every 18 months or so. The “Moore’s Law” is anstictescription
of the persistent periodic increase in the level of miniaturization. Eachhtemaibimum
line width is reduced, we say that a new technology generatit@cbnology node is
introduced. Examples of technology generations arepm1®.13m, 90nm, 65nm,
45nm...generations. The numbers refer to the minimum metal lin@.wkibly-Si gate
length may be smaller. At each new node, the various feate®dizircuit layout, such
as the size of contact holes, are 70% of the previous node. Thic@micperiodic size
reduction is called scaling. Historically, a new technology noderisduced every three
years or so.

The main reward for introducing a new technology node is the reduction of cireuliysi

2. (70% of previous line width means ~50% reduction in area, i.e. 0.7 x 0.7= 0.49.)
Since nearly twice as many circuits can be fabricated oh eafer with each new
technology node, the cost per circuit is reduced significantlgat 15 the engine that
drives down the cost of ICs.

Besides line width, some other parameters are also reduced calthgssuch as the
MOSFET gate oxide thickness and the power supply voltage. The reduattookosen
such that the transistor current density/\{V) increases with each new node. Also, the



smaller transistors and shorter interconnects lead to smaller eagasit Together, these
changes cause the circuit delays to drop (Eqg. 6.7.1). Historicagrated circuit speed
has increased roughly 30% at each new technology node.

Scaling does another good thing. EQ. 6.7.6 shows that reducing capacitathc
especially, the power supply voltage is effective for lowetimg power consumption.
Thanks to the reduction in C andigdYpower consumption per chip has increased only
modestly per node in spite of the rise in switching frequenagydf(gasp) the doubling
of transistors per chip at each technology node. If there had beealimg sdoing the
job of a single PC microprocessor chip-- running 500M transist@2&Hz using 1970
technology would require the electrical power output of a mediumpsizer generation
plant.

In summary, scaling improves cost, speed, and power per function vétly aew
technology generation. All of these attributes have been imprové& by 100 million
times in four decades --- an engineering achievement unmatchledman history!
When it comes to ICs, small is beautiful. Table 7.1 shows thahgadal expected to
continue. But, what are the barriers to further scaling? Can scaling go on forever?

Table 7.1: Excerpt of 2003 ITRS technology scaling from 90nm to 22nimhe
International Technology Roadmap for Semiconductors presents the industry’syannuall
updated projection of future technologies and challenges [1]. HP:High Performance
technology. LSTP: Low Standby Power technology for portable applicati@nis. E
Equivalent Oxide Thickness.

Year of Production 2004 | 2007 | 2010 | 2013 | 2016
Technology Node (nm) 90 65 45 32 22
HP physical Lg (nm) 37 25 18 13 9
EOT(nm) (HP/LSTP) 1.2/2.1| 0.9/1.6f 0.7/1.3 0.6/1)1 0.5/1
Vdd (HP/LSTP) 1.2/1.2| 1.1/1.1 1.1/12.0 1.0/0)9 0.9/Q.
lon/W ,HP (mA/mm) 1100 1510 1900 2050 240(
loff/W ,HP (mA/mm) 0.05 0.07 0.1 0.3 0.5
lon/W,LSTP (mA/mm) 440 510 760 880 860
[off/W ,LSTP (mA/mm) le-5 le-5 6e-5 8e-5 le-4




7.2 Subthreshold Current--- “Off” is not totally “O ff”

Circuit speed improves with increasing, therefore it would be desirable to use a small
Vi. Can we set Vat an arbitrarily small value, say 10mV? The answer is no.

At Vg<Vy, an N-channel MOSFET is in the off-state. However, an undesieditage
current can flow between the drain and the source. The MOSFET cobesitved at
Vg<V¢ is called thesubthreshold current This is the main contributor to the MOSFET
off-state current,o. lorr is the § measured at &0 and \ys=Vqq. It is important to keep
loit very small in order to minimize the static power that audirconsumes even when it
is in the standby mode. For example#fis a modest 100nA per transistor, a cell-phone
chip containing one hundred million transistors would consume so muatbgtaurrent
(10A) that the battery would be drained in minutes without receivirigrosmitting any
calls. A desk-top PC chip may be able to tolerate thig gtatver but not much more
before facing expensive problems with cooling the chip and the system.

Fig. 7-1 shows a typical subthreshold current plot. It is almlegiya plotted in a
semilog §s versus \s graph. When ¥ is below V, lgsis an exponential function ofgy
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Figure 7-1 The current that flows agV; is called the subthreshold current.~\d.2V.
The lower/upper curves are for Vds=50mV/1.2V. After Ref. [2].

Fig. 7-2 explains the subthreshold current. At Welow 4, the inversion electron
concentration (§ is small but nonetheless can allow a small leakage cuwefiow
between the source and the drain. In Fig. 7-2(a), a laggevduld pull the E at the
surface closer tofEcausing pand | to rise. From the equivalent circuit in Fig. 7-2(b),
one can observe that
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Integrating Eq. (7.2.1) yields

¢, =constant +V /n (7.2.3)

l¢s IS proportional to g therefore
Ids 0 ns ] eq¢s/kT B eq(constant+Vg//7)kT H equ/qkT (7.2-4)

The practical definition of Min experimental studies is thggaat which ks=100nA xW/L.
(Some companies may use 200nA instead of 106n&q) (7.2.4) may be rewritten as

1. (nA) =100 EIVL|—/ rplesvelim (7.2.5)

Clearly, Eq. (7.2.5) agrees with the definition of &hd Eq. (7.2.4). Recall that the
function exp(q\kT) changes by 10 for every 60 mV change igs therefore
exp(qVyd NKkT) changes by 10 for everyx60mV. For example, if=1.5, Eq. (7.2.5)
states thatgh drops by 10 times for every 90mV of decrease jsb@low ;. nx60mV is
called thesubthreshold swingand represented by the symbol, S.

