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MOSFET SCALING

Omne approach Lo size reduction is a scaling of the MOSFET that requires all device dimensions 1o
reduce proportionally. The mam device dimensions are the channel length, channel width, and
oxide thickness Lateral dimensions such as channel lepgth and width are reduced by a facior of k.
so should the vertcal dimensions such as source/drain junction depths and gate insulator thickness

Scaling of depleton width is achieved indirectly by scaling up doping conentrations If we simply
reduce the dimensions of the device and kept the power supply voltages same the intemal electric
field im the deviee would increase,

Scaling improves
| .Packing density
2. 5peed
3. Power dissipation
Two types of scaling are commaon:
(1) constant [eld scaling
() constant voltage scaling.

Full scaling (constant-field scaling) —

All dimensions are scaled by k and the supply voltage and other voltages are so scaled

® Magmimde of internal elecic field is kept constant

Only lateral dimensions are changed

Threshold voltage is also affected

N

Vigure 2; 4 thustrminm of MOSFET minsturisines. The dirich on dhe right hasd 1s the ol device
myoending e thw cossiam hebd rofe {Relemeomes [1.150



Constant field scaling yields the largest reduction in the power-delay product of o single

transistor. However, it requires a reduction in the power supply voltage as one decreases the
i feature size.

* For ideal scaling, power supply voltages should be reduced 10 keep the intemal electrio feld
reasonably constant from one technology generation to the next. But power supply voltages are not
scaled hand in hand with the device dimensions, partly because of other system related constraints.
The longitudinal electnic field in the pinch off region and the trunsverse clectnc ficld across the

gale oxide increase with MOSFET scaling which causes hol electron effects and short channel
effects,

Table 6-1 Scaling rules for MOSFETs according o o constant factor K. The horizontol ond
vertical dimensions ore scaled by the same factor. The voltages are also scaled to keep the
intarnal electric fields more or less consiant, and the hot carrier effects manageable.

Scaling factor
Surfoce dimensions [L,Z) 1/K
Vertical dimensions (d,x] 1/K
Impurity Concanirations K
Current, Voltoges /K
Current Density K
Copacitance (per unit orea) K
Transconductance 1
Circuit Delay Time 1/K
Power Dissipation /K
Power Density 1
| Power-Deloy Product /67

Constant voltage scaling docs not have this problem and 15 therefore the preferred scaling method
since it provides voltage compatibility with older circuit technologies.

The disadvantage of constant voltage scaling is that the electric field increases as the minimum
feature length is reduced.

Constant-voltage scaling The voltages are not scaled and, in some cases, dimensions  associated
with voltage are not scaled.



Constan voliage soaling

Parnmeier Scaled parameter
Charmel length (L) Va
Junetion depth (x,) Yot
Substmate dopang (N, ) o
Deplation laver thickness () 1o
Transoonductace () ]
Static power dissipation (P,,) [+
Dvnamic power dissipation ( By, )
Current (T} o
Gate delay (1) Yo'
Load capacitange (') e
Charmel width (W) et
Supply valtage (V) 1
Gate oxide thickness (t,} Ve
Current density () o
Comparison
Quantity Sensitivity | Constant Field Constant
Voltage
Scaling Parameters
Length L 175 /8
Width W L5 145
Gate Okticde Thickness [ I8 175
Supply Voliage Vi 175 !




Threshold Voltage Vi I8 )

Doping Density Na. N 5 h

Device Characteristics

Area (A) WL s 187
-8 Current (lpg) B Vaa- v 15 5

Gate Capacitance (Cy) WiLits, I8 A
Power Dissipation (P) FesVia 15 5
Power Dissipation Density (F74) FPiA { 5

For the condociion to happen in the MOSFET,; we need the Vi to be greater than the threshold
voltage Yr. But, this threshold voltage is calculated at the point where the region below the oxides

has emlered into strong inversion.

From experimental resulis, one can observe that there 12 s6ll some pon-zero current flowing from
drain to source even when we are operating at a region with Vg <V (sub-threshold region). This
happens because, for the subthreshold region, the substrate near oxide-interface 15 in “Weak-
Inversion”. At this point, if we apply a positive Vs, there will be a small current In flowing. This
effect is plotted in the transfer charactenstics in figure below, We have,
W Vj
Ip = T-Hntﬂx' (Ves — Vi Wps — Tj

In this equation, current abropily goes 1o 2ero as =0on a5 Yo is reduced 1o V. In realny there is
still some dramin condouction below threshold, and 15 Known as subthreshold conduction. This
current is due o weak inversion in the chanoel between flat band and threshold which leads o a

chiffusion current from source o drain,
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Subthreshold Swing,

¢ Oenerally, in order to improve the performance and reduce the cost of production, one

would prefer o scale down the size of the transistors.

# This scaling down alse eliminates many stray capacitances that are present in the overall

device. Ultimately increasing the speed of operation.

