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Abstract—A timing simulation is presented for a MOSFET
implemented inverter and 2-input NAND gate in a 45nm
technology. Gate tunneling currents are characteried for
technology nodes less than 180 nm and the temperatu
dependence of this leakage is discussed.

|. INTRODUCTION
ORWARD progression in the MOS/VLSI industry is

Surgni

B. MOSFET Inverter

For the simulation of the inverter the input alttas
between VDD and ground at a frequency of 10 MHzewh
the input to the inverter, Vin, changes from lowhigh, the
output of the inverter, Vout, takes 7 ns to falbteteady state
value. However, when Vin changes from high to Idout
takes 45 ns to rise to a steady state value. Tiistrehown in
Fig. 1 was used to generate the plot shown inZig.

driven by the demand for faster circuit speed. Aeréase
in MOSFET operating speed is often accomplished
decreasing channel length. As a result, the gatleo
thickness is often decreased proportionally as.Welo topics
will be discussed in this papeFirst, the delay of both an
inverter and 2-input NAND gate for the 45 nm tediegy node
will be presented. Second, the effects of leakageent due to
gate tunneling currents as gate thickness is scdtmdn is
examined. The temperature dependence of gate tongreeirrents
is also discussed. When the gate ,Si@hicknessis less than
2 nm the effects of carrier tunneling throutpe oxide begin to

b

*Main inverter netlist

param supply=1.2

.Include '180nm.lib’'

.global vVdd Gnd

Vdd Vdd Gnd 'supply'

.include NMOS_VTL.inc
.include PMOS_VTL.inc

.tran 0 115ns 0 0.1ns

M1 Out In Gnd Gnd NMOS_VTL
M2 Out In Vdd Vdd PMOS_VTL
V1 In Gnd pulse(0 'supply’ 10n 1n 1n 50n 100n)
.END

degrade the performance othe transistor [1]. The
International TechnologRoadmapfor Semiconductors (ITRS)
specifies the maximunallowed gate leakage current density

(Jimi) for high- performance CMOS logic chips to be 188*"

Alcm? for 90 nmtechnology [2]. whi is defined at 300K. It
can beseenthat this limit is reached when the gateidex

thickness (t,,) is scaled down to 1.5 nm [3]. Due to the deman

of devices with a gate oxide thickness at olowel.5 nm,
the effects of temperature variation on gatenneling
current should be studied more thoroughly. His paper a
NMOSFET will be onsidered.

A. FreePDK45 Library

The models (NMOS_VTL and PMOS_VTL) provided in
the free open-source 45 nm library, FreePDK45, ldges by
NCSU were used in simulation of the inverter arel2hnput
NAND gate. LTSpice was used to run the netligt fithe rise
and fall time of all input stimuli were set to 1 asd the
supply voltage was setto 1.2 V.
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Fig. 1. Netlist for inverter
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Fig. 2. Plot of Vin and Vout of inverter
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C. 2-input NAND Gate

For the simulation of the 2-input NAND gate, inpgut
alternates from high to low at a frequency of 2 Mmile
input B is held high. A 17 ns delay is observedtfa output
to change from high to low and a 49 ns delay isoled for
the output to change from low to high.

*Main 2 input nand gate netlist
.param supply=1.2

.include NMOS_VTL.inc

.include PMOS_VTL.inc

.options post

.tran 0 115ns 0 0.1ns

M1 VDD B Vout Vout PMOS_VTL
M2 VDD A Vout Vout PMOS_VTL
M3 Vout A NOO1 N0OO1 NMOS_VTL
M4 NOO1 B 0 0 NMOS_VTL

V1 A 0 PULSE(O 'supply' 10ns 1ns 1ns 50ns 100ns)
V2 B 0 'supply’'

V3 VDD 0 'supply'

.END

Fig. 3. Netlist for 2-input NAND gate
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Fig. 4. Plot of A and Vout of 2-input NAND gate

Ill. DIRECT GATE TUNNELING

A. Components

When the gate is biased positively with respethéo
substrate the gate tunneling current is composédmfnain
components:

1) a current of minority carries tunneling from the
semiconductor substrate to the gate (J), and

2) a current of majority carriers tunneling from treggto
the semiconductor substrate (J’).