S:n[GOmVElL (7.2.6)
300
I..(nA) =100 [-»VTV )T~ 100 BVTV rolev)'s 72.7)
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1. The alternative shown in How to Measure thef\a MOSFET in Sec 6.4 is not applicable at |avge
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Figure 7-2: (a) When Vs increased, £at the surface is pulled closer tg €ausing g
and ks to rise; (b) equivalent capacitance network; (c) Subthreshold IV wigim®V/ bs.

For given W and L, there are two ways to minimigge illustrated in Fig. 7-2 (c). The
first is to choose a large.V This is not desirable because a largeéduces 4, and
therefore increases the gate delays (see Eq. (6.7.1)). Theaplefery is to reduce the
subthreshold swing. S can be reduced by reduginghat can be done by increasing
Coxe (S€€ EQ. 7.2.2), i.€. using a thinngg, Bnd by decreasingqés, i.€. increasing \A‘gp2
An additional way to reduce S, and therefore to redygceslto operate the transistors at
a lower temperature. This last approach is valid in principal drelyr used because
cooling adds considerable cost.

2. According to Eg. 6.5.2 and Eg. 7.292should be equal to m. In reality,is larger than m because
Coxe is smaller at low Y (subthreshold condition) than in inversion duatarger T,, as shown in
Fig. 5-25. Nonethelesgand m are closely related.



Example: Subthreshold Leakage Current

An N-channel transistor has V;=0.34V and S=85mV, W=10xm and L=50nm. A.)
Estimate lo. B.) Estimate l4s at Vg=0.17V.

Answer:
A.) Use Eq. 7.2.6.

| (nA) =100 sz_/ Mno™%'s =100 D(% [1070-34/0085 — oA

B.) Use Eq. 7.2.7.

. =100 BVTV o )s =100 E—Ic% [10(047-034)10985 = 5004

7.3 V; Roll-off --- Short-channel MOSFETs are Hard to Tum Off

The previous section pointed out thatrivust not be set too low, otherwigg Wwould be

too large. The present section extends that analysis to showehatannel length (L)
must not be too short. The reason is thisdMps with decreasing L as illustrated in Fig.
7-3. When VY drops too much,.¢ becomes too large and that channel length is not
acceptable.

Sidebar:Gate Length (lg) versus Channel Length (L) and Experimental Data versus
Equations

Gate lengthis the physical length of the gate and can be accuratelgumeshwith a
scanning electron microscope (SEM). It is carefully contoliethe fabrication plant
(called fab in short). The channel length, in comparison, can not be determined
accurately due to the lateral diffusion of the source and draingusct tracks § well

but the difference between the two just can not be quantified dyecise a result, kis
widely used in lieu of L in data collection and presentations suchFg. 7-3. L is used

in theoretical equations but it is understood that L can not be knowisglyefor small

real transistors. Thus we rely on measured data and complex eorsputlations of



devices for precise device development and circuit designhé®ather hand, we rely on
the theoretical equations to guide the interpretation of the daadésign of new
experiments, and the search for new innovative ideas.
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Figure 7-3 \ decreases with decreasing LThis phenomenon is called Mll-off. It
determines the minimum acceptablghblecausel is too large when Malls too low.
After Ref. [3].

At certain Lg, Vi becomes so low thagil becomes unacceptable (see Eq. 7.2.8). Device
development engineers must design the device so that td-bff does not prevent the
use of the targeted minimumyLfor example those listed in the third row of Table 7-1.
Of course, lithography resolution must able to support ghtargets, too.

Why does V decrease with L? Fig. 7-4 provides the answer. Fig. 7-4(a) stimwvs
energy-band diagram along the semiconductor/insulator interface lofgachannel
device at \=0. Fig. 7-4(b) shows the case aj~¥/. In the case of (b), En the
channel is pulled lower than in case (a) and therefore is clogbetE in the source.
When the channel Ec is only ~0.2eV higher than thia Ehe source (which is also sk

ns in the channel reaches 1@’ and inversion threshold is reached. We may say that
a 0.2eV potential barrier is low enough to allow the electrons imNthsource to flow
into the channel and then into the drain. The following analogy mayelpéul for
understanding the concept of the energy barrier height. The ssaceservoir of water;



the potential barrier is a dam; angs\¢ontrols the height of the dam. Wheg 6 high
enough, the dam is sufficiently low for the water to flow into ¢hannel and the drain.
That defines V

Fig. 7-4(c) shows the case of a short-channel devicega0OV If the channel is short
enough, Ewill not be able to reach the same peak value as in Fig.7Aga result, a
smaller \{s is needed in Fig. 7-4(d) than in Fig. 7-4(b) to pull the barrier dowh2eV.
In other words, Vis lower in case (d), the short channel device than in castaéldpng
channel device. This explains thervll-off shown in Fig. 7-3.

We can understand (\foll-off from another approach. Fig. 7-5 shows a capacitor
between the gate and the channel. It also shows a secomitaraga, between the
drain and the channel terminating at the location whengekks in Fig. 7-4(d). As the
channel length is reduced, the drain to source and drain to “chahstalfice is reduced;
therefore G increases. Do not be concerned with the exact definition or valbg afust
remember that it represents the strength of capacitive couiplinige complex two-
dimensional structure of the drain and the channel.

(a) Vgs=0V ©  Vge=0V

N’ Source

(b) (d)
Vgs=Vtiong Vgs=Vishort

wR R

Figure 7-4 (a)-(d): Energy-band diagram from source to drain wie®V and \ys=V..
(a)-(b) long channel; (c)-(d) short channel.




