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Abstract

Gate current in metal–oxide–semiconductor (MOS) devices, caused by carriers tunneling through a classically forbidden energy bar-
rier, is studied in this paper. The physical mechanisms of tunneling in an MOS structure are reviewed, along with the particularities of
tunneling in modern MOS transistors, including effects such as direct tunneling, polysilicon depletion, hole tunneling and valence band
tunneling and gate current partitioning. The modeling approach to gate current used in several compact MOS models is presented and
compared. Also, some of the effects of this gate current in the performance of digital, analog and RF circuits is discussed, and it is shown
how new effects and considerations will come into play when designing circuits that use MOSFETs with ultra-thin oxides.
� 2006 Published by Elsevier Ltd.
1. Introduction

The basic principles for scaling MOS devices, which
were established in the early 1970s [1] indicate that, when
reducing the lateral dimensions of MOS devices, the verti-
cal dimensions must be scaled accordingly. Fig. 1 shows the
2004 International Technology Roadmap for Semiconduc-
tors (ITRS) trends for effective channel length (Leff) and
equivalent oxide thickness (EOT) scaling [2]. This reduc-
tion in the oxide thickness causes an important flow of cur-
rent through the gate, which depends exponentially on the
thickness of the oxide [3]; this current is caused by carriers
tunneling through the insulator potential barrier, a quan-
tum-mechanical effect that has no classical explanation.

The gate current might affect the performance of circuits
that employ MOS devices, and it can be a limiting factor in
device down-scaling. The feasibility of MOS devices that
operate with oxides as thin as 1.5 nm was demonstrated
10 years ago [4], and it is believed now that if alternate gate
dielectrics are used, the ultimate down-scaling limit will be
set by other factors such as noise [5], reliability [6], drain
current reduction, direct tunneling between the source
and drain, on-chip interconnections, power dissipation,
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or even the atomic dimensions [7]. Nevertheless, given the
practical feasibility of devices that have a significant gate
tunneling current under normal operating conditions,
knowledge of the basic mechanisms of gate tunneling cur-
rent, and the modeling and circuit design issues that are
involved, will probably be essential for anyone working
with these devices in the next decades, either from a
device-level or circuit-level point-of-view.

While the basic physical underlying mechanisms of tun-
neling through a thin dielectric have been known for dec-
ades [8–10], their application to the characterization,
modeling and evaluation of circuit performance in a way
that is useful for the purpose of circuit or system design
is still an active field of research.

This review begins by presenting in Section 2 the essential
physical mechanisms of tunneling in a metal–insulator–
semiconductor (MIS) structure, from the classical Fowler–
Nordheim regime for metal-contact MOS capacitors with
thick dielectrics, to direct tunneling in modern structures
with effects such as carrier quantization and tunneling from
the valence band. The emphasis of this presentation is on the
need for the development of simple yet accurate models of
the current–voltage characteristics of the tunneling current.

In Section 3, the modeling approaches to gate tunneling
current used in several industry-standard compact MOS
models: BSIM4, MOS Model 11, EKV, SP and HiSIM
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Fig. 1. Short-term ITRS 2004 projections of effective channel length (Leff)
and equivalent oxide thickness for (EOT) Low Standby Power (LSTP),
low operating power (LOP) and high-performance logic (HP) technologies
[2].
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Fig. 2. Band diagram for a metal–oxide–semiconductor structure without
applied voltage; the band bending is caused by the metal–semiconductor
work function difference and the oxide fixed charges. Ec is the conduction
band, Ei is the intrinsic Fermi level, Efs is the Fermi level in the
semiconductor and Efm is the Fermi level in the metal.
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are presented, building on the concepts presented in the
preceding section.

Finally, in Section 4, the impact of the tunneling current
in the performance of the circuits or systems that employ
MOS devices with ultra-thin oxides is studied, from the
perspectives of power consumption, circuit design, and
noise, both for digital and analog/RF applications.

This review spans several decades of research and devel-
opment in a very active field, from basic physics to system-
level design. For this reason, some topics are not discussed
in detail. No consideration is made of the particulars of
tunneling phenomena in SOI devices [11], or the different
technological approaches that are being considered for
reduction of the tunneling from a device-level [12,13] or
circuit-level point-of-view [14]. Also, the influence of the
tunneling current in device parameter extraction and char-
acterization, is not treated extensively [15–17].

2. Tunneling in metal–insulator–semiconductor structures

2.1. Fowler–Nordheim tunneling in MOS structures

The energy band diagram for a metal–oxide–p-type
semiconductor, without applied voltage, is shown in
Fig. 2 (it is assumed that the metal–semiconductor work
function difference is negative, as is the case for example
for a MOS device with an Al gate on a Si substrate). When
a large positive voltage is applied to the metal with respect
to the substrate, the left-hand side of the band diagram is
lowered, and tunneling of electrons from the conduction
band of the semiconductor into the conduction band of
the oxide, through an approximately triangular barrier
can occur, as shown in Fig. 3(a).

This kind of tunneling through an approximately trian-
gular potential barrier is known as Fowler–Nordheim1 tun-
1 Fowler and Nordheim [18] explained the field emission of electrons
from a metal into vacuum by tunneling through a triangular potential
barrier.
neling, and a relatively simple expression for the current as
a function of the applied voltage has been derived [8]:

J FN ¼
q3

16p2�h/b

F 2
ox exp � 4

3

ffiffiffiffiffiffiffiffiffiffi
2m�ox

p
/3=2

b

�hq
1

F ox

" #
ð1Þ

where q is the electron charge, �h is Planck’s reduced con-
stant, m�ox is the electron effective mass in the insulator,
/b is the barrier height at the semiconductor–oxide inter-
face and Fox is the electric field across the oxide. The
assumptions for the derivation of (1) are [8,9]:

• The electrons on the emitting electrode can be described
as a free Fermi gas.

• The dependence of carrier availability for tunneling with
respect to temperature is not taken into account.

• The potential barrier has triangular shape and barrier
lowering due to image forces is neglected.

• The effect of the insulator can be described by a single
effective mass.

• The tunneling probability takes into account only the
component of the electron momentum in the direction
normal to the surface.

