D
A

Leakage Current Mechanisms and Leakage
Reduction Techniques in Deep-Submicrometer
CMQOS Circuits

KAUSHIK ROY, FELLOW, IEEE, SAIBAL MUKHOPADHYAY , STUDENT MEMBER, IEEE AND
HAMID MAHMOODI-MEIMAND , STUDENT MEMBER, IEEE

Contributed Paper

. . . . . 1E-02
High leakage current in deep-submicrometer regimes is be-

coming a significant contributor to power dissipation of CMOS b
circuits as threshold voltage, channel length, and gate oxide thick-  (A)
ness are reduced. Consequently, the identification and modeling

of different leakage components is very important for estimation

and reduction of leakage power, especially for low-power appli-
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cations. This paper reviews various transistor intrinsic leakage 1808 ¢ ;

mechanisms, including weak inversion, drain-induced barrier L ; lore = 398 PA = 20 pAlUm @ (V,-2.5Y)

lowering, gate-induced drain leakage, and gate oxide tunneling. EA0 Lo . = 807 pA = 4 pAlum @ (Vp=0.1V)

Channel engineering techniques including retrograde well and 1E-11 ¢ ;

halo doping are explained as means to manage short-channel 1E-12 1

effects for continuous scaling of CMOS devices. Finally, the paper 1E-13

explores different circuit techniques to reduce the leakage power 1E-14

consumption. 05 0 0.5 1 15 2 25
Ve (V)

Keywords—Channel engineering, CMOS, dynarhic,, dy-
namic Vix, gate leakage, leakage current, low-leakage memory, Fig.1 Log(Ip) versusV attwo different drain voltages for 20
multiple V44, multiple Vi, scaling, stacking effect, subthreshold  x 0.44«m n-channel transistor in a 0.36m CMOS process [2].
current, tunneling.

in the substantial increase of the subthreshold leakage
I. INTRODUCTION current [1].

To achieve higher density and performance and lower '19- 1 shows a typical curve of drain curreffp)
power consumption, CMOS devices have been scaled forVersus gate voltage (VG) in !ogarlthmlc scale [2]. It allows
more than 30 years. Transistor delay times decrease by mordneasurement of many device parameters sucHoag,
than 30% per technology generation, resulting in doubling Vin, and s.ubthreshold ,S'OF(@)' that is, the ;Iope oV
of microprocessor performance every two years. Supply versus/p in the weak inversion state. Transistor off-state
voltage (Vpp) has been scaled down in order to keep the current(Iorr) is the drain current when the gate voltage
power consumption under control. Hence, the transistor IS 2€ro- The n-channel transistor in Fig. 1 haslagr of
threshold voltaggV;y,) has to be commensurately scaled 20 and_4 pAum at .the drain voltage of 2.5 and 0.1 V,
to maintain a high drive current and achieve performance respectively./orr is influenced by the threshold voltage,

improvement. However, the threshold voltage scaling results channel physical - dimensions,  channel/surface -~ doping
profile, drain/source junction depth, gate oxide thickness,

and Vpp. Iorr in long-channel devices is dominated by
Manuscript received July 10, 2002; revised November 5, 2002. This work |egkage from the drain-well and well-substrate reverse-bias
was supported in part by Semiconductor Research Corporation, in part by . . . .
Defense Advanced Research Projects Agency, Intel, and IBM. pn junctions [2]. Short-channel transistors require lower
The authors are with the School of Electrical and Computer power supply levels to reduce their internal electric fields
Engineering, Purdue University, West Lafayette, IN 47907-1285 gnd power consumption. This forces a reduction in the
USA (e-mail: kaushik@ecn.purdue.edu; sm@ecn.purdue.edu; mah- . .
moodi@ecn.purdue.edu). threshold voltage that causes a substantially large increase
Digital Object Identifier 10.1109/JPROC.2002.808156 in Iorr [1]. This increase is due to the weak inversion state
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Fig. 2 ITRS projections for transistor scaling trends and power consumption: (a) physical
dimensions and supply voltage and (b) device power consumption [6].

leakage and is a function df,. In this paper, we explore leakage mechanism, resulting due to the depletion at the
all leakage mechanisms contributing to the off-state current drain surface below the gate-drain overlap region. Fig. 2
(not just the current from the drain terminal). Other leakage shows projections for transistor physical dimensions, supply
mechanisms are peculiar to the small geometries them-voltage, and device power consumption according to the
selves. As the drain voltage increases, the drain to channelinternational Technology Roadmap for Semiconductors
depletion region widens, resulting in a significant increase (ITRS) [6]. All the parameters are normalized to their
in the drain current. This increase Iprr is typically due values in the year 2001. As shown in Fig. 2(b), due to the
to channel surface current caused by drain-induced barriersubstantial increase in the leakage current, the static power
lowering (DIBL) or due to deep channel punchthrough consumption is expected to exceed the switching component
currents [3]-[5]. Moreover, as the channel width decreases,of the power consumption unless effective measures are
the threshold voltage and the off current both get modulated taken to reduce the leakage power.