Figure 7-5 Schematic two-capacitor network in MOSFETmGdels the electrostatic
coupling between the channel and the drain. As the channel length is reduced, drain to
“channel” distance is reduced; thereforgit@reases.

From this two-capacitor equivalent circuit, one immediately sees thatdimevibltage
has a similar effect as the gate voltage on the channel patéfgiand Vs together,
determine the channel potential barrier height shown in Fig. Wen Vs is present,
less \gs is needed to pull the barrier down to 0.2eV, therefares Vower by definition.
This understanding gives us a simple equation faoNtoff,

v, g% (7.3.1)

V = Vt—long C

t
oxe

where \-long is the threshold voltage of a long-channel transistor, fachwGi=0.
More exactly, s should be supplemented with a constant that represent the éffleet o
built-in potentials between the Bhannel and the Ndrain and source, about 0.4V [4].

~(v,, +0.4) E'—CC" (7.3.2)

oxe

V., =V,

t t-long

Using Fig. 7-5, one can intuitively see that as L decreasgscfeases. Recall that the
capacitance increases when the two electrodes are closahtotder. That intuition has
been confirmed with 2-dimensioal computer simulations and analgtitations of the
Poisson equation. These analyses further indicate ghatad exponential function of L
in this two-dimensional structure [5]. Therefore,



v, =V,

t-long

wherd, 03/T,W,, X, (7.3.4)

Xj is the drain junction depth. Eq. 7.3.3 provides a semi-quantitative model of the roll-off
of Vi as a function of L and } At a very large L, Vis equal to Vlong as expected.
The roll-off is an exponential function of L. The roll-off is alsoder at larger ¥, and

the worst case is #Vqa. lor becomes unacceptable whenr i¥ too small. This
condition determines the minimum acceptable The minimum acceptable L is
several times oflg. In order to support the reduction of L at each new technology node,
l¢ must be reduced in proportion to L. This means that we must r@gud&/ye, and/or

X;. In reality all three are reduced at each node to achievéethired reduction ie.
Reducing T increases the gate control a5, Reducing Xdecreases {by reducing

the size of the drain electrode. Reducing.)lso reduces £by introducing a ground
plane (the neutral region of the substrate or the bottom of thetidaptegion) that
shields the channel from the drain.

(v, +0.4)e™ 7(3.3)

One way to summarize the message of Eq. 7.3.4 isvérdtal dimensions in a
MOSFET (T ox, Waep Xj) must be reduced in order to support the reduction ofjate
length.

7.4 Reducing the Gate Insulator Thickness and .

SiO, has been the preferred gate insulator for silicon MOSFET since its very Inggimni

the 1960’s and the oxide thickness has been reduced over the year30fitom for
10um technology to 1.2nm for 65nm technology. There are two reasons for the relentles
drive to reduce the oxide thickness. First, a thinner oxide, i.eger |6y raises J,. A

large by is desirable for maximizing the circuit speed (see Eg. 6.Th& second reason

is to control V roll-off (and therefore the subthreshold leakage) in the preseriabirg

L according to Egs. 7.3.3 and 7.3.4. One must not underestimate the mapasfahe
second reason. Fig. 7-6 shows that the oxide thickness has been recalely in
proportion to the line width.
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Figure 7-6: Oxide thickness has been scales roughly in proportion to the line width.

So, thinner oxide is desirable. What, then, prevents engineers froghaubitrarily thin
gate oxide films? Manufacturing thin oxide is not easy, blRigs6-5 illustrates, it is
possible to grow very thin and uniform gate oxide films with highdyie Oxide
breakdown is another limiting factor. If the oxide is too thin, tleetac field in the
oxide can be so high as to cause destructive breakdown. (See the: sidgikar
Breakdown Electric Field.) Yet another limiting factor is tlaig term operation at high
field, especially at elevated chip operating temperatureakbtbe weaker atomic bonds
at the Si/SiQ interface thus creating oxide charge an&sMft (see Sec. 5.7). (\$hifts
cause circuit behaviors to change and raise reliability concerns.

For SiQ films thinner than 1.5nm, tunneling leakage current becomes the miosisse
limiting factor. Fig. 7-7(a) illustrates the phenomenon of tunnekig. 7-7(b) shows
that the very rapid rise of the Si@®@akage current with decreasing thickness agrees with
the tunneling model prediction [6]. At 1.2nm, Si®aks 16 A/cnm?. If an IC chip
contains 1mrhtotal area of this thin dielectric, the chip oxide leakageetiwould be
10A. This large leakage would drain the battery of a cell phone in minutes.

Researchers are developing high-k dielectrics to replace $i@r example, Hf@has a
relative dielectric constant (k) of ~24, six times large ttlat of SiQ. A 6nm thick
HfO, film is equivalent to 1nm thick Sidn the sense that both films produce the same
Cox. We say that this HfOfilm has anequivalent oxide thicknessor EOT of 1nm.
However, the HfQ@ film presents a much thicker (albeit a lower) tunneling batoghe
electrons and holes. The consequence is a leakage current Heateial orders of
magnitude smaller than that in Si@s shown in Fig. 7-7(b) and (c). A metal gate is used



to reduce the poly-Si gate depletion and EOT in 7-7(c) [7]. Otherdatedi of high-k
gate dielectric include Zroand ALOs. The difficulties of adopting high-k dielectrics in
IC manufacture insclude chemical reactions between them arsllittom substrate and
gate, lower surface mobility than the Si/gi§ystem. These problems can be minimized
by inserting a thin Si@interfacial layer between the silicon substrate and the high-k
dielectric and using a metal gate instead of a poly-Si gate.
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Figure 7-7 (a)-(c): (a) Energy band diagram in inversion showing electroningnel
path through the gate oxide. 1.2 nm Sgonducts 1A/cm? of leakage current. High-
k dielectric such as Hfhas several orders lower leakage; After Ref. [6] (c) H8O
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chemistry. After Ref. [7]



Note that Eq. 7.3.4 contains the electrical oxide thicknesg, defined in Eq. 5.9.2.
Besides Tx or EOT in the case of high-k dielectric, poly-Si gate depletayerl also
needs to be minimized. A metal gate would be the ultimate gatterial in this respect.
The challenge there is to find metals that have work functions tbothose of Nand P
poly-Si.