In the Fowler–Nordheim tunneling regime, a plot of the
logarithm of J FN=F 2

ox versus 1/Fox (known as Fowler–
Nordheim plot) yields a straight line. For MOS structures
with a relatively thick oxide and metal gate, this model pro-
vided a very good fit to experimental data for a wide range
of applied voltage, as can be seen in Fig. 4.

For modern structures however, the relatively simple
Fowler–Nordheim model is not enough to account for
effects such as:

• Direct tunneling through an approximately trapezoidal
barrier for low applied voltages.
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Fig. 5. Experimental gate current density versus gate voltage for a MOS
device with an oxide thickness of 4.1 nm (solid line) and calculated
Fowler–Nordheim current (dashed line) [19]. The Fowler–Nordheim
model underestimates the gate current at low voltages.
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Fig. 3. (a) Tunneling through a triangular barrier into the insulator conduction band (Fowler–Nordheim tunneling). (b) Tunneling through a trapezoidal
barrier (direct tunneling).
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Fig. 4. Fowler–Nordheim plot of tunneling data from h100i silicon into
thick SiO2 oxides [9]. The two lines correspond to two sets of experimental
data from different groups for two different oxide thicknesses; the slope
and intersect of the Fowler–Nordheim plot are both independent of oxide
thickness, as expected from (1).
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• Carrier quantization in the inversion/accumulation
layer.

• Tunneling mechanisms other than conduction band tun-
neling of electrons (valence band hole tunneling and
valence band electron tunneling).

• Effect of the finite temperature on the availability of car-
riers for tunneling.

• Depletion effects on the polysilicon gate.

A discussion of these effects is presented in the following
sections.

2.2. Direct tunneling

In the early MOS structures used for the study of tunnel-
ing currents, tunneling was observed when the applied field
was high enough to cause lowering of one side of the poten-
tial barrier in the silicon–oxide interface, allowing tunnel-
ing into the conduction band of the oxide, as described in
the previous section. The oxides used, in the order of 70–
1000 Å [8,9], were thick enough to make direct tunneling
into the conduction band of the other electrode very
unlikely.

However, when the oxides have thicknesses in the order
of a few nanometers, direct tunneling at lower fields is no
longer negligible, and in this case the barrier is not triangu-
lar, but approximately trapezoidal (if barrier lowering due
to image forces is neglected), as shown in Fig. 3(b). As can
be seen in Fig. 5, the Fowler–Nordheim model is not valid
when the potential across the insulator is lower than the
potential barrier at the Si–SiO2 interface.

In general, the direct tunneling current through the
energy gap of an insulator or semiconductor is given by
[20,21]:

J T ¼
2q

ð2pÞ3�h

Z 1

0

ðf1 � f2Þ
Z Z

Pdky dkz

� �
dE ð2Þ

where P is the tunneling probability, E is the total electron
energy, ky and kz are the wave vectors in the plane of
the barrier (perpendicular to the tunneling direction), and
f1 and f2 are the probabilities of occupation of the states
on each side of the barrier, given by the Fermi–Dirac
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Fig. 6. Arbitrary potential barrier, showing the classical turning points.

2 Nevertheless, the simple parabolic relationship is still used by many
authors. Weinberg [9] showed that, in the Fowler–Nordheim tunneling
regime, the simple parabolic E–j relationship is equivalent to the Franz
relation, if the effective mass value is changed accordingly.
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distribution functions; the integration limits for ky and kz

are determined from momentum and energy conservation.
Assuming that a single effective mass can be used for the

electron in all three regions and integrating the Fermi–
Dirac distribution function yields [22]:

J T ¼
4pqm�xkT

h3

Z 1

0

PðExÞSðExÞdEx ð3Þ

where h is Planck’s constant, m�x is the electron effective
mass in the direction perpendicular to the barrier, Ex is
the electron kinetic energy in the direction perpendicular
to the barrier, k is the Boltzmann constant, T is the temper-
ature, and S(Ex) is the ‘‘supply’’ function, which is derived
from the integration of the Fermi–Dirac distribution func-
tion, and is given by [3]:

SðExÞ ¼ ln
1þ exp½ðEfs � ExÞ=kT �
1þ exp½ðEfg � ExÞ=kT �

� �
ð4Þ

where Efs and Efg are the electron Fermi levels in the semi-
conductor and the gate, respectively. Note that the applied
voltage is implicitly present in this equation through the
difference between the Fermi levels.

The problem of determining the tunneling current then
reduces to that of finding the probability of tunneling
through the barrier, and solving the integral in (3). Calcu-
lation of the tunneling probability requires solving Schrö-
dinger’s equation for the electron wave function; typically
this is done only in the direction perpendicular to the sur-
face, and using the effective mass approximation, that is,
assuming the electron is free and including the effect of
the periodic lattice potential through the use of the effective
mass. In that case, Schrödinger’s wave equation in one
dimension is

�h2

2m�x

d2

dx2
wðxÞ þ ½E � /ðxÞ�wðxÞ ¼ 0 ð5Þ

where x is the position perpendicular to the Si–SiO2 inter-
face, w is the time-independent part of the wave function
and / is the potential. Solving this equation exactly for
an arbitrary potential distribution is a non-trivial problem.
If the potential were constant, the position-dependent wave
function in one dimension would be given by plane waves
of the form:

wðxÞ ¼ C1 expðþikxÞ þ C2 expð�ikxÞ ð6Þ
where i is the imaginary unit, k is the wave number in the
direction perpendicular to the barrier, and C1 and C2 are
constants. If the potential is not constant, but it changes
‘‘slowly’’ with position, then an approximate solution to
Schrödinger’s position-dependent equation is [23]:

wðxÞ ¼ C1ffiffiffiffiffiffiffiffiffi
kðxÞ

p exp þi

Z
kðxÞdx

� �
þ C2ffiffiffiffiffiffiffiffiffi

kðxÞ
p

� exp �i

Z
kðxÞdx

� �
ð7Þ
This is known as the Wentzel–Kramers–Brillouin (WKB)
approximation. The condition of a ‘‘slow’’ change of the
potential means that the changes in the potential and its
derivative on each electron wavelength, should be small
compared to the energy of the particle.

