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Abstract

For the first time, the effect of every hundredtrtpof drain (and
source) to substrate p-n junction length on OFF @hdcurrent was
studied. A numerical relationship between subthokkhleakage
current and p-n junction length was proposed. AQyleiNMOS bulk
transistor of 20 nm technology generation was sateal by Sentaurus
TCAD tool. Simulation result was found in close ximity to the
theoretical proposal. Maximum 5613 times reduciioisubthreshold
leakage current was achieved. A tradeoff betweahalge current
reduction and ON current loss was also provided esady reference
for designers to choose among various alternafiweslesigning low
leakage or high speed transistor. As reductioreakdge current was
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done in device level, this methodology can be nergigh any circuit
level techniques.

1. Introduction

Aggressive demand of smaller size, lower power gongion and better
performance in worldwide semiconductor industryadding as the driving
potential for rigorous scaling of CMOS devices fopre than 40 years,
starting with 10 um process in 1971 and reaching n22 in 2012,
conforming Moore’s Law [1] and targeting “More-thioore” [2]. This
results the penalty of terrifying increase of legkacurrent. The
augmentation of leakage current is expected to Betifhes for each
microprocessor generation [3]. As per the Inteorati Technology
Roadmap for Semiconductors (ITRS), amount of leakgmpwer is
compatible with amount of dynamic power for 65nmi@and below [4].
Among the typical six types of leakage componerif pubthreshold
leakage current is one of the most significant gokerning leakage current
[6-10]. Though various researchers are proposinguws device level and
circuit level solutions for leakage current miniatibn, but as per the best
knowledge of authors, effect of p-n junction lengtit yet been studied as a
tool for leakage minimizing.

In this paper, effect of different p-n junction ¢gh is studied. A
particular situation is found where ON current lsskess than 10% and OFF
current minimization is more than 90% with zercslas transistor area.

In Section 2 of this paper, numerical relationghitween length of p-n
junction and subthreshold leakage current is ptegersection 3 describes
the methods, Section 4 verifies the relationshipi®senting the simulation
result of a single N-type MOSFET by Sentaurus TC#iIl. Section 5
concludes the paper.
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2. Theoretical Proposal of Numerical Relationship

A. From drain capacitance concept

In short channel MOSFET, not only the gate voltdné,also the drain
voltage determines the amount of threshold voltaflee equation of
threshold voltage of a short channel MOSFET ismgive [11, 12],

C
Vi =Vi-long ~ (Vgs + 04V) D_C d, Q)
oxe

where Vi _jong is the threshold voltage for long channel MOSFig is
the applied voltage at drain terminaly is the capacitor between the

channel and the drain as shown in Figure 1, &g is the capacitor
between the channel and the gate.
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Figure 1. Network of drain and oxide capacitors [11].

From (1), it may be concluded that@ is minimized, threshold voltage

should increase proportionally if other parametgeskept constant. In [11],
it is given that the normal phenomenon of incremagihtapacitance with
decreasing distance of two electrodes is valid @gr Similarly it can be

said that capacitance would decreases if areayo¢laetrode is minimized.

If an insulator strip is placed just at the draibstrate p-n junction line,
the effective area of drain fa€y is minimized, covering one electrode of

the capacitor.
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SiO, or silicon dioxide is the most common insulatingtetial used in
silicon technology.SiO, finds its common application as high quality gate
oxide and also as electrical insulator in CMOS tetbgy. Silicon dioxide
can be formed from silicon very easily and is vamych compatible with
silicon. It is already in use in silicon CMOS teoklwgy. So for the
experiment shown in this paper, strip of silicomxie is inserted in p-n
junction.

Subthreshold current between drain and source/&ndiy [5, 13]:

W Vg_vth _Vps
lsub = MoCox T(m—l)(\"r)zxe Tox(1-e '), )

where g is the mobility at zero bia$ oy is the capacitance of gate oxide,
W is the width of channel, is the length of channem is the subthreshold
swing coefficient, vy is thermal voltageV, is the applied voltage at gate

terminal, Vi, is the threshold voltage, andyg is the applied voltage at

drain terminal. It is clear from (2) that increasfethreshold voltage would
exponentially decrease subthreshold leakage current

So if length of p-n junction is decreased, subtho#s leakage current is
expected to decrease exponentially.

B. From depletion capacitance concept

The effect of inserted insulated layer can be ustded in another way.
As drain region is being insulated, so the effefcdi@in voltage will be
minimized and depletion layer region depth shouldimize. Again from
the capacitance point of view as depth of depletager is distance between
two electrodes, decrement of it will increase thiig of Cye,.
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Figure 2. Network of depletion and oxide capacitors [11].

From [11],
ds - Coxe _1 (3)
dVgs  Coxe *Caep N
C
n=1+g. (4)
oxe
Integration of (4) gives
Vo
¢ = constant + T (5)
(constant+vgl j
as n) %
lgp Ons O ekl Oe K 0 ek, (6)

From (4),n increases proportionally with increment Gfi,. From (6),

asn increases, subthreshold current should decregsmertially. So, these
equations also indicate exponential decrease datga current for p-n
junction deletion.
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C. Disadvantages

If V; increases], is reduced, and delay of gates are increased [11].