In addition, T,y needs to be minimized. The material parameters that deeefip, is
the electron and hole effective masses. A larger effentiags leads to a thinnep, I
Unfortunately, a larger effective mass leads to a lower ntpbiliFortunately, the
effective mass is a function of the spatial direction of camietion in a crystal. The
effective mass in the direction normal to the channel determingwhile the effective
mass in the plane of the channel determines the surface mqhilitit, may be possible
to choose a semiconductor and a wafer surface orientation (seg-Eighat together
produce large mand m normal to the channel and small end m in the plane of the
channel.

SiO, —Breakdown Electric Field

What is the breakdown field of Si® There is no one simple answer because the
breakdown field is a function of the stress time. If a or®rs (1s) voltage pulse is
applied to a 10nm Sigilm, 15V is needed to breakdown the film for a breakdown field
of 15MV/cm. The breakdown field is significantly lower if the saoxide is tested for
one hour. The field is lower still if it is tested for one montiis phenomenon is called
time-dependent dielectric breakdown Many IC applications require a device lifetime
of 10 years. Clearly, manufacturers can not afford the timettalgcmeasure the 10 yr
breakdown fields for new oxide technologies. Instead, researcherptedicted the 10
yr breakdown fields based on short-term tests in combination with tleabmodels of
the physics of oxide breakdown. In retrospect, the most optimisticeopredictions,
7MV/cm for 10year operation, was basically right, andSitickness has been scaled
further than the other models predicted possible [8].

This breakdown model suggests that carrier tunneling at high figtatiuces holes into
Si0,. Holes cause the break-up of the weaker Si-O bonds in amorphopgh880
creating oxide defects. This process progresses more rapidiydam spots in the oxide
sample where the densities of the weaker bonds happen to becatitisigh. When the
generated defects reach a critical density at any onetspakdown occurs. In a longer
term stress test, the breakdown field is lower because a tateeof defect generation is
sufficient to build up the critical defect density over the lorgjegss time. A fortuitous
fact is that the breakdown field increases somewhat with di#egeaxide thickness. The
reason is that a larger fraction of holes may escape the tHimewrithout generating
defects; therefore a higher field can be tolerated.




7.5 How to Reduce W,

Eqg. 7.3.4 suggests that a smalk\helps to control Vt roll-off and enable the use of a
shorter L. Wep can be reduced by increasing the substrate doping concentrajign, N

because \\,is proportional tal/ /N, . However Eq. 5.4.3, repeated here,

Ul

N_, 2.2
Vt :\/fb+2¢8+ q sub s ¢B 751

ox

tells us that, if Yis not to increase, §\, must not be increased unless IS increased, i.e.
Tox is reduced. It can be shown thag\tan only be reduced in proportion tg.T

2£,2¢;

V, =V, +2¢, + 7.5.2

ox " " dep

This fact further highlights the importance of reducing as the main enabler of L
reduction according to Eq. 7.3.4.

There is another way of reducingqMy-- adopt the steep retrograde doping profile
illustrated in Fig. 6-12. In this case,qis determined by the thickness of the lightly
doped surface layer. It can be shown thadfan MOSFET with ideal retrograde doping

E E T
V, =2 - o.1+(—g - 0.1] £ = 753
£

oxi —rg

where Lg is the thickness of the lightly doped thin lay€he derivation of Eq. 7.5.3 is
left as an exercise for the interested readerfienProblems at the end of the chapter.
Again, Wyep (=Lrg) can only be scaled in proportion tg,1f V is to be kept constant.
However, W in an ideal retrograde device can be about halfXk, of a uniformly
doped device and yield the same VThat is an advantage of the retrograde doping.
Another advantage of retrograde doping is thatzieshimpurity scattering (see Sec. 2.2.2)
in the inversion layer can be reduced and surfaobility can be higher. However,
dopant diffusion makes it difficult to fabricateetrograde profile with a very thin lightly
doped layer, i.e. a very smallj@yunless process temperature is further lowered.

Predicting the Ultimate Low Limit of Channel Length — A Retrospective

Assuming that lithography and etching technologi&s produce as small features as one
desires, what is ultimate lower limit of MOSFET ohel length? When the channel
length is too small, it would have too large gndnd ceases to be a good transistor for
practical purposes. What is the ultimate limitle thannel length?



In the 1970’s the consensus in the semiconducthusiny was that the ultimate lower

limit of channel length is 500nm. In the 80’s, t@nsensus was 250nm. In the 90's, it
was 100nm. Now it is shorter than 10nm. What nthdanost knowledgeable experts in
the industry and universities underestimate hovelfi@nnel length can be scaled?

A review of the historical literature reveals thiag¢ researchers were mistaken about the
lower limit of gate oxide thickness. In the 7svias thought ~15nm would be the limit.
In the 80’s, it was 8nm, and so on. Since thgeBtimate was off, the estimats of the
minimum acceptable W, and therefore the minimum L would be off accogdin Eq.
7.3.4.

Here is an intriguing note aboutgyscaling. A higher Nyin Eq. 7.5.1 (and therefore a
smaller Wiep is allowable if \ is allowed to be larger. This largef ¥an be brought
back down with a body (or well) to source bias ag#, Vbs. The requiredpyis a
forward bias across the body-source junction. fdmeard bias is acceptable, i.e. the
forward bias current is small as long ag ¢ kept below 0.6V.