If the total energy of the particle is lower than the poten-
tial (E < /), which is the case inside the potential barrier,
then the wave number k in (7) is imaginary, and (7)
becomes

wðxÞ ¼ C1ffiffiffiffiffiffiffiffiffi
jðxÞ

p exp þ
Z

jðxÞdx
� �

þ C2ffiffiffiffiffiffiffiffiffi
jðxÞ

p exp �
Z

jðxÞdx
� �

ð8Þ

where j = ik is real.
Using this approximation, the tunneling probability

through a barrier of arbitrary shape is approximately given
by [23]:

P � exp �2

Z x2

x1

jðxÞdx
� �

ð9Þ

where x1 and x2 are the classical turning points, that is, the
points at which the energy of the particle is equal to the po-
tential, as shown in Fig. 6. For direct tunneling through a
trapezoidal barrier, the classical turning points are the me-
tal–insulator and insulator–semiconductor interfaces [24].

The integral in (9) can be computed by performing a
change of variables if j(E) and E(x) are known. For a trap-
ezoidal barrier, if image force lowering of the barrier is
neglected, E(x) depends linearly on x (see Fig. 3). The rela-
tion between E and j for an electron in free space, known
as dispersion relation, is quadratic. This relation is often
extended to electrons in solids by the use of the effective
mass m*:

jðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�

�h2
ðE � EcÞ

r
ð10Þ

where Ec is the conduction band energy. Since this approx-
imation is valid only close to a band edge in the energy gap,
other E–j relations have been proposed which are more
consistent with the case of two bands separated by an en-
ergy gap, as in an MOS structure. One of the most com-
mon is the so-called Franz relation, given by [10,25],2
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jðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ox

�h2
ðE � EcÞ 1� ðE � EcÞ

Egox

� �s
ð11Þ

where Egox is the insulator energy gap. Using (11), and, for
example, a linear dependence of E with respect to x for an
ideal trapezoidal barrier, the tunneling probability given by
(9) can be calculated.

One drawback of the WKB approximation is that it
neglects reflections and interference of the electron wave
functions at the oxide–electrode interface, because it
assumes a smoothly-varying potential, even at the edges
of the barrier. Gundlach [26] solved Schrödinger’s wave
equation numerically for a trapezoidal potential by using
Airy functions [27], and found that the current does not
increase monotonically with the field, as is predicted by
the WKB approximation, but it shows some periodic
‘‘oscillations’’, which he attributed to electron wave func-
tion reflection and interference at the barrier. This effect
has also been observed experimentally [10], as shown in
Fig. 7.

If when using the WKB approximation the matching of
the wave functions in the abrupt potential barrier is taken
into account, then a modified expression for the transmis-
sion probability can be found [20,29,32]

P ¼ 16

m�oxkg

m�gjðx1Þ
þ

m�gjðx1Þ
m�oxkg

" #
m�oxks

m�s jðx2Þ
þ m�s jðx2Þ

m�oxks

� �

� exp �2

Z x2

x1

jðxÞdx
� �

ð12Þ

where m�g, m�ox and m�s are the effective masses in the gate,
insulator and semiconductor, respectively, and kg and ks

are the wave numbers in the gate and semiconductor,
respectively. Note that this is similar to (9), but with the
addition of a pre-exponential factor.

The expression in (3), along with the WKB approxima-
tion for the transmission coefficient with corrections like
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Fig. 7. Fowler–Nordheim plot of measured tunneling current (solid line)
in a MOS structure (tox = 40.5 Å), showing weak oscillations around the
straight line (dashed line) that is predicted by the Fowler–Nordheim
equation [10].
(12), has been used to model the tunneling current in
MOS structures in the direct tunneling regime with reason-
able accuracy [3,29,32]. However, in the context of com-
pact modeling, the need for integration in (3), calls for
the use of approximations that yield a closed-form expres-
sion for the tunneling current as a function of the applied
voltage.

In the early studies on tunneling, one common approx-
imation was to replace the Fermi–Dirac functions with the
Fermi level for very low temperatures [26]. This kind of
approximation provided insight into the physics of the pro-
cess, but is clearly inappropriate for device modeling,
because at the typical operating temperatures of electronic
devices the full Fermi–Dirac statistics are required.

Another possible approximation is to neglect the effect
of the finite availability of carriers for tunneling, given in
(3) by the presence of the Fermi–Dirac functions, by
assuming a degenerate inversion or accumulation layer in
the semiconductor surface [24]. Under this assumption,
Schuegraf et al. [19] proposed the following expression
for the tunneling current in the direct tunneling regime:

J T ¼
q3

16p2�h/b

1

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� qV ox

/b

qh i2
F 2

ox

� exp � 4

3

ffiffiffiffiffiffiffiffiffiffi
2mox

p
/3=2

b

�hqF ox

1� 1� qV ox

/b

� �3=2
" #( )

ð13Þ

This can be used to model the tunneling current for
moderate applied bias, where there is strong inversion or
accumulation, but the field is not high enough to cause
Fowler–Nordheim tunneling. However, for low voltages,
where there is a limited availability of carriers for tunnel-
ing, this expression can overestimate the tunneling current
by several orders of magnitude as shown in Fig. 8; besides,
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in (13) the current does not go to zero for zero field, which
is to be expected from basic physics. An alternative expres-
sion that overcomes this problem is [30]

J T ¼
q3

16p2�h/b

F 2
ox

� exp � 4

3

ffiffiffiffiffiffiffiffiffiffi
2mox

p
/3=2

b

�hqF ox

1� 1� qV ox

/b

� �3=2
" #( )

ð14Þ

but, as shown in Fig. 8, this model still has problems at low
voltages for very thin oxides, where it cannot predict the
correct trend for the current even if the effective mass in
the oxide and the barrier height are used as fitting param-
eters. Accurate modeling of the direct tunneling current in
the moderate inversion or accumulation regime requires
calculating the relation between the surface potential and
the applied voltage [33], so the gate current can not be ex-
pressed analytically in terms of the applied voltage.

Lee and Hu [34] derived a quasi-empirical model that
takes into account the state availability. It will be presented
later in this work, in the context of the different tunneling
current components.