Td:cvdd( 1,1 j @)
4 Ulonn  lonp
3. Methods

As conduction between source and drain is happeneldannel area, in
this experiment, p-n junction length reduction @nd from the other side
and is continued up to the gate oxide.

As source and drain terminal are interchangeabldoimr terminal
MOSFET, and the status is determined at the timgpefation according to
the amount of applied voltage in these terminalghaut restricting any
normal behavior of transistor and possibility ofdipdbiasing engineering,
both source and drain p-n junction are insulatethrsgtrically in this
experimental study.

The total length of drain/source-substrate junctioe is divided into
hundred parts. A strip d6iO, was placed in the line having length equal to

one hundredth part and width equal to the widtlgaik oxide. The position
of SiO, was opposite end of gate oxide. The structure sumsilated by

Sentaurus TCAD tool and amount of ON and OFF ctrieere noted.
Length of the strip was increased by one part againasimulation was
conducted. This process was continued until thp gituched gate oxide.

4, Results and Discussions

Figure 3 shows superimpose of conventional andqgseqh structure. In
blue colored substrate region, upper white colatepletion region border
belongs to proposed structure and lower one beldng€onventional
structure. But in reddish source and drain regtbough both borders are
situated very closely, upper border belongs to eatignal structure and
lower one belongs to proposed structure. So intgatiesas well as in drain-
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source region, proposed structure decreases dapletgion area. This is a
clear indication of reduction of drain voltage etfe

Plo_Overiay

Figure 3. Change in depletion region border and area duprtposed
structural change. Applied drain voltage is eqoal/tld and gate voltage is
zero.

In Figure 4, orange colored highest electron dgmsigion at source and
drain is almost same in shape and size with FigurBut yellow colored
second highest electron density region connectsea@nd drain in Figure 4.
In Figure 5, they are not connected by yellow regidhis signifies less
conduction current in OFF state due to proposerdtttre.

nl3_des OFF_conventional
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Figure 4. Conventional structure: electron density distrifutwhen gate
voltage is zero and drain voltage is equal to vVdd.
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Figure 5. Proposed structure: electron density distributitven gate voltage
is zero and drain voltage is equal to Vdd.

In Figure 7, darkest orange segment representingnman absolute
value of total current density is reasonably lessygared to conventional
structure of Figure 6, when gate voltage of NMO%aso and transistor is
considered as OFF. This confirms less leakage mumlae to proposed
structure.
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Figure 6. Total current density (absolute value) of convamai structure
when drain voltage is equal to Vdd, and gate veltagqual to zero.
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Figure 7. Changed total current density (absolute value) tuproposed
structure when drain voltage is equal to Vdd, aate gyoltage is equal to

Z€ero.

Figure 8 represents the effect of proposed strattirange on absolute
value of electric field. In drain side red borddrconventional structure is
visibly more than color band with off-white bordeelonging to proposed
structure. This indicates that electric field sg#nis weakened due to

proposed structure.
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Figure 8. Overlay of conventional and proposed structureafisolute value
of electric field. Colored band with off-white bandbelongs to proposed
structure and red border belongs to conventiomattre.
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Figure 9 shows the simulation result. Continuour lis theoretical
calculated value using equation (1) and (2). Amafrieakage current for
hundred different length of inserte8iO, strip closely follows theoretical
line.

Figure 10 shows that ON current is almost indepehdé p-n junction
length reduction except it is very close to gatielex

To determine the exact amount of gap required lexvgate oxide and
inserted SiO, strip, so that subthreshold leakage current camedeced

sufficiently without harming much ON current, anettsimulation is done.
Taking width of gate oxide as a unit, different gep produced and
simulation is repeated. Table 1 summaries the tesul

Reduction of leakage current by reducing p-n junction length
4 50E-06
4.00E-06 p I
2. 50E-06
3 00E-06
2Z.50E-06

2.00E-06

Leakage current (A)
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500E-0T

0.00EHID
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Figure 9. Effect of p-n junction length on leakage curreBlack colored
boxes represent 100 different simulation result$ r@d colored continuous
line represents theoretical expression calculatad £quation (1) and (2).
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Effect of p-n junction length on ON current
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Figure 10. Except channel area, p-n junction length does effect ON
current.

Table 1. Tradeoff between ON and OFF currents

Vertical gap between gate oxide a1g/ reduction of % reduction of
. . . . . 0 0
|nserted§|02 strip along pAa JL.mctlon OFF current ON current

n times of gate oxide width
1 99.94% 68.56%
2 96.18% 14.47%
4 87.47% 7.79%
5 81.52% 6.47%
6 74.64% 5.39%
7 67.55% 4.54%
8 61.24% 3.96%
9 56.39% 3.62%

Table 1 gives a ready reference for designers tms# among high
speed (high ON current) or low leakage (low OFFreni). As per
requirement, any of the configurations can be cholermally a gap three
times of the width of gate oxide is recommendedmihimizes leakage
current more than 90% and loss of ON current is tkan 10%.
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5. Conclusion

It may be concluded that subthreshold leakage ouibecomes very
prominent with scaling. If drain (and source) tdsmate junction line is
reduced by insertin®iO, strip there, subthreshold leakage current reduces

exponentially. However except channel area, thesdwt affect the value of
ON current. So, calculatedly deletion of p-n juantcan minimize sufficient
amount of leakage current without losing much ONexi.
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