7.6 Shallow Junction Technology

Fig. 7-8, first introduced as Fig. 6-24(b), shoWws tross-sectional view of a typical drain
(and source) junction. Extra process steps arentaixgoroduce theshallow junction
extension between the deep *Njunction and the channel. This shallow junctien i
needed because the drain junction depth must beskeall according to Eq. 7.3.4. In
order to keep this junction shallow, only short esling at the lowest necessary
temperature is used to activate the dopants andahmnit the implantation damages in
the crystal. Because dopant diffusion can not bwlly avoided, the doping
concentration in the shallow junction extension trhes kept low (much lower than the
N* doping density). Shallow junction and light dopit@mbine to produce an undesirable
parasitic resistance that reduces the precigu3tat is a price to pay for suppressing V
roll-off and the subthreshold leakage current. tii&araway from the channel, as shown
in Fig. 7-8, a deeper™Nunction is used to minimize total parasitic resice. However,
even the depth of the'Nunction should be kept shallow to helprall-off.

One possible way to beat the tradeoff between timetipn depth and low series
resistance is to replace the shallow junction esttenwith a thin layer of metal or
silicide. This is theoretically possible but thetal or silicide must be chosen such that
there is not a large energy barrier (see Ch. 9ydxt it and the silicon channel and not a
large leakage between it and the substrate [9].
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Fig. 7-8 Cross-sectional view of a MOSFET draingtion. The shallow junction
extension next to the channel helps to suppresg;trwl-off.

7.7 Trade-off between |, and

loit would not be a problem if \fs set at a very high value. That is not accepthbktause
a high { would reduced, and therefore reduce circuit speed. Using a lavggcan raise
lon, Dut that is not an acceptable solution becaukeger Vg would raise the power
consumption, which is already too large for comfortMost other changes that could
reduce the leakage would also hygt |

The salient exception is to use a smallgy. TThat improves both,| and \f roll-off.
Unfortunately, even J reduction is no longer a cure without a seriods gffect. In fact,
the side effect--large dielectric tunneling leakagas made Si©thickness reduction
beyond 1nm more harmful than helpful.

Question: Does any of the following changes contribute to both leakage reduction and
lon enhancement? A larger V;. Alarger L. A shallower junction. A smaller Vqq (hint: the
worst case Vs in Eq. 7.3.3is Vyg).



Fig. 7-9 shows a plot of Logdl versus 4, [2]. The trade-off between the two is clear.
Higher b, goes hand-in-hand with largest! The spread ino (and k) is due to a
combination of unintentional manufacturing variasmae Lgand intentional difference in
drawn gate length.
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Figure 7-9 Log Ji versus ¢, The spread in,k (and k) is due to a combination of
intentional differences and unintentional varianicels,. After Ref. [2]

There are several techniques at the border betdeeéne technology and circuit design
that can help to relax the conflict betwegpdnd leakage. In a large circuit such as a
microprocessor, only some circuit blocks need terafe at high speed at a given time
and other circuit blocks operate at lower speedreridle. \{ can be set relatively low to
produce largeoh so that circuits that need to operate at highdpae do so. A substrate
or well bias voltage, ¥ in Eq. 6.4.6, is applied to the other circuit ldedto raise the V
and suppress the subthreshold leakage. This tpaghinéquires intelligent control circuits
to apply i, where and when needed. This technique is prae@hoften used. It also
provides a way to compensate for the chip-to-ctmg bBlock-to-block variations in vV
that results from non-uniformity among devices dige imperfect manufacturing
equipment and process. An interesting alternasite apply a forward source-body bias
to reduce Ywhen and where high speed is needed. If the fohwéas is lower than
0.6V, the diode forward current is acceptable dwmethe small junction area. The
advantage of this alternative is thatd)s reduced by the forward bias andrdll-off is
improved (see Eq. 7.3.4).

Another technique gives circuit designers two ae¢h(or even more) Mo choose. A
large circuit may be designed with only the highdévices first. Circuit timing
simulations are performed to identify those sigraths and circuits where speed must be
tuned up. Intermediate;\devices are substituted into them. Finally, londevices are
substituted into those few circuits that need eware help with speed. A similar
strategy provides multiple @ rather than multiple ¥ A higher \4q is provided to a



small number of circuits that need speed whileveeloVyq is used in the other circuits.
This would allow a relatively large¥o be used (to suppress leakage).

Finally, there are alternative MOSFET structured firovide superior tolerance for gate
length scaling. They are introduced in the negtise.

7.8 More Scalable Device Structured

Fig. 7-5 gives a simple description of the compm@tibetween the gate and the drain over
the control of the channel barrier height showrFig. 7-4. We want to maximize the
gate-to-channel capacitance and minimize the dmathannel capacitance. To do the
former, we reduce ckas much as possible. To accomplish the latteredece W, and

X; as much as possible. It is increasingly diffi¢alimake these dimensions smaller. The
real situation is even worse. Assume thgtcbuld be made infinitesimally small. This
would give the gate a perfect control over the piéé barrier height ----- but only right
at the silicon surface. The drain could still hawere control than the gate along other
leakage current path that is some distance belewititon surface as shown in Fig. 7-10.
At this submerged location, the gate is far away the gate control is weak. The drain
voltage can pull the potential barrier down anadwalleakage current to flow along this
submerged path (Fig. 7-11).

* *
Yes I: ,-"
Saggagunnt®

leakage path

Figure 7-10 The drain could still have more conthaln the gate along another leakage
current path that is some distance below the silgaface.

3. This section may be omitted in an acceleratenlsso
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Figure 7-11 The drain voltage can pull the potétizarier down and allow leakage
current to flow along a submerged path. After RED).