Another common approximation is to assume that the
tunneling probability is constant for all energies, so the
tunneling probability can be taken out of the integral in
(3) [13,35]. Typically, the tunneling probability is calcu-
lated for the energy at the bottom of the conduction band.

2.3. Energy quantization in the inversion and accumulation

layers

One of the basic assumptions in the derivation of the
Fowler–Nordheim formula and in the calculations for
direct tunneling shown in the previous section, is that the
electrons in the semiconductor can be treated as a three-
dimensional free Fermi gas. However, the electric field in
the gate–channel region can create a band bending strong
enough that confines the electrons to a narrow potential
well close to the semiconductor surface, and their energy
is then quantized in the direction normal to this surface,
as shown in Fig. 9. This is often referred to as a 2-dimen-
sional electron gas (2-DEG), because the energy of the elec-
SubstrateGate Oxide

Subbands

Ec

Ef

Fig. 9. Schematic band profile for a poly Si–SiO2–Si structure in
inversion, showing the formation of sub-bands due to carrier confinement
in a narrow potential well [39].
trons in one direction is quantized, but the energies in the
other two directions can have any value [36].

One of the effects of this quantization is that the carrier
concentration distribution in the channel is different from
that obtained from the classical theory, which is based on
the assumption of energy continuum [37]. The peak
of the carrier concentration lies somewhere in the bulk of
the semiconductor, instead of at the surface, so the semi-
conductor capacitance is overestimated whenever quantum
effects are not taken into account [37]. The quantization
effects in the substrate also results in an increase of the
threshold voltage of MOS transistors. The effect is espe-
cially important for highly doped substrates semiconductor
substrates [37,40], as shown in Fig. 10.

For the calculation of the gate tunneling current, the
main consequence of quantization of electron energies in
the accumulation/inversion layers is that the electrons in
the semiconductor can no longer be modeled as a free elec-
tron gas, and the contribution of each of the quantized
energy levels must be calculated separately. In this case,
instead of a ‘‘transmission probability’’, a ‘‘carrier tunnel-
ing lifetime’’ is used for the calculation of the tunneling
current from the quantized levels [31]. These levels are
often referred to as quasi-bound states, because electrons
can tunnel through the barrier, and thus are not completely
bound inside the potential well.

Since the carrier distribution affects the potential, and
the potential in turn affects the carrier distribution, in order
to find the quantized energy levels it is necessary to solve
simultaneously Schrödinger’s equation for the wave func-
tion of the electrons:

�h2

2m�x

d2

dx2
wiðxÞ þ ½Ei � /ðxÞ�wiðxÞ ¼ 0 ð15Þ

and Poisson’s equation for the potential:

d2

dx2
/ðxÞ ¼ �q

qðxÞ
es

ð16Þ
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Fig. 10. Variation in the threshold voltage with respect to the classical
theory caused by quantum-mechanical effects in the substrate for electron
and hole inversion layers [40].
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where wi is the wave function for the ith energy state
(i = 1,2,3, . . .), q is the charge density in the semiconductor
and es is the electrical permittivity of the semiconductor.

Because of the band structure of the semiconductor,
there are typically several different effective masses corre-
sponding to different energy sub-bands, and Eq. (15) is
expressed as

�h2

2m�xj

d2

dx2
wijðxÞ þ ½Eij � /ðxÞ�wijðxÞ ¼ 0 ð17Þ

where the index j corresponds to the different effective
masses. For the case of silicon with a surface orientation
of h10 0i, Eq. (15) has to be solved for j = 1 with
m�xl ¼ m�l and j = 2 with m�x2 ¼ m�t , where m�l and m�t are
the longitudinal and transversal electron mass, respectively
[37].

Since the potential / appears both in Schrödinger’s and
Poisson’s equations, to find the exact distribution of the
potential and the discrete energy states both equations
must be solved in a fully consistent way. Moreover, the
wave function wij appears indirectly in Poisson’s equation
through the charge density q. For example, when the elec-
tron energies are quantized, the charge density in strong
inversion for an nMOS structure is given by [37]:

qðxÞ ¼ �q ðNA � NDÞ þ
X

j

X
i

N ijjwijðxÞj
2 � pðxÞ

" #
ð18Þ

where (NA � ND) is the net doping concentration in the
semiconductor, p(x) is the hole concentration, which can
be calculated classically, and Nij, the number of electrons
occupying the ijth energy level, is given by

Nij ¼
gvjm

�
dj

p�h2
kT ln 1þ exp

EFn � Eij

kT

� �� �
ð19Þ

where gvj is the degeneracy of the jth valley, mdj is the den-
sity of states effective mass and EFn is the electron quasi-
Fermi level in the semiconductor. In h100i silicon, for
j = 1, m�d1 ¼ m�t and for j = 2, m�d2 ¼ ðm�l m�t Þ

1=2.
A common approximation which allows decoupling of

Eqs. (16) and (17) is to assume that the potential / in the
semiconductor is independent of the exact carrier distribu-
tion and varies linearly with distance [37,41] as

/ðxÞ ¼ �qF sx ð20Þ

where Fs is the electric field in the semiconductor surface.
In this case, Schrödinger’s wave equation takes the form:

d2

dx2
wijðxÞ þ

2m�xj

�h2
½Eij � qF sx�wijðxÞ ¼ 0 ð21Þ

This differential equation can be solved in terms of Airy
functions [27], and if the barrier height at the semiconduc-
tor surface is assumed to be infinite (corresponding to a
boundary condition of wij = 0 for x = 0), then the discrete
energy levels are approximately given by
Eij �
�h2

2mxj

� �1=3
3

2
pqF s i� 1

4

� �� �2=3

ð22Þ

As (22) is an approximate solution for ‘‘large’’ values of i,
for i = 1, i = 2 and i = 3, the term (i � 1/4) has to be re-
placed with 0.7587, 1.7540 and 2.7525, respectively [41].

Clearly, the assumption of an infinite potential barrier is
not consistent with the presence of tunneling current, since
an infinite barrier implies that there is zero probability of
the wave function to penetrate into the barrier, correspond-
ing to no tunneling current. If the actual barrier height is
used as boundary condition, then the values of the discrete
energies will be different, and as expected, the difference is
more important for thinner oxides, as shown in Fig. 11 [42].