by the width of the transistor, giving rise to significant Due to adverse SCEs, the channel length cannot be arbi-
narrow-width effect. All these adverse effects which cause trarily reduced even if allowed by lithography. For digital
threshold voltage reduction (leakage current increase) inapplications, the most undesirable SCE is the reduced gate
scaled devices are called short-channel effects (SCE). Tothreshold voltage at which the device turns on, especially at
maintain a reasonable SCE immunity while scaling down high drain voltages. Therefore, to take the best advantage of
the channel length, oxide thickness has to be reduced nearlythe new high-resolution lithographic techniques, new device
in proportion to the channel length. Decrease in oxide designs, structures, and technologies should be developed to
thickness results in increase in the electric field across thekeep SCEs under control at very small dimensions. In ad-
gate oxide. The high electric field and low oxide thickness dition to gate oxide thickness and junction scaling, another
result in considerable current flowing through the gate technique toimprove short-channel characteristics is well en-
of a transistor. This current destroys the classical infinite gineering. By changing the doping profile in the channel re-
input impedance assumption of MOS transistors and thusgion, the distribution of the electric field and potential con-
affects the circuit performance severely. Major contributors tours can be changed. The goal is to optimize the channel
to the gate leakage current are gate oxide tunneling andprofile to minimize the off-state leakage while maximizing
injection of hot carrier from substrate to the gate oxide. the linear and saturated drive currents. Supersteep retrograde
Gate-induced drain leakage (GIDL) is another significant wells and halo implants have been used as a means to scale
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Fig. 3 Summary of leakage current mechanisms of

: : Fig. 4 BTBT in reverse-biased pn junction [14].
deep-submicrometer transistors.

1) Band-to-Band Tunneling Current-igh electric field

the channel length and increase the transistor drive current(>1o6 Vicm) across the reverse-biased pn junction causes
without causing an increase in the off-state leakage currentsignificant current to flow through the junction due to tun-
[7]-{10]. neling of electrons from the valence band of the p region to

This paper is organized as follows. In Section I, different the conduction band of the n region, as shown in Fig. 4 [14].
leakage current components and mechanisms in deep-subfFrom Fig. 4, it is evident that for the tunneling to occur, the
micrometer transistors are explained, which is essential tototal voltage drop across the junction has to be more than the
guide solutions for reducing power and leakage per transistor.pand gap. The BTBT current in silicon involves the emission
Device options for leakage reduction, which are based on or absorption of phonons, since silicon is an indirect band

channel engineering, are explained in the first part of Sec- gap semiconductor. The tunneling current density is given
tion Ill. The second part of Section Ill explores different cir- by [14]

cuit techniques for leakage control in logic and memory. Fi-

nally, the conclusion of the paper appears in Section IV. EVapp E;”
Jb—b =A /2 exp -B
E, L
Il. TRANSISTORLEAKAGE MECHANISMS 3
V2m* 4/2m*
. . . . :ﬂ./ andB = m (1)
We describe six short-channel leakage mechanisms as il- 43K 3qh

lustrated in Fig. 31; is the reverse-bias pn junction leakage;
I, is the subthreshold leakagk; is the oxide tunneling cur-
rent; I, is the gate current due to hot-carrier injectidp;is
the GIDL; andls is the channel punchthrough current. Cur-
rentsl,, I5, andl; are off-state leakage mechanisms, while
I, andI; occur in bothoN andoFrFstates, can occur in the

wherem* is effective mass of electroi, is the energy-band
gap;Vapp is the applied reverse biak; is the electric field at
the junction;q is the electronic charge; aridis 1/2x times
Planck’s constant.Assuming a step junction, the electric field
at the junction is given by [14]

off state, but more typically occurs during the transistor bias
i it 2qN,N4(V, Vi
states in transition. B = \/ q (}i\g :I}V+) bi) ?)
Esi a d
A. pn Junction Reverse-Bias Curret) where N, and N, are the doping in the p and n side, re-