#  Bul when the channegl length is scaled down to the order of the depletion laver, & ceriain
number of non-ideal effects come into play. These are called second-order effects

Substrate Bias Effect

For the ideal IV characteristics, the biasing scheme we used had the source and the body both
connected to groumd.

But in practicil design applications, Source 15 connected 0 substrate(body) so that there is a
virltage Vs

In such seenarios, the difference in potential between the body and the source terminil causes a
chunge in the threshold voltuge of the MOSFET. This effect of change in threshold voltage is
called the “Body Effect” or the “Back Gane Effect”™.
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When Vep s positive, there 15 reveres bias between source and bolk. This causes depletion layer
to widen.

The elecirons in the bulk are repelled by the body terminal and are now attracted by the gate toward
the mxide layer.

The threshold voltige of the MOS is also proportional to the density of electrons in the depletion
faver,

Hence as we accamolate mone and more electrons in the depletion Tayer below the oxide merface,

there will be an inorease i the value of threshold voltage,

As depletion region 15 widened, larger charge density 15 occupied, Therefore, the threshold

redquined to achiove iINVErsion increasces,

Vie = Vg + V{Jzi'ib.r-l + Van — JEH"J-I}

V., = #ero-=ubstrate- bias V.,

¥ = body effect parameter
hb-,.l = surface potential parameler

Short Channel Effecis

Short-channel effects occur  in MOSFET: in - which  the channel length is comparable 1o
the depletion laver widths of the source and dran junctions.

A MOSFET dewvice 1s considered o be short channel device when the chanmne] length is the same
order of magnitude us the deplebon-laver widths (xun; xag) of the source snd drain junction. {That
15, the effective channel length Ley 18 approximately equal to the source and dram junction depth

xk



As the channel length L s reduced to increase both the operation speed and the number of
companents per chip, the so-called short-channel effects anse.

The shori-channel effects are attributed (o two physical phenomena:

l. The limitation imposed on electron drift charactensiics in the channel
2. The modification of the threshold voltage due to the shorening channel leagth.

This oceurs due to the charge sharing between source’drain and gate. A tnangle region forms at
both ends

Hence the rectangular area under the gate becomes Trapizoid

e i
Ay 1 gp e ' ] - e st g
prealeiirvare +

Substrale [p 54




Different short-channel effects include

1. Channel Length Modufation

2. Drain-induced barrier lowenng and “Punch through™
3. Velocity saturation

4, Threshold voltage variations

3. Hot carrier effects

As we keep on increasing Yps, the region for which the inversion charge is #ero keeps on
increasing for a constam value of Vs maintained. Thus channel length keeps on decreasing. This
phenomenaon is called Channel Length Modulation,

This is a similar to “Base Width Modulation™ Thus we get a Vs term in the expression for In
even when we are operating in the sairation region.

Generally, the fabrication of the M«D_SFET devices is done in a way such that the change in length
given by AL=L-L" is low with a change in Vs

|t sl
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Dirain Indoced Barrier Lowering (DIBL )

When the depletion regions surrounding the drann extends w the source. so that the two-depletion
layer merge (i.e., when X + Xap = L), punch through ocours.

Punch through can be minimized with thinner oxides, larger substrate doping, shallower junctions,

amd obvioushy with longer channels,

The curmrent flow in the channel depends on creating and sustaining an inversion laver on the

surface,

IF the gate biay voltage is not sufficient to inven the surface (Vas <V, the camiers (electrons) in
the channel face a potential barrier that blocks the flow, Increasing the gate voltage reduces this
potential bamrier and, eventually, allows the flow of camers under the influence of the channel

electric field.

In srpall-geometry MOSFETS, the potential bamier i= controlled by both the gate-to-zource voltage

Vs and the drain-1o-sotrce voltage Vps.

If the drain voltage is increased. the potential barrier in the channel decreases, leading to drain-
imduced barmer lowering (DIBL).

The reduction of the potential barrier eventually allows electron flow between the source and the

drain, even if the gate-to-source voltage is lower than the threshold voltage.

The channel curvent that Mows under this condition (Vag <Yoriis called the sub-threshold corrent

| Long Clhiannel | Stort Channel

i ERRAE, LRV, —_— L.I.
MN* Sparce ! I 1 & Soiiace

N Dhrain W I:'.Iiruu



Yelochiy Sataration

The velociy of charge camers, such as electrons or holes, 18 proportional 1o the electne feld that
drives them, but that is only valid for small Gelds,

As the field gets stronger, their velocity tends to saturate. That means that above a critical electric
field, they tend to stabilize their speed and eventually cannot move faster.

Velocily saturation is specially seen in shon-channel MOSFET transistors, because they have
higher electric fields

The drift velocity of the electrons in the inversion layer to be proportional (o the lateral electric

ficld applicd. The proportionality constant was given by He,

The key pomt to undemstand the effect of velooty saturation1s that the lineanty of the dnft velocmny
only holds troe for low values of the applied electric field, The actual variation of drift velocity

with respect to the-applied eleciric field i='shown in figure 6.