The linear potential approximation given by (20) is valid
only in weak inversion [41]. For strong inversion or accu-
mulation, either other approximations or the numerical
solution of the wave and potential equations have to be
used [41,43]. An additional complication that arises in the
accumulation region is that near the surface of the semi-
conductor, there is a mixture of quantized energy levels
corresponding to the bound electrons in the potential well,
and unbound electrons whose wave functions extend into
the bulk of the semiconductor, which also contribute to
the surface potential [43]. This is not the case in inversion
because the depletion layer separates the bound and
unbound states.

Once the energy levels Eij are known, for each of them a
‘‘quasi-bound state lifetime’’ can be calculated as [44]

sij ¼
jp�h
Eij

ð23Þ

and the tunneling current will be the summation of the con-
tribution from each of those quasi-bound states

J T ¼ q
X

i;j

N ijP ij

sij
ð24Þ
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Fig. 12. Schematic representation of the tunneling components in a Si/
SiO2/Si structure [34].
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where Pij is the transmission probability associated with
each energy level (calculated by any of the methods pre-
sented in the previous section) and Nij is the carrier occupa-
tion for each sub-band, given by (19). The quasi-bound
state lifetime given by (23) is derived using a semi-classical
approach, where each electron is considered as a point-like
charged particle bouncing inside the well [45].

It is also common to include the transmission coefficient
as part of the lifetime (thus referred to as ‘‘tunneling life-
time’’ [44] or ‘‘decay lifetime’’ [39]), and then Eq. (24)
becomes [39]

J T ¼ q
X

i;j

N ij

sij
ð25Þ

Unfortunately, in the literature the same symbol is used
for both lifetimes.

A fully quantum-mechanical alternative to this semi-
classical approach is to consider the potential well in the
inversion/accumulation layer, and the barrier in the insula-
tor, as a scattering center for electrons incident from the
bulk. From the continuum of possible energies for the inci-
dent particle, at some particular energies, the wave equa-
tion will have a ‘‘resonant’’ peak inside the well, which
corresponds to the quasi-bound states [28]. If the well is
infinite, the energy is discrete and the state is bound, but
since tunneling is allowed into the oxide, there is a ‘‘broad-
ening’’ in the energy, which is related to the lifetime
through the energy–time uncertainty principle. The com-
plete solution of Schrödinger’s equation in this case yields
complex energies whose imaginary part Cij [38] is known as
the resonance width [23], and is a measure of the energy
broadening of the quasi-bound state. This resonance width
can be directly related to the tunneling lifetime by Heisen-
berg’s uncertainty principle [38]:

sij ¼
�h
Cij

ð26Þ

Note that this tunneling lifetime already has the infor-
mation related to the tunneling probability, because the
broadening of the energy levels is caused precisely by the
tunneling through the barrier. The determination of C
has to be performed numerically, and one of the methods
proposed for this calculation is the so-called transverse-res-
onant method [38], which makes an analogy of the electron
confined in the potential well to a waveguide with a varying
refractive index.

It has been reported that the calculation of tunneling
current considering energy quantization effects in the sub-
strate, yields numerical results very similar to those
obtained using the classical assumption of continuous ener-
gies in the substrate [39]. This has been explained by the
presence of two compensating effects: the carrier distribu-
tion peak shifts away from the semiconductor surface, thus
increasing the tunneling distance (lower tunneling proba-
bility), and the quasi-bound states have energies above
the conduction band minimum, thus reducing the barrier
height (higher tunneling probability) [39]. This is the case
for bulk devices; for SOI devices, the tunneling current
might be significantly affected by carrier confinement [11].

The steps outlined above for the calculation of the tun-
neling current from quasi-bound states are typically imple-
mented numerically, often together with the self-consistent
solution of Schrödinger and Poisson’s equations [38,43,42].
For the purpose of compact modeling, the carrier quantiza-
tion is taken into account by assuming a ‘‘barrier lowering’’
equal to the difference between the first energy level and the
conduction band [46], or it is ignored altogether [29], on the
basis of the self-compensating effects mentioned previously.

2.4. Tunneling current components

In addition to tunneling of electrons from the conduc-
tion band (ECB) at one side of the oxide barrier, into the
conduction band at the other side, other tunneling mecha-
nisms have been identified for modern MOS structures.
These are electron tunneling from the valence band into
the conduction band (often referred to as EVB), and hole
tunneling into the valence band (HVB). The different mech-
anisms are shown schematically in a band diagram for a
Si–SiO2–Si structure in Fig. 12. Note that HVB tunneling
is equivalent to electron tunneling from valence band to
valence band, as opposed to EVB tunneling, where the elec-
tron goes from the valence band into the conduction band.

Additionally, in an MOS transistor, several different
current components can be identified, as shown in
Fig. 13. When the device operates in inversion, tunneling
takes place between the gate and the channel (Igc); current
also flows between the gate and the bulk (Igb) both in accu-
mulation and inversion, and in all the operating regions
there is tunneling in the region where the gate overlaps
the source and drain (Igs and Igd). This last component is
also known as edge direct tunneling (EDT), and it is of par-
ticular importance in short-channel devices, where the ratio
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of the source–drain extensions to the channel length is
higher [47]. Indeed, EDT current has been reported to be
more significant than other leakage mechanisms such as
gate-induced drain leakage (GIDL) and band-to-band tun-
neling (BTBT) for ultra-thin gate oxides, in the order of
1.2 nm [48]. Fig. 14 clearly shows how the overlap currents
dominate the gate current in the accumulation and deple-
tion regimes, even when the channel area is much larger
than the overlap area.