Drain and source to well junctions are typically reverse spectively;e; is permittivity of silicon; andV;,; is the built
biased, causing pn junction leakage current. A reverse-biasin voltage across the junction. In scaled devices, high doping
pn junction leakagél;) has two main components: one is concentrations and abrupt doping profiles cause significant
minority carrier diffusion/drift near the edge of the deple- BTBT current through the drain-well junction.
tion region; the other is due to electron-hole pair generation
in the depletion region of the reverse-biased junction [12]. B+ Subthreshold Leakageé:)

For an MOS transistor, additional leakage can occur between Subthreshold or weak inversion conduction current be-
the drain and well junction from gated diode device action tween source and drain in an MOS transistor occurs when
(overlap of the gate to the drain-well pn junctions) or carrier gate voltage is below?};, [15]. The weak inversion region is
generation in drain to well depletion regions with influence seenin Fig. 1 as the linear region of the curve (semilog plot).
of the gate on these current components [13]. pn junction re-In the weak inversion, the minority carrier concentration is
verse-bias leakagdrryv ) is a function of junction areaand  small, but not zero. Fig. 5 shows the variation of minority
doping concentration [12]. If both n and p regions are heavily carrier concentration along the length of the channel for an
doped (this is the case for advanced MOSFETSs using heavilyn-channel MOSFET biased in the weak inversion region. Let
doped shallow junctions and halo doping for better SCE), us consider that the source of the n-channel MOSFET is
band-to-band tunneling (BTBT) dominates the pn junction grounded}, < V;;, and the drain to source voltagié;| >
leakage [14]. This leakage mechanism is explained in Sec-0.1 V. For such weak inversion conditiolys drops almost
tion II-Al. entirely across the reverse-biased substrate-drain pn junction.
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Fig. 5 Variation of minority carrier concentration in the channel Vo
of a MOSFET biased in the weak inversion. I
As a result, the variation of the electrostatic potentialat Fig. 6 Subthreshold leakage in a negative-channel

the semiconductor surface along the channel {tlagis) is ~ metal-oxide-semiconductor (NMOS) transistor.
small. They component of the electric field vect®@(E,),

being equal tdlp/dy, is also small. With both the number of - yoltage are scaled down to enhance performance, power
mobile carriers and the longitudinal electric field small, the efficiency, and reliability, subthreshold characteristics may
drift component of the subthreshold drain-to-source current |imit the scalability of the supply voltage. The paramefer

is negligible. Therefore, unlike the strong inversion region js measured in millivolts per decade of the drain current.
in which the drift current dominates, the subthreshold con- For the ||m|t|ng case Ofox — 0 and at room temperature,
duction is dominated by the diffusion current. The carriers g, ~ 60 mVv/decade. Typicab, values for a bulk CMOS
move by diffusion along the surface similar to charge trans- process can range from 70 to 120 mV/decade. A low value
port across the base of bipolar transistors. The exponentialfor subthreshold slope is desirable. It can be noted from
relation between driving voltage on the gate and the drain the preceding expression thét can be made smaller by
current is a straight line in a semilog plot 65 versusV, using a thinner oxide (insulator) layer to redugg or a
(see Fig. 6). Weak inversion typically dominates modern de- jower substrate doping concentration (resulting in larger
vice off-state leakage due to the IaW,. The weakinversion 1y, ). Changes in operating conditions—namely, lower

current can be expressed based on the following [15]: temperature or a substrate bias—also modifies
w ) 1) Drain-Induced Barrier Lowering:In long-channel
lys = ,UOCoxf(m —1)(vr)? x Vo= Vin)/mor devices, the source and drain are separated far enough that
their depletion regions have no effect on the potential or
X (1 - evaS/vT) (3) field pattern in most part of the device. Hence, for such
devices, the threshold voltage is virtually independent of
where the channel length and drain bias. In a short-channel device,
Cama o 3tox however, the source and drain depletion width in the vertical
m=1l+==1+Z==1+ W (4) direction and the source drain potential have a strong effect
o fox . on the band bending over a significant portion of the device.