7.8.1 Ultra-Thin-Body MOSFET

There are two ways to eliminate these submergd@dgapaths. One is to use an ultra-
thin-body structure as shown in Fig. 7-12 [11]. STMOSFET is built in a thin silicon
film on an insulator (Sig). Since the silicon film is very thin, perhapsdehan 10nm,
no leakage path is very far from the gate. (Thestvease path is along the bottom of the
silicon film.) Therefore the gate can effectivelyppress the leakage. Fig. 7-13 shows
that the subthreshold leakage is reduced as tlersifilm is made thinner. Another
benefit of this structure is that the thin silictmckness automatically provides a shallow
junction. Experiments and simulations have shdvat the silicon film should be not
much thicker than ¥ the gate length.

SiO, | - T=3nm

Figure 7-12. The SEM cross-section of UTB devider Ref . [11]
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Figure 7-13 The subthreshold leakage is reduceidessilicon film is
made thinner. §= 15nm. After Ref. [11].

SOI—Silicon on Insulator

Fig. 7-14 shows the steps of making a SOI wafe}. [Btep 1 is to implant hydrogen into

a silicon wafer that has a thin Siim at the surface. The hydrogen concentratieaks

at a distance D below the surface. Step 2 is toepilae first wafer, upside down, over a
second plain wafer. The two wafers adhere to e#toér by the atomic bonding force. A

low temperature annealing causes the two wafefsge together. Step 3 is to apply
another annealing step that causes the implantébdgn to coalesce and form a large
number of tiny hydrogen bubbles at depth D. Theates sufficient mechanical stress to
break the wafer at that plane. The final Step tbipolish the surface. Now the SOI

wafer is ready for use.

The silicon film is of high quality and suitablerf¢C manufacturing. SOI provides a
speed advantage because the source/drain to badtioju capacitance is practically
eliminated because the junctions extend vertidallihe buried oxide. The cost of a SOI
wafer is many times higher than an ordinary siliseafer and can increase the total
fabrication cost of IC chips by ~30%. For this masonly some microprocessors, which
command high prices and compete on speed, havegetpthis technology so far. Fig.
7-15 shows the cross-section SEMs of a SOI prodijt In the future, SOl may find
more compelling applications because it offers axexibility for making novel
structures such the ultra-thin-body MOSFET and ryate MOSFET.
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Figure 7-14 Steps of making a SOl wafer.
After Ref. [12]
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Figure 7-15 The cross-sectional electron micrograp
of a SOI product. After Ref. [13]




7.8.2 Multi-gate MOSFET and FinFET

The second way of eliminating deep submerged leakaghs is to provide gate control
from more than one side of the channel as showkign7-16. The silicon film is very
thin so that no leakage path is far from one ofgaies. (The worst-case path is along the
center of the silicon film.) Therefore, the gaje¢an suppress leakage current more
effectively than the conventional MOSFET. Becatls®e are more than one gates, the
structure may be calledulti-gate MOSFET. The structure shown in Fig. 7-16 may be
called adouble-gate MOSFET.

-

I Tsi

B

Figure 7-16 The schematic sketch of a horizontabts gate
MOSFET with gates connected.

There is one multi-gate structure that is partidulattractive for its simplicity of
fabrication and it is illustrated in Fig. 7-17. &process starts with an SOI wafer. A thin
fin of silicon is created by lithography and etahiate oxide is grown over the expose
surfaces of the fin. Poly-Si gate material is d#@al over the fin and gate is patterned by
lithography and etching. Finally, source/drain lampation is performed. The final
structure in Fig. 7-17 is basically the multi-gateucture in Fig.7-16 turned on its side.
This structure is calle&inFET because of its silicon body resembles the backffia
fish [14]. The channel consists of the two vettgafaces and the top surface of the fin.
The channel width, W, is the sum of twice the feght and the width of the fin.
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Figure 7-17 The process flow of FInFET starts withSOI wafer. A thin fin of silicon is

created by lithography and etching. Gate oxideasvg over the expose surfaces of the
fin. Poly-Si gate material is deposited over tineaihd gate is patterned by lithography

and etching.



Several variations of FInFET are shown in Fig. 7{18,16]. A tall FIinFET has the
advantage of providing a large W and therefore dakg while occupying a small
footprint. A short FINFET has the advantage os lgsallenging etching. In this case, the
top surface of the fin contributes significantly ttte suppression of Vt roll-off and to
leakage control. This structure is also known a$rigate MOSFET. The third
variation gives the gate even more control overstheon wire by surrounding it. It may
be called a nanowire FinFET.

O

N T
Tall _ Short Nanowire
FinFET FInFET FinFET

Figure 7-18 Variations of FinFET. Tall FINFET h&e advantage of providing a large
W and therefore large lon while occupying a smaditprint. Short FInFET has the
advantage of less challenging lithography and etgchilanowire FINFET gives the
gate even more control over the silicon wire by@umding it.

Fig. 7-19 shows the simulated density of inversabectrons in the cross-section of a
FINFET body [17]. It is obvious that the inversiaer has a significant thicknessy(J.
Note also that there is a larger density of in@rslectrons at the corners. There, a pair
of gates, at right angle to each other, creatergetaband bending and attract more
inversion electrons. Fig. 7-20 shows the simuld€édcurves of a nanowire MOSFET .

D4

Fig. 7-19 Simulated density of inversion electronthe cross-section of a FInFET
- body. After Ref. [17].
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Fig. 7-20 Simulated I-V curves of a nanowire “nngiite” MOSFET. After Ref. [17]

Device Simulation and Process Simulation

There are several commercially available computaulgtion suites that solve all the

equations presented in this book with few or noraxmations (for example, Fermi-

Dirac statistics is used rather than Boltzmann @gpration). Most of these equations
are solved simultaneously, e.g. Fermi-Dirac proldtghbincomplete ionization of dopants,
drift and diffusion currents, current continuityuadgion, and Poisson equation. Device
simulation is an important tool that provides thgieeers with quick feedback about
device behaviors. This narrows down the numberaoiables that need to be checked
with expensive and time-consuming experiments. niptas of simulation results are
shown in Fig. 7-11, 7-13, 7-19, and 7-20. Eachhef figures takes about 30 min to
several hours to generate by device simulations.