B. Components

Electrons in channel may tunnel through the oxidedre
exists an empty state associated with exactlyahgesenergy
at the gate side. The probability of finding an &rgiate is
given by

1-f(E) (1)

where f(E) is the Fermi level distribution functionthe gate.
The overall probability, P(E), for an electron egeE to
tunnel from the channel to gate is

P(E) = T(E)[1 - f(E)] )
where T(E) is the single electron tunneling proliglband is
derived using Wentzel-Kramer-Brillouin (WKIB)
approximation [3]. The maximum potential barriergie at
the Si/SiQ interface is denoted kyy The potential well is
modeled as a trapezoid as shown in Fig. 5.
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Fig. 5. Energy band diagram for nMOS structure [3]

C. Mode

An equation describing the tunneling current derséts
been developed using the following relation
J = qvn (3)
where q is the electron charge, v is the averageeting
velocity, and n is the tunneling electron densitye volume
density of tunneling electrons can be expressedfasction
of tunneling velocity as follows
n= [ nw)P(E)dv (4)
By substituting equations (4) into equation (1) timeneling
current density, J, from channel to gate is defiagd
J = [, qun()P(E)dv ®)
The net tunneling current is then expressed as
] 3= J=7 .
_ (4mmg 5 ykT
h—( - )(kT) (1+7%)

[1- e (-72)] ©)
qPs —qPp — ETg
kT
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where k is Boltzmann'’s constant and

Y = 4mtoxy 2myy/h

E'=qx —0.5qV,,

exp
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where h is Planck’s constant angV ¢« Ves-®Os, Vs is the
gate voltage, ¥ is the flat band voltage, amik is the surface
potential of the channel [3]. Plots showingsl. Vg for n-type
MOSFET operating in inversion mode are shown in Big
Plots from a different model which takes a puralggtum
mechanical approach to solving the tunneling curdensity

is shown in Fig. 7. The plots are in close agreéméth one
another.
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Fig. 6. Direct tunneling current densityAfcm?) versus
VgV) in n-MOSFET at various oxide thicknesses [3]
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IV. TEMPERATUREDEPENDENTFACTORS

A. Temperature Impact on Fermi Level

In general, for a p-type substrate the Fermi I&ygl
approaches the acceptor ionization energy EA apdegiture
decreases and the Fermi level approaches thesittenergy
level £ as temperature increases. Fig 8 depicts the ct@nge

Fermi level with temperature. Impurities are copséd
weakly ionized at temperatures belowahd the substrate is
considered intrinsic at temperatures aboyve T
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Fig. 8. Variation of Fermi level with temperatureNMOS
device [5]

EFS can be estimated analytically by
EFS = EA - len(a)

N
—1+ J1+16—A—exp(51/km
where (NV>

8

where E refers to the acceptor ionization energy. A plbt o
Fermi level against temperature fogNel7 cn? is shown in
Fig. 9. A more accurate calculation of the Fermelecan be
made by solving the charge neutrality equation micaky. A
plot of Fermi level against temperature fog=Mel7 cnt is
generated using the charge neutrality condition ianshown
in Fig. 10.
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B. Temperature Impact on Energy Band Gap

The energy band gap tends to decrease with inagasi
temperature. Atomic vibrations increase with adtesrmal
energy which in turn also increases the inner at@spacing.
The average potential seen by the electrons insthstrate
decrease as the inner atomic spacing increasesthbwenergy
band gap of the substrate decreases. The energydagng
for silicon is determined by

ar?

E; = E4(0) - T
where Eg(0) = 1.166 e\4, = 0.473 meV/K, an@ = 636 K. A

plot of the energy band gap against temperatusbas/n in
Fig. 11.

