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Abstract

There have been proposed several sets of “rditesScaling, for the purpose of discovering as imas
possible the electrical consequences of MOSFETrsizection. Principle am There have been proposeeral sets
of “rules” for scaling, for the purpose of discowgr as much as possible the electrical ong theserues by
Dennard in 1974 (1 um channel length) and Baccanat®84 (0.25 pm).
By scaling, we hope to... -Increase packing density éhip functionality, Increase device current apded. Lower
cost (increase cost effectiveness). but the trdffeare Mobility degradation due to increased icait fields.
Velocity saturation due to increased lateral fieldbarge sharing by drain (short channel effect8LI) Increased
drain/source resistance due to reduced area fozrdgutow.
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Introduction

IN ORDER TO realize higher speed and
higher packing density MOS integrated circuits, the
dimensions of MOSFETs have continued to shrink
according to the scaling law proposed by Dennard et
al. [1]. Yet, the power consumption of modern VLSIs
has become rather significant as a result of exdlgm
large integration. Reducing this power is strongly
desired. Choosing a lower power supply voltagenis a
effective method. However, it leads to the degiiadat
of MOSFET current driving capability. Consequently,
scaling of MOS dimensions is important in order to
improve the drivability, and to achieve higher
performance and higher functional VLSIs.

With aggressive technology scaling to
enhance performance, circumventing the detrimental
short-channel effects (SCE) to improve the device
reliability has been the focus in MOSFET scaling.
When the channel length shrinks, the controllabdit
the gate over the channel depletion region reddaes
to the increased charge sharing from source/drain.
SCE leads to several reliability issues includihg t
dependence of device characteristics, such as
threshold voltage, upon channel length. This lgads
the scatter of device characteristics because @f th
scatter of gate length produced during the fakidoat
process. The predominating reliability problems
associated with SCE are a lack of pinchoff andith sh
in threshold voltage with decreasing channel lemgth
well as drain-induced barrier

lowering (DIBL) and hot-carrier effect at increagin
drain voltage. Moreover, SCE degrades the
controllability of the gate voltage to drain curten
which leads to the degradation of the subthreshold
slope and the increase in drain off-current. This
degradation is described as charge sharing byate g
and drain electric fields in the channel depletayer

in Poon and Yau’'s model [2], which was reported as
the first SCE model. Thinning gate oxide and using
shallow source/drain junctions are known to be
effective ways of preventing SCE. With short-chdnne
devices, the reliability margins have also been cut
down significantly [3]. Particularly, the high etec
field near the drain becomes more crucial and pases
limit on device operation, notably by a large gate
current, substrate current and a substantial thtésh
voltage shift [4]-[5]. Efforts have been made todwmio
the device degradation due to hot electron geerati
[6]-{7].

This description can be applied to
conventional MOSFETSs fabricated in a bulk silicon
wafer. What about thin-film SOl MOSFETs? They
are attractive devices for low-power high-speed VLS
applications because of their small parasitic
capacitance [8]. Young [9] analyzed the SCE using a
device simulator, and concluded that SCE is well
suppressed in thin-film SOl MOSFETs when
compared to bulk MOSFETSs. In general, it is beléeve
that thin-film SOl MOSFETs have a higher immunity
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to SCE compared with bulk MOSFETSs. This may
due to the difference in sa@/drain junction deptt
between the two kinds of devices. For instance
thickness of the silicon film, tSi , which correspls
to the source/drain junction depth of-100 nm, is
common in 0.25-0.3pim SOl MOSFETs. It i
extremely shallow compared Wwithe junction dept
of 100-200 nm in 0.25-0.35um gate bull
MOSFETs. However, to take advantage of
ameliorated SCEs in deaptomicron fully deplete
SOI, tSi must be considerably smaller than
source/drain junction depth (tSi ~ -15nm).
Moreover,a strong coupling through the buried ox
in thinfilm devices exists, and consequently, v
thin buried oxides (tb ~100 nm) are needed wl
trades off with junction capacitance considerati
With the gate length scaling approaching-100-nm
regime for improved performance and density,
requirements for bodgloping concentration, Q¢
oxide thickness, and source/drain (S/D) doj
profiles to control SCEs become increasingly diffi
to meet whertonventional device structures basec
bulk silicon substrates are employed. Moreover,
brings in new reliability issues, which are not \mc
in the traditional bullkSi devices, related to tl
presence of the buried oxide like ske#ating and h-
electron degradation of the buried oxide. In a |
electrical field of a short channel transistor, s
may gain enough energy and get trapped in the d
oxide along with the gate oxide. The buried oxid
more subject to degradation than the gate c
because the high density of electron trapsan
intrinsic feature of SIMOX oxides. These defectst
change parameters of the back channel in the-
effect transistor (FET) and affect the performant
CMOS circuit through the coupling effect. Thus,
hot-carrierinduced degradation in SOI dces is
more complex than that in bulk devices becausbe
thinfilm effects and the existence of two interfa
(two oxides and two channels). Hence, for s-
geometry SOl CMOS devices, SCEs are becol
increasingly important [10]-[11].
MOSFET Channel Scaling Discusion