The exact formula for the drift velocity can be given as:

L 2

d = I1+E]E-
- . - - - — - 1.'"". -

The term £ is called the eritical electric field. Here the eléctric field E is equal 1o + i.a the
lateral voltage spphed across the channel divided by the effective channel length. We can see that
for large channel devices, the drift velocity formula simplifies to © = #E Hence this is also a
short chonnel effect becaose the lnterul electric feld is higher in case of short channel devices for

simitar range of drain-to-source voltage applied.

1 L |
= - ' — 5

|T| [ 8 wuﬁﬂlﬁ‘“lﬂ Wi Rl Wom -

Figure 6; Variation of drift velocity of electron w.r.t. applied electric field



Threshold Yariations

The threshold voltage is only o function of the manufacturing technelogy and the applied body
bias Vsg.

The threshold can therefore be considered &s a constant over all NMOS {PMOS) transistors in @
design. As the device dimensions are reduced, this model becomes inaccurate, and the threshold
potential becomes a function of L, W, and Vs,

Two-dimensional second-order effects that were ignorable for long-chanmel devices suddenly
become significant.

In the traditional denivation of the Vo, for instance, it 15 assumed that the channel depletion region
15 solely due to the applied gate voltage and that all depletion charge hencath the gate onginates
from the MOS field effects.

This ignores the depletion regions of the source and reverse-biased drain junction, which become
relatively more important with shrinking channel lengths,

Since a part of the region below the gate is already depleted (by the source and dram fields), a
smaller threshold voltage suffices 10 Canse srong inversion.

In other words, Vi decreases with L for shornt-channel devices (Figure 3.35a).

a1 Thepsbokd we i feyeiimn o ks
I | o L

Figpos 153 Theedold vaanines

r i I
Another problem, refated to high clectric ficlds, is caused by so-called hot electrons. This high
energy electrons can enter the oxide, where they can be trapped. giving rise to oxide charging that
can accumulate with time and degrade the device performance by increasing Vo and affect

adversely the gate’s control on the drain current,

Besides varving over a design, threshold voltages in short-channel devices also have the tendency

to dnft over e, This 15 the result of the hot-carmer effect



Ower the last decades, device dimensions huve besn scaled down continuously, while the power
supply and the operating valtages were kept constant. The resulting increase in the elecirical figld
strength causes an increasimg velocity of the electrons, which can leave the silicon and tunnel into
the gate oxide upon reaching a high-cnough energy level.

Electrons trapped in the oxide chanpe the threshold voltage, typically increasing the thresholds of
NMOS devices, while decreasing the ¥y of PMOS transistors.

For an electron 1o become hot, an electrical field of at least 10* Viem is necessary. This condition
is easily met in devices with channel lengths around or below 1 mm.

The hot-glectron phenomenon can lead to a long-tenm reliability problem, where a circuit might
degrade or fail after being in use for a while. This is illustrated in Figure 3.36, which shows the
degradation in the -V characteristics of an NMOS ransistor after it has been subjected to extensive
operation,

MOSFET technologies, therefore use speciallyv-engineered drain and source regions to ensure that

the peaks inthe electrical fields are bounded, hence preventing carviers 1o reach the critical values

necessary 1o become hot,
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EinFET

*  FinFET, also known as Fin Field Efect Transistor, is & tvpe of non-plangr or "30D"
transistor used in the design of modern procassors

*  FinFETS are new generation transistors which utilize tri-gate structure. In contrast 1o planar
transistors where the Gate electrode was (psually) above the channel, the Gate electrode
"wrups” the channel

*  The distinguishing characteristic of the FinFET is that the conducting channel is wrapped
by a thin silicon "tfin”™, which forms the body of the device.



*  The conducting channel 15 greatly controlled by the gate.

*  The thickness of the fin {measured in the direction from source 1o drain) determines the
effective channel length of the device.

= These effects make it harder for the voliage on & gate electrode w deplete the channel
undermeath and stop the flow of carmers through the channel — in other words, 10 tum the
transistor Off. By raising the channel above the surface of the wafer instead of creating the
channel just below the surface, it is possible to wrap the gate around up to three of its sides,
providing moch greater electrostatic control over the carmers within it

Advantages
Reduoced shon-channel effects (SCEs) and leakage current

To overcome the worst types of short-channel effect encountered by deep submicron transistors,
such ps drin-induced barrer lowering (DIBL).

This technigue provides increased operating speed by low-threshold MOSFET and reduced
leakage by high-threshold voltage,

FinFET Device Schematic
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*  The very first nFETS were manufactured on top of insulating layer,

*  The fact that the current can't flow “underneath” the gate when the transistor is in OFF
state reduces the leakage current.

= Alernative technigues for stopping leakage corrent from flowing in the bulk were
mtroduced laver, which allowed for manufacturing of Bulk finFETs.

*  This technigue wiilizes very high doping gradients along the height of the fin in order to
prevent the current from owing in the bulk.

Outpul Characteristics
Drain Characteristics
waf 1 ] T ]
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