(8)

C. Temperature Impact on Intrinsic Carrier Concentration

The intrinsic carrier concentration ni is a strdagction of
temperature as described by

n? = BT3exp (i—‘;’)
where B = 1.08x18 K3cm®. A plot of the intrinsic carrier
concentration against temperature is shown inEgThe
three temperature dependent factors discussedopsdyiall
affect gate tunneling current. The inclusion of thiee factors
into the equation for gate tunneling current alldarsfurther
study of the temperature dependence of gate turgnelirrent
density.

)
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V. EFFECT OFTEMPERATUREVARIATION
ON GATE TUNNELING CURRENT

A. Effect of Temperature Variation on Gate Tunneling

Current at 90 nm Technology Node

A plot of gate tunneling current density againsaperature
(Vgs = 1V) for 90 nm technology is shown in Fig. 13.€T&nm
as specified for the 90 nm technology node by ITR388
Alcm? [2]. Fig. 13 shows that nMOS devices with an
equivalent oxide thickness (EOT) of 1.2 nm can perated
up to 370 K without exceeding thg,J while a nMOS device
with an EOT of 1.1 nm can only be operated up t0 B4
without exceeding thg;.
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Fig. 13. Variation of gate tunneling current atrgf
technology node for different values of EOT [3]

B. Effect of Temperature Variation on Gate Tunneling
Current at 65 nm Technology Node

A plot of gate tunneling current density againsaperature
(Vgs = 1V) for 65 nm technology is shown in Fig. 14.€Thyi
as specified for the 90 nm technology node by ITRS800
Alcny? [2]. Fig. 14 shows that nMOS devices with an EGT o
1.2 nm and 1.1 nm are well below,J at 400 K while a
device with and EOT of 1 nm can only be operatedoupl5
K without exceeding theg.



1400 —
Gonm
1200 Na=8ei Bom?®
J]I_mi: =BOOACHT
1000
800
JiAicm®) ECT= 1nm
G600
400 BT
B EOT=1.inm—"
200 S G

" EOT

i e

200 220 240 260 280 300 320 340 360 380 400
Temp (K)
Fig. 14. Variation of gate tunneling current atréb
technology node for different values of EOT [3]

C. Effect of Temperature Variation on Gate Tunneling
Current at 45 nm Technology Node

A plot of gate tunneling current density againshperature
(Vgs = 1V) for 45 nm technology is shown in Fig. 15 .€Thyi
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Fig. 16. Variation of gate tunneling current atr32
technology node for different values of EOT [3]

VI. CONCLUSION

For each technology node, leakage due to gate lingne
currents is not a strong function of temperaturél time EOT

as specified for the 45 nm technology node by ITR$560 becomes sufficiently thing. When designing a nMd@&ice
Alcm? [2]. Fig. 15 shows that nMOS devices with an EGT ofor use in a high temperature environment (gretuzn 400K)

1.2 nm and 1.1 nm are well beloy,J at 400 K while a
device with and EOT of 1 nm can only be operatedoup80

K without exceeding the;.
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Fig. 15. Variation of gate tunneling current atrtb
technology node for different values of EOT [3]

D. Effect of Temperature Variation on Gate Tunneling
Current at 32 nm Technology Node

A plot of gate tunneling current density againshperature
(Vgs = 1V) for 32 nm technology is shown in Fig. 16 €Thyi
as specified for the 32 nm technology node by IT&R3430

it has been shown that the EOT must be considéggdhe 90
nm, 65 nm, 45 nm, and 32 nm technology nodes nMOS
devices with an EOT equal to or greater than 1.2 héhnm,

1.1 nm, and 0.9 nm respectively should be consii&reuse

in high temperature environments. If a nMOS devise
designed for use in a low temperature environmiess (than
240 K) then the designer has much more freedonmaosing

the EOT.
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Alcm? [2]. Fig. 16 shows that nMOS devices with an EGT o

1 nm and 0.9 nm are well beloyy,J at 400 K while a device
with and EOT of 0.8 nm can only be operated up406 K

without exceeding the:.