To increase the number of devices per
the device dimensions had to be shrunk from
generation to another (i.e. scaled down)

* In theory, there are two methods of sca
Full-Scaling (also called Constahield scaling): Ir
this method the device dimensions (both horizo

ISSN: 2277-9655
Impact Factor: 1.852

and vertical) are scaled down by 1/S, where S
scaling factor. In order to keep the electric fi
constant within the device, the voltages have t
scaled also by 1/S such that the ratio betweetage
and distance (which represents the electric fi
remain constant. The threshold voltage is alsoesl
down by the same factor as the voltage to presbe
functionality of the circuits and the noise marc
relative to one another. As a result his type of
scaling the currents will be reduced and hence
total power per transistor (P=IxV) will also
reduced; however the power density will rerr
constant since the number of transistors per usd
will increase. This means that the totaip power
will remain constant if the chip size remains thene
(this usually the case).

The table below summarizes how e
device parameter scales with S (<

Parameter Before After
scaling scaling
Channel length L L/S
Channel width W W/S
Oxide thickness tox tox/S
S/D junction depth Xj Xj/S
Power Supply VDD VDD/S
Threshold voltage VTO VTO /S
Doping Density NA & ND NA *S and
ND *S
Oxide Capacitance Cox S*Cox
Drain Current IDS IDS /S
Power/Transistor P P/S2
Power Density/cm?2 p p

Constantvoltage scaling (CVS): In this method t
device dimensions (both horizontal and vertical
scaled by S, however, the operating voltages re
constant. This means that the electric fields withie
device will increase (filed =Voltage/distee). The
threshold voltages remain constant while the pc
per transistor will increase by S. The power dgr
per unit area will increase by S3! This means thia
the same chip area, the power chip power
increase by S3. This makes cons-voltage-scaling
(CVS) very impractical. Also, the device doping
to be increased more aggressively (by S2) thar
constanfield scaling to prevent channel pur
through. Channel pundfrough occurs when tt
Source and Drain Depletion regions touches
arother. By increasing the doping by S2, the depthe
region thickness is reduced by S (the same ratibe
channel length). However, there is a limit for h
much the doping can be increased (the solid sdtlyl
limit of the dopant in Silicon). Again,his makes the
CVS impractical in most cases.
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The following table summarizes the changes in
device parameters under constaoltage scaling

Parameter Before After
scaling scaling

Channel length L L/S

Channel width W WI/S

Oxide thickness tox tox/S

S/D junction depth Xj XjIS

Power Supply VDD VDD

Threshold voltage VTO VTO

Doping Density NA&ND | NA * S2
and ND *
S2

Oxide Capacitance Cox S*Cox

Drain Current IDS IDS*S

Power/Transistor P P*S

Power Desity/cm2 p p *S3

Small Geometry Effects

Short channel effects start to appear as
channel length becomes less than 10 times
depletion region width of the source/drain regic
The figure below demonstrates the difference bat
long and short channel transistors.