Related to device simulation is process simulatidhe input that a user provides to the
process simulation program are the lithography maattern, implantation dose and

energy, temperatures and times for oxide growth amtkaling steps, etc. The process
simulator then generates a two or three dimensistmatture with all the deposited or

grown and etched thin films and doped regions. efample of the process simulation

output is shown in Fig. 7-21 [18]. This output nim/fed into a device simulator as input
together with the applied voltages and the opegagmperature.
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The small figures only show 1/4 of the complete
FinFET--the quarter farthest from the viewer.

Fig. 7-21 An example of the FINFET process simatabutput. After Ref. [18].

7.9 Output Conductance

Output conductance does not contribute to MOSFEkdge. In fact, it is usually
discussed together with the MOSFE\ 4 theory. However, its cause and theory is
actually intimately related to those of Mll-off. That makes the present chapter a fiftin
home for it, too.

The saturation ofgl (at V4s>Vysa) is rather clear in Fig. 6-22(b). The saturatidrys in
Fig. 6-22(a) is unclear and incomplete. The redsoithe difference is that the channel
length is long in the former case and short inl#ter. The slope of the I-V curve is
called theoutput conductance

dl
g, =2 7.9.1

dv,



A clear saturation ofg, i.e., a small gds is desirable. The reasonbeaexplained with
the help of the amplifier in Fig. 7-22. The biasltages are chosen such that the
transistor operates in the saturation region. Alssignal input, \, is applied.

Ids = gmsat [Vgs + gds [Vds

7.9.2
= Gmsar Win + s Wou
Vour = =R Xy 7.9.3
Eliminate jjs from the last two equations and we obtain
= Gma_y, 7.9.4

V2
“ (G tUR)

The magnitude of the output voltage, according @qo E9.4 is amplified from the input
voltage by a gain factor of,g{(g4s + 1/R). The gain factor can be increased by uaing
large R. Even with R approaching infinity, the nmaxm available voltage gain is

Maximum voltage gain = Yimsar 7.9.5
gds

If ggsis large, the voltage gain will be small. As atreme example, the maximum gain
will be only 1 if gisis equal to gsa: A large gain is obviously beneficial to analogeait
applications. A reasonable gain is also neededlifptal circuit applications to enhance
noise immunity. Thereforeggmust be kept low.

What device design parameters determine the oagmductance? Let us start with Eq.
7.9.1,

dl dl
Qg = — 200 = —dat pikd 7.9.6
dVds dvt dVds

Since §sis a function of sV; (see Eq. 6.9.11), it is obvious that

Disy - =D __ 7.9.7

d\/t dV msat

gs

The last step is the definition ofg: Now, Eq. 7.9.6 can be evaluated with the help of
Eq. 7.3.3.

gds :gmsatxe_“ld 798



g msat

Max voltage gain = =e''l 7.9.9

gds

Eq. 7.3.3 states that increasings Would reduce YV That is why s continues to increase
without saturation. The output conductance is caused by the drain/channel
capacitive coupling, the same mechanism that is responsiblg roll-off. This is why
Ogs is larger in MOSFET with shorter L. This mechanignsometimes calledrain-
induced barrier lowering. The name refers to the concept depicted in Fg. 7To
reduce gs or to increase voltage gain, we can use a largad/or reduceyql Circuit
designers routinely use much large L than the mimmvalue allowed for a given
technology node when the circuits require larggagd gains. Reducing is the job of
device designers and Eq. 7.3.4 is their guide. {Edesign changes that improve the
suppression of Vroll-off and subthreshold leakage also suppressal improve the
voltage gain.

V. dependence ongis the main cause of output conductance in veoytsdiOSFETSs.

For larger L and ¥ close to \isa another mechanism may be the dominant contributor
to gy That ischannel length modulation A voltage,MisVsas iS dissipated over a finite
(non-zero) distance next to the drain. This distamcreases with increasingsV The
distance is taken from the original channel lengiha result the effective channel length
decreases with increasingiV lgs, Which is inversely proportional to L, thus incsea
without true saturation. It can be shown that dds to channel length modulation is
approximately

M 7.9.10
L(Vds - vdsat)

gds =
where } is given in Eqg. 7.3.4. This component of gds also be suppressed with larger
L and smaller &, X;, and Wiep

7-10 MOSFET Compact Model for Circuit Simulation

Circuit designers can simulate the operation ofutis containing up to hundreds of
thousands or even more MOSFETs accurately, effigieand robustly. Accuracy must
be delivered for DC as well as RF operations, anakwell digital circuits, memory as
well as automotive products. In circuit simulatipfdOSFETs are modeled with
analytical equations much like the ones introduceithis and the previous two chapters.
More details are included in the equations, of seurThese models are callsampact
modelsto highlight their computational efficiency in dosst with the device simulators
described in Sec. 7.8.

Some circuit-design methodologies use circuit saahs extensively. Other design
methodologies use cell libraries, which have beanefally designed and characterized



beforehand using circuit simulations. It coulddaed that the compact model (and the
layout design rules) is the link between two haleéthe semiconductor industry ----
technology/manufacturing on the one side and dgsigduct on the other. A compact
model must capture all the subtle behaviors oMIESFET over wide ranges of voltage,
L, W, and temperature and present them to theitidesigners in the form of equations.