Depending on the operating region, different tunneling
mechanisms dominate the different components. Consider
for example an nMOS in inversion: the gate-to-channel
current (Igc) is dominated by ECB, and there is also a smal-
ler gate–bulk current Igb caused by EVB at high voltages.
In accumulation, there is no channel current, but only
gate–bulk current, caused by EVB. Both in inversion and
accumulation, EDT current is dominated by ECB. Table
1 summarizes the dominant mechanisms for each tunneling
current component, both for nMOS and pMOS structures.
Table 1
Dominant current mechanisms for each tunneling current component [51]

Region of operation Current component

Igc Igb Igs, Igd

Inversion Vox > 0 Vox < 0 All

NMOS ECB EVB ECB ECB
PMOS HVB ECB EVB HVB
Note that, for each tunneling mechanism, the probability
of tunneling will depend on the height of the barrier, which
is different for holes and electrons. It will also depend on the
‘‘availability’’ of carriers in the material from where the car-
riers are tunneling [49], and the availability of states in the
receiving material [34], and these factors have to be taken
into account when developing models for the tunneling cur-
rent. The case of EVB is of particular interest because, due
the band alignment, this current component is only impor-
tant for relatively high voltages, because at low voltages,
receiving states would be required in the energy gap of the
semiconductor, as shown in Fig. 15.

Lee and Hu [34] developed a quasi-empirical model that
takes into account the different ‘‘supplies’’ for the different
tunneling mechanisms:

J ¼ q3

16p2�h/beox

CðV g; V ox; tox;/bÞ

� exp � 4

3

ffiffiffiffiffiffiffiffiffiffi
2mox

p
/3=2

b

�hqjF oxj
1� 1� qV ox

/b

� �3=2
" #( )

ð27Þ

where eox is the electric permittivity of the oxide, tox is the
oxide thickness, Vox is the voltage across the oxide and
C(Vg, Vox, tox, /b) is a ‘‘correction’’ function, developed
by empirical fitting, given by

CðV g; V ox; tox;/bÞ

¼ exp
20

/b

jV oxj � /b

/bo

þ 1

� �a

1� V oxj j
/b

� �� �
V g

tox

N

ð28Þ

where a is a fitting parameter and N, which represents the
density of carriers in the injecting surface, is given by

N ¼ eox

tox

ninvV t ln 1þ exp
V ge � V th

ninvV t

� �� ��

þ naccV t ln 1þ exp � V g � V fb

naccV t

� �� ��
ð29Þ

for ECB and HVB in inversion and accumulation, where
Vfb is the flat-band voltage, Vge is the gate voltage minus
the gate depletion voltage (discussed in next section), Vg

is the gate voltage, Vt is the thermal voltage (kT/q), Vth

is the threshold voltage and ninv and nacc are fitting param-
eters. For EVB, the density of carriers is given by

N ¼ eox

tox

nEVBV t ln 1þ exp
jV oxj � Eg=q

nEVBV t

� �� �
ð30Þ

where nEVB is a fitting parameter and Eg is the semiconduc-
tor energy band gap.

This semi-empirical model is the basis for one of the cir-
cuit-level models that will be discussed later.

2.5. Channel current partition

So far we have implicitly been considering mostly MOS
capacitor structures, where there is no drain-source region,
or the drain and source are at the same potential.
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1948 J.C. Ranuárez et al. / Microelectronics Reliability 46 (2006) 1939–1956
For MOS transistors with source and drain contacts,
when a voltage is applied between drain and source, the
tunneling current density becomes a function of the posi-
tion y along the channel. The total gate current is then
given by

Ig ¼ W
Z L

0

J gðyÞdy ð31Þ

where W and L are the effective width and length of the
channel. In (31), Ig and Jg can represent either gate–chan-
nel current or gate–bulk current, and in the case of the
overlap regions, the integration would be performed along
the source/drain extensions.

As was described in the previous section, in accumula-
tion there is no channel current, and all the gate current
goes to the bulk. In inversion however, in addition to the
gate–bulk current there is a gate–channel current Igc, part
of which goes to the source and part to the drain. The ques-
tion then arises as to what fraction of Igc is transferred to
the drain and what fraction to the source. It has been
shown by solving the current continuity equation in the
channel that the source and drain components are given
by [46,50]:

Igcs ¼ W
Z L

0

1� y
L

	 

J gðyÞdy ð32Þ

and

Igcd ¼ W
Z L

0

y
L

J gðyÞdy ð33Þ

These partition formulas have been verified by comparison
with the numerical solution of the current continuity equa-
tion [50], and by using a channel segmentation model [46].
However, because of the difficulty of measuring the current
partition ratio they have not been verified experimentally
[35,46,51]. The partition ratios Igcs/Igc and Igcd/Igc, calcu-
lated using (32) and (33), are shown in Fig. 16 as a function
of the drain–source bias. As expected, for zero drain volt-
age, the current is equally split between drain and source,
and as the drain–source voltage increases, a bigger fraction
of the current goes to the source terminal.

2.6. Polysilicon depletion

Another effect that must be considered when calculating
the gate current is the polysilicon gate depletion. Being a
semiconductor material, albeit highly doped, the polysil-
icon gate is subject to the formation of a very thin deple-
tion layer, as opposed to an ideal conductor where the
charge is distributed on an infinitely thin sheet at the
surface.

The distribution of charge on this finite thickness region
implies that there is a voltage drop on the depletion layer,
which must be taken into account when determining the
voltage across the oxide for the purpose of tunneling cur-
rent calculation [19]. This voltage drop can be determined
to various levels of accuracy, the simplest being a solution
to the Poisson equation, under the depletion approxima-
tion. This yields an ‘‘effective’’ gate voltage given by [34]:

V g ¼ V fb þ /s

þ qesN gateT 2
ox

e2
ox

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2e2

oxðV g � V fb � /sÞ
qesN gateT 2

ox

s
� 1

 !
ð34Þ

where /s is the surface potential, es and eox are the dielectric
constants of the semiconductor and insulator, respectively,
Vfb is the flat-band voltage, Ngate is the doping concentra-
tion in the gate and Tox is the oxide thickness.

As shown in Fig. 17, polysilicon depletion has to be
taken into account when using C–V measurements to
extract device parameters. Fig. 17 also shows the effect of
the gate current in the measured C–V characteristics of
thin-oxide MOSFETs.

When the Schrödinger and Poisson equations are solved
self-consistently, the polysilicon gate must be included in
the solution region, which should yield automatically the
potential distribution in all the regions.
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Similar to the inversion/accumulation layers in the bulk,
quantization effects in the polysilicon depletion layer have
been reported [52], but to the best of our knowledge, its
impact on the calculation and modeling of the gate tunnel-
ing current has yet to be assessed.