-+

-
L Depletion

Long Channel Short Channel

*  The major shorthannel effects at

Carrier Velocity Saturation
Recall that the mobility determines t

increase in carrier velocity as the electric fi
increases. But this does not continue forever. i
channel length is reduced, the horizontal eledigid
between the source and drain increases to a
where the carrier mobility becomes zero, i.e.
carrier velocity won't increase beyond a certamiti
(hence the term velocity saturation). Once vela
saturation sets in, the drain current won'trease as
Vps increases even if 34 is still < Vgs — Vi The
figure below shows the effect of velocity saturat
using energy band diagram of an NMOS transi
In the limit the shorthannel device will have
saturation current of:
I psat = COX*W* Vsat* Vpsat

Where Vsat is the saturation velocity (~2
cm/s) and VDSat is the drain to source voltagdhe
on-set of velocity saturation and depends on L
the substrate doping (semi-
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Free electrons in
Source the channel

VES»VEh,
VDS<VGES-Vth

——X_J— (linear region)

Channelis

VGE5=Vth,

VDSV GES-Vth
[Saturation region)

Long Channel

Source

WGSVth,
WDS<<VG5-Vth

——\_J—. {linear region)

Channel is not pinched-off [due to
velocity saturation the free
electrons concentrationis >0 at
the end of the channel

WGE5=Vth, VDE<VES-

Vth (Velocity
Saturation)

Short Channel Device

empirical formulae are used to determine
voltage). However, fomost devices they will have
saturation current characteristic between thos:
long and short channel devices:

Ipsat = COX*W*K (V g5 — Vin)"

Where K and n are constants that are obtained
semiempirical formulae, 1<n<2 (typically, n
between 1.3 tdl.4). This means that the saturat
current won't increase with VGS in a quadr:
relation, but rather close to a linear relation,ickt
reduces the speed. Also, once the channel lenc
goes below the velocity saturation limit, the dr
current won'tincrease with reducing L further,
major set back for scaling efforts (i.e. circuitenit
get faster as before with scaling).

Threshold Voltage Reductiol
Since for the shorthannel devices,

relatively large portion of the channel deplet
charge QBis controlled by the drain, a small
amount of gate voltage is required to achieve gt
inversion and create the channel, i.e. the threk
voltage will be smaller. The following figui
illustrates this.
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Gate
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Drain-Induced-Barrier- Lowering (DIBL)
Because of the short channel length, the drairage
will reduce the potential barrier between the se:
and substrate. Hence it become easier for carait
the source to jump over this barrier and drift e
drain even at the absence of a chani.e. when the
gate to source voltage is less than the thres
voltage). The DIBL effect causes the MOS device
“leak” currents when they are turr-off. These
currents are called leakage currents o-currents. If
the DIBL effect increases signifiodly, the MOS
switch may become always ON, i.e. it is
controlled by the gate any more. This condit
would occur if the source and drain depletion reg
reach one another, a condition called pi-through.
Increasing the substrate doping under
gate/channel reduces the DIBL effect. The fig
below demonstrates the DIBL effect using ene
band diagram.

Source Gate Drain

......

The barrier

2:r Asthe Drain
F+ voltage increases

Tanain

Hot Electron Injection into the Gate Oxide

Due to the high electric fields th
result in shorhannel devices, electrons can at
enough peed to jump over the energy bari
between the Si channel region and the gate o
Once they are injected into the oxide, they bec
part of its trapped charge. As it is already knothig
would alter the device’s threshold voltage and |
render thedevice totally useless with time. Alg
since the injection occurs near the drain side,rev
the electrons would have attained the highest sj
the device operation becomes asymmetrical, i.e
I-V characteristics will exhibit direction dependen
This is because the threshold if the current is ifigy

ISSN: 2277-9655
Impact Factor: 1.852

from the source to the drain (forward direction
smaller than the threshold in the reverse direc
The figure below shows the effects of HE inject
on the 1V characteristics of an NMOS devi

* Before Hot
Electron Injection

Ips

After HEI,
Forward direction

After HEI, Reverse
direction

Effects of Hot Electron Injection (HEI} on NMOS |-V
characteristics

Conclusion

With the continuous scaling of CMC
devices, leakage current is becoming a m
contributor to the total power consumption. In eumt
deepsubmicrometer devices with low threshi
voltages, subthreshold and gate leakage have be
dominant sources of leakage and are expecte
increase with the technology scaling. GIDL ¢
BTBT may also become a concern in advar
CMOS devices. To manage the increasing leaka
deepsubmicrometer CMOS circuits, solutions
leakage reduction ka to be sought both at tl
process technology and circuit levels. At the pssi
technology level, welengineering techniques |
retrograde and halo doping are used to rel
leakage and improve shartrannel characteristics. .
the circuit level, transtor stacking, multiple
dynamic, multiple, and dynamic techniques
effectively reduce the leakage current in I
performance logic and memory desi
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