whereVyy, is the threshold voltage, ang- = KT/q is the Therefore, the threshold voltage, and consequently the
thermal voltageC,, is the gate oxide capacitanqe; is the subthreshold current of short-channel devices, vary with the

zero bias mobility; andr is the subthreshold swing coeffi-  drain bias. This effect is referred to as DIBL. One way to

cient (also called body effect coefficiently,, is the max-  describe it is to consider the energy barrier at the surface
imum depletion layer width, antl,. is the gate oxide thick-  between the source and drain, as shown in Fig. 7 [17]. Under
nessCan, is the capacitance of the depletion layer. off conditions, this potential barrier prevents electrons from
In long-channel devices, the subthreshold current is inde- flowing to the drain. For a long-channel device, the barrier
pendent of the drain voltage fo%s larger than a few. On height is mainly controlled by the gate voltage and is not

the other hand, the dependence on the gate voltage is exposensitive toVys. However, the barrier of a short-channel
nential, as illustrated in Fig. 6 [16]. The inverse of the slope device reduces with an increase in the drain voltage, which
of thelog;(1as) versusV,s characteristic is called the sub- in turn increases the subthreshold current due to lower

threshold slopésS;) [15] and is given by threshold voltage.
DIBL occurs when the depletion regions of the drain and
g — d (logyg Ias) ! _9 3ka the source interact with each other near the channel surface to
= Ve Tty lower the source potential barrier. When a high drain voltage
ET Cim is applied to a short-channel device, it lowers the barrier
22-37 <1 + C > (5) height, resulting in further decrease of the threshold voltage.

The source then injects carriers into the channel surface (in-
Subthreshold slope indicates how effectively the transistor dependent of gate voltage). DIBL is enhanced at high drain
can be turned off (rate of decrease frr) WhenV,, is voltages and shorter channel lengths. The surface DIBL typ-
decreased below;;,. As device dimensions and the supply ically occurs before the deep bulk punchthrough. Ideally,
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Fig. 7 Lateral energy-band diagram at the surface versus distance
(normalized to the channel lengft) from the source to the drain

for: (a) long-channel MOSFET; (b) a short-channel MOSFET;

(c) a short-channel MOSFET at high drain bias. The gate voltage

is same for all three cases [17].
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Fig. 8 nchannell, vs. Vs showing DIBL, GIDL, weak
inversion, and pn junction reverse-bias leakage components [11].

DIBL does not change the subthreshold sl¢fg), but does

lower V;y,. Higher surface and channel doping and shallow

)
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Fig. 9 nchannelog(Ip) versusVg for six substrate biases on a
0.35um logic process technology’p = 2.7 V) [11].

between the Fermi potential and the intrinsic potential in the
substrate. The slope &f;, versusli,s curve is therefore

esiq Vg
dVin _ \ 2005+W) @
dvbs B Oox

which is referred to as the substrate sensitivity. It can be seen
from (7) that the substrate sensitivity is higher for higher bulk
doping concentration, and the substrate sensitivity decreases
as the substrate reverse bias increased,At= 0, the sub-
strate sensitivity i€4,, /Cox OFr m — 1 (4). Thereforem is

also called body effect coefficient.

Fig. 9 shows suppression in n-channel drain current when
the well-to-source voltage is back biased from 6-8®V (the
back bias is the well voltage) [11]. Virtually no change is seen
in the subthreshold slop® at different substrate biases. An
important observation from Fig. 9 is that &g, increases,
because of applied reverse substrate bias and a shift in the
I-V curve,Iorr decreases.

The subthreshold leakage of an MOS device including
weak inversion, DIBL, and body effect, can be modeled as
[21]
1/mvr (Va=Vs—Vino—7' X Vs+nVbs)

v (1 . e—vDs/vT) (8)

Isubth =Axe

where

source/drain junction depths reduce the DIBL effect on the
subthrshold leakage current [17], [18]. Fig. 8 illustrates the
DIBL effect as it moves thdp — Vi curve up and to the
left as the drain voltage increases. DIBL can be measured at
constanf/;; as the change ifi, for a change if/p [11]. Vino is the zero bias threshold voltage, and= K'71'/qisthe

2) Body Effect: Reverse biasing well-to-source junction thermal voltage. The body effect for small values of source
of a MOSFET transistor widens the bulk depletion region and t0 bulk voltages is linear and is represented by the tg/i
increases the threshold voltage [19]. The effect of body bias in (7), wherey’ is the linearized body effect coefficientis

w y
A= oG p—(vr)el Sem 2 /mr (9)

can be considered in the threshold voltage equation [20]

V2e6qNa (295 + Vi)

Vin = Vi, + 29 + C

(6)

whereVy, is the flat-band voltagey, is the doping density in
the substrate; anfls = (KT/q) In(N, /n;) isthe difference
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the DIBL coefficient,C,, is the gate oxide capacitanqe,
is the zero bias mobility, angh is the subthreshold swing
coefficient of the transistorAVry is a term introduced to
account for transistor-to-transistor leakage variations.

3) Narrow-Width Effect:The decrease in gate width
modulates the threshold voltage of a transistor, and thereby
modulates the subthreshold leakage. There are mainly three
ways that narrow width modulates the threshold voltage.
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