2.7. Barrier lowering by image forces

The lowering of the potential barrier in the MOS struc-
tures caused by image forces (see Fig. 18) is often neglected
in the calculation of the tunneling current, based on an
argument given by Weinberg [9] in 1982: for large barriers
(the case of Si–SiO2) the image-force lowering of the bar-
SiO2Si Si

tox

Fig. 18. Potential barrier without (dashed line) and with image forces
(solid lines) at the Si–SiO2 interface [54].
rier is very small, and this was supported by experimental
evidence at the time.

For very thin oxides, however, this might not be the
case, and the barrier lowering can have an impact on the
calculation of the tunneling current [53]. The use of an
‘‘effective’’ trapezoidal barrier, lowered with respect to
the ideal one, has been proposed to account for image force
effects [53]. Recent results, however, indicate that the tun-
neling current dependence on the field would not be mod-
eled correctly by such method [54].
3. Gate current in compact MOS models

3.1. BSIM4

The Berkeley Short-channel IGFET Model (BSIM), one
of the most widely used MOS models for circuit simulation,
includes gate tunneling current starting from version 4.0.0
[55].

BSIM4 gate current model is based on the semi-empiri-
cal model of Lee and Hu [34], and it uses a common expres-
sion for all the tunneling current components and
mechanisms [51]:

J T ¼
q3

16p2�h/b

T oxref

toxP

� �ntox V auxV appl

ðtoxpÞ2

� exp � 4

3

ffiffiffiffiffiffiffiffiffiffi
2m�ox

p
/3=2

b

�hq
ða� bjV oxjÞð1þ cjV oxjÞtoxp

" #

ð35Þ

where Toxref is a reference oxide thickness at which the
parameters are extracted, ntox is a fitting parameter, Vappl

is the applied voltage (which has a different meaning
depending on the current component), and the function
Vaux and the parameters a, b, c and p depend on the tunnel-
ing mechanism (ECB, EVB or HVB), the region of opera-
tion (inversion, accumulation or depletion) and the current
component (Igb, Igc, Igs or Igd). Table 2 shows the parame-
ter values, as well as the definition of the auxiliary function
Vaux and the applied voltage Vappl, for each operating re-
gion and current component.

Note the similarity between Eq. (35) and the classical
Fowler–Nordheim tunneling Eq. (1). Here, the auxiliary
function is used as a means to correct the inaccuracies
caused by approximations such as the WKB, and also to
account for the different ‘‘availability’’ of carriers for tun-
neling and of receiving states for each tunneling mecha-
nism, as was discussed in Section 2.4.

Notice that in the expression for Igc in Table 2 the ‘‘effec-
tive’’ gate voltage, which takes into account the depletion
in the polysilicon region, is used instead of the applied gate
voltage.

Eq. (35) provides the current densities. The currents are
given by

Igb ¼ W � L � J gb ð36Þ



Table 3
Dominant current components in MOS Model 11 [56]

Current component

Igc Igb Igs, Igd

Inversion Accumulation All

NMOS ECB ECB ECB
PMOS HVB ECB HVB

Table 2
BSIM4 auxiliary function Vaux and parameters a, b and c for gate tunneling current modeling

Region of
operation

Current
component

Vaux, Vg a,b,c,p

Acc. Jgb V aux ¼ nigbacc � V t ln 1þ exp � V gb�V fbzb

nigbacc�V t

	 
h i
a = AIGBACC, b = BIGBACC, c = CIGBACC, p = 1

Vappl = Vgb

Inv. and Depl. Jgb V aux ¼ nigbinv � V t ln 1þ exp � V oxdepinv�eigbinv
nigbinv�V t

	 
h i
a = AIGBINV, b = BIGBINV, c = CIGBINV4, p = 1

Vappl = Vgb

Jgc V aux ¼ nigc � V t ln 1þ exp � V gse�V th0

nigc�V t

	 
h i
a = AIGC, b = BIGC, c = BIGC, p = 1

Vappl = Vgse

All Jgs V aux ¼ jV gs � V fbsdj a = AIGSD, b = BIGSD, c = CIGSD, p = POXEDGE
Vappl = Vgs

All Jgd V aux ¼ jV gd � V fbsdj a = AIGSD, b = BIGSD, c = CIGSD, p = POXEDGE
Vappl = Vgd

Here, Vt = kT/q is the thermal voltage, Vgb is the gate–substrate voltage, Vfbzb is the flat-band voltage calculated from zero-bias threshold voltage,
Voxdepinv is the voltage drop in the oxide in inversion and depletion, Vgse is the effective gate voltage taking into account the polysilicon depletion, Vgs, Vds

and Vgd are the gate–source, drain–source and gate–drain voltages, Vth0 is the threshold voltage at Vbs = 0, Vfbsd is the flat-band voltage of the gate and
source/drain diffusion areas, POXEDGE is a factor for the possible difference of the gate oxide thickness in the source/drain overlap regions, and nigbacc,
nigbinv, eigbinv, nigc, AIGBACC, BIGBACC, CIGBACC, AIGBINV, BIGBINV, CIGBINV, AIGC, BIGC, CIGC, AIGSD, BIGSD and CIGSD are
parameters that characterize the tunneling process in the different operating regions [55,51].
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Igc ¼ W � L � J gc; ð37Þ
Igs ¼ W � DL � J gs; ð38Þ
and

Igd ¼ W � DL � J gd ð39Þ
where DL is the length of the source/drain overlap.

One last consideration on the BSIM4 model is the par-
tition of the gate–channel current Igc0 into the components
Igcs and Igcd. Each of these components is given by

Igcs ¼ Igc0

PIGCD � V dseff þ expð�PIGCD � V dseffÞ � 1

PIGCD2 � V 2
dseff

ð40Þ
and

Igcd ¼ Igc0

1� ½ðPIGCD � V dseff þ 1Þ � expð�PIGCD � V dseffÞ�
PIGCD2 � V 2

dseff

ð41Þ
where Igc0 is the gate–channel current at zero Vds, PIGCD
is a model parameter and Vdseff is an effective drain–source
voltage, defined to ensure a smooth transition from the tri-
ode region to the saturation region. These equations are de-
rived from the current continuity equation along the
channel under the assumption that the gate current is small
compared to the drain current [51].