BSIM---Berkeley Short-channel IGFET Model

At one time, nearly every company developed its @ompact models. In 1996, the

Compact Model Council, an industry standard setgngup sponsored by most of the

world’s largest semiconductor manufacturers andgde®ol companies, set out to select
one standard model. It selectB&IM as the world’s first industry standard model in
1997. (Iin BSIM is for IGFET. IG stands for inated-gate, which is a more generic

name for MOS because it does not refer to the matgarsed for the gate or the insulator.)
Now, nearly all the semiconductor companies invtbed use BSIM to some degree.

If the lys equation of BSIM is typed out on paper, it will fivo pages.

Fig. 7-22 shows selected comparisons of the BSIMehand measured device data to
illustrate the accuracy of the compact model [18]is also important for the compact
model to accurately model the transistor behavmrany L and W that a circuit designer
may specify. Fig. 7-23 illustrates this capabilifynally, a good compact model should
provide fast simulation times by using simple moelglations. In addition to the |-V of
N-channel and P-channel transistors, the model ialdades capacitance models, gate
dielectric leakage current model, source and draiation diode model.

WA=10.0/0.4, T=27°C, VB=0 V WiIL=20.0/0.4, T=27"C, VD= 05 V

.... TEE TR

e
.t

Lines: Model
Symbols: Data

1D ma)
",

Log 1o (a)

B A
......

R SRR R R
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Fig. 7-22 Selected comparisons of BSIM and measde®ice data to illustrate the
accuracy of a compact model. After Ref. [19]
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Fig. 7-23 A compact model needs to accurately mibaetransistor behaviors for any
L and W that circuit designers may specify. Afesf. [19].
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Problems

Subthreshold Leakage Current

Problem 7.1:

Assume the gate oxide between an n+polysilicon gate and the p-substrate is tdmntigsk
and that Na=1E18.

a) What is Vt for this device?

b) What is the sub threshold swing, S?

¢) What is the maximum leakage current if W=1um, L=18nm? (Assume Ids = 108VsitL
Vg=Vt).

Problem 7.2.FIELD OXIDE LEAKAGE

Assume the field oxide between an n+polysilicon wire and the p-substrate istiSkiand that
Na=5E17.

a)What is Vt for this field oxide device?

b)What is the subthreshold swing, S?

c)What is the maximum field leakage current if W=10um, L=0.3um, and Vdd22.0V
d)What is the answer to part a if there is a fixed interface tragelod 1LE10cm”-27?

Vt Roll-off

Prob. 7.3

Qualitatively sketch log(ld) vs. Vg (assume Vd=Vdd) for the following

i) L=0.2um, Na=1E15

i) L=0.2um, Na=1E17

iil) L=1um, Na=1E15

iv) L=1um, Na=1E17

Please pay attention to the positions of the curves relative to #erhaad label all curves.

Trade-off between loff and lon.

Problem 7.4

Does each of the following change increase or decrease loff, and lon? Afardelarger L.
A shallower junction. A smaller Vdd. A smaller Tox. Which of these obswegntribute to
leakage reduction without reducing the precious lon?

Problem 7.5
There is a lot of concern that we will soon be unable to extend Moore’s Law. lowawvords
explain this concern and the concern for high lon and low loff.

(a) Answer this question using 1 paragraph of less then 50 words.

(b) Support your description in (a) with 3 hand drawn sketches of your choice.

(c) Why is it not possible to achieve high lon and smgalby picking optimal Ty, Xj Wep €tc?
Please explain in your own words.

(d) Provide three equations that help to quantify the issues discugsetl (©). (Suggestion: for
fun why don't you try to do this question without copying words from the text).



Prob. 7.6

A). Rewrite Eq. 7.4.5 in a form that does not contain Wdep but contains Vt. Do so b¥gsing
5.5.1 and Eq. 5.4.3 assuming that Vt is given. B). Based on the answer to A), stattiomat a
can be taken to reduce the minimum acceptable channel length.

Prob. 7.7.

(a) What is the advantage of having a small Wdep? (a) For given L andattiswhe impact of
reducing Wdep on Idsat and gate? (Hint: consider the “m”in Ch. 6) (Owenaller Wdep is
desirable because it is important to be able to suppressl-étfreb that L can be scaled.)

MOSFET with Ideal Retrograde Doping Profile

Prob. 7.8
Assume an N-channel MOSFET with af poly gate and a substrate with an idealized retrograde
substrate doping profile as shown in the figure below.

A Ngyp
Gate Oxide Substrate
P+
Very light P type
¢ > X
Tox Xrg

a. Draw the energy band diagram of the MOSFET along the x dirctionthe gate through the
oxide and the substrate, when the gate is biased at thresholev@Hay: Since the P region is
very lightly doped you may assume that the field in this regi@onstant or ddx = 0). Assume
that the Fermi level in the*Rregion coincides with Ev and the Fermi level in thé ddte
coincides with Ec. Remember to label Ec, Ev and Ef.

b. Find an expression for, &f this ideal retrograde device in terms gf VAssume V¥, is known.
(Hint: use the diagram from part (a) and remember thas the difference between the Fermi
levels in the gate and in the substrate. At threshold, atitBe&Oginterface, Ec of Si coincides
with the Fermi level).



c. Now write an expression for, Yh terms of Xy, Tox, €ox &si@nd any other common parameters
you see fit, but not in terms of,)/ Hint: remember Nsub in the lightly doped region is almost O,
so if your answer is in terms of Nsub alone, you might want tanletyour strategy. Also
remember: think carefully about how you derived Vt for a unifgrabped substrate. Maybe
Eox€ox = Esi€si COUID be a starting point.

d. Show that the depletion layer width, Wdep in an ideal retleghéOSFET can be about half
the Xdep of a uniformly doped device and still yield the same Vt.