3.2. Philips MOS Model 11

Philips MOS Model 11 is based on the explicit formula-
tion of the surface potential, defined as the electrostatic
potential at the gate oxide/substrate interface with respect
to the neutral bulk [56]. This approach is different from
the so-called threshold voltage based models like BSIM3
or Philips MOS 9 model [57], that use separate expressions
for the drain current in the weak-inversion and strong
inversion regions, and the moderate inversion region is
modeled through the use of smoothing functions. In Philips
MOS Model 11 model, it is assumed that the tunneling cur-
rent is a small perturbation, and thus the surface potential
is not affected by it.

The dominant tunneling mechanisms considered in MOS
Model 11 for each region of operation are presented in
Table 3. Note that MOS Model 11 does not take into
account electron valence band (EVB) tunneling, and there-
fore, the gate-to-bulk current in inversion is not considered.

For all the tunneling components and regions of opera-
tion the tunneling probability is given by

P ðV ox; vB;BÞ ¼
exp �B

1� 1�V ox
vB

	 
3=2

V ox

2
64

3
75 V ox < vB

expð�B=V oxÞ V ox P vB

8>>><
>>>:

ð42Þ

where Vox, vB, and B depend on the tunneling mechanism
and region of operation. The expression for Vox > vB corre-
sponds to Fowler–Nordheim tunneling (1), and the expres-
sion for Vox < vB is essentially the WKB direct tunneling
probability with a triangular barrier for tunneling from a
single energy level.

In inversion, the gate–channel current density, consider-
ing only the gate–channel component and neglecting the
gate–bulk current caused by EVB, is proportional to the



3 In what follows the symbol /s will be used for the surface potential; in
all of the previous discussions, the symbol / was used for the potential
energy; the context should clearly indicate the meaning of each symbol.
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tunneling probability, the oxide voltage Vox and the inver-
sion layer charge Qinv and is

J G / �V ox � Qinv � PðV ox; vBeff ;BinvÞ ð43Þ

where the proportionality constant is a fitting parameter
and the parameters vBeff and Beff are calculated taking into
account quantization in the inversion layer, by calculating
a ‘‘barrier lowering’’ equal to the difference between the
conduction band and the first discrete energy level.

The total gate channel current is found by integrating
(43) along the channel and the partition of the gate–chan-
nel current is similar to that discussed in Section 2.5. The
respective integrals are solved analytically by linearizing
the exponent in the tunneling probability.

In accumulation, the gate current density is given by

J G / �V ox � Qacc � Pð�V ox; vBacc;BaccÞ ð44Þ

where Qacc is the accumulation layer charge, and vBacc and
Bacc are the barrier height in accumulation and a fitting
parameter, respectively. In accumulation, quantization ef-
fects are not considered.

The tunneling current in the source/drain overlap
regions is given by

IGov / �V ov � Qov � P ð	V ov; vBinv;BinvÞ ð45Þ
where Vov and Qov are the voltage and the total charge den-
sity in the source/drain overlaps and the signs depend on
whether the gate–source voltage is greater or lower than
an ‘‘effective flat-band voltage’’ that is defined for these
regions.

The EKV compact model [58] uses an approach similar
to MOS Model 11 for gate current modeling, with adapta-
tions for the EKV charge based formalism [59].

3.3. SP model

SP is a surface potential-based compact MOS model
[60], and its gate current model is based in (3). In order
to avoid the integral, the tunneling probability and the sup-
ply function are assumed to be independent of the energy,
so the tunneling current density is given by

J GðyÞ � J 0 � P � S ð46Þ
where P is the tunneling probability, S is the supply func-
tion and

J 0 ¼
qm�s k2T 2

2p2�h3
ð47Þ

The tunneling probability is derived using the WKB
approximation (9), assuming a parabolic dispersion rela-
tion in the oxide as in (10) and a triangular potential bar-
rier, which results in

P ¼ exp � 4

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�ox/b

p
q�h

tox

/b

V ox

1� 1� qV ox

/b

� �3=2
" # !

ð48Þ
In order to simplify the evaluation of P, the exponent of
(48) is approximated using

f
/b

V ox

� �

 /b

V ox

1� 1� V ox

/b

� �3=2
" #

� G1 þ G2

V ox

/b

þ G3

V ox

/b

� �2

ð49Þ

where the coefficients G1, G2 and G3, which have a theoret-
ical value given by the Taylor series expansion of (49), are
used as fitting parameters to account for the errors of the
WKB approximation, the assumption of a single energy
level and uncertainties in the values of the effective masses
and barrier height.

The supply function is equivalent to (4), but is rewritten
in terms of the surface potential /s

3 as

Sð/sÞ ¼ ln
1þ exp½ð/s � /n � /b � Et=qÞ=V t�
1þ exp½ð/s � V gb � /b � Et=qÞ=V t�

� �
ð50Þ

where /n is the quasi-Fermi level splitting, /b is the elec-
tron quasi-Fermi level in the bulk and Et is the single en-
ergy level (measured from the conduction band edge)
from which the carriers are assumed to tunnel in (46). In
order to account for possible differences in the tunneling
parameters at the polysilicon–insulator and silicon–insula-
tor interfaces, wt has different values for Vox > 0, which
corresponds to electron tunneling from bulk to gate, and
for Vox < 0, corresponding to electron tunneling from gate
to bulk. To provide a smooth transition around Vox = 0,
the expression

Et ¼ q
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðV ox þ G0V tÞ2 þ 0:01

q
� ðV ox þ G0V tÞ

� �
ð51Þ

is used, where G0 is an additional parameter.
The total gate–channel current is found by integrating

(46) along the channel. Instead of performing this integra-
tion numerically, an approximate closed-form expression
for Igc is derived by linearizing the supply function (50)
and the tunneling probability exponent (49) around the
point ym in the channel where the surface potential is equal
to

/m ¼
/sd þ /ss

2
ð52Þ

where /ss and /sd are the surface potentials in the drain
and source sides of the channel.

The overlap currents are also modeled in SP. The posi-
tion dependence is neglected, and the currents are given
directly by
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IGSOV ¼ WLovJ 0F sð/sovÞ

� exp � 4
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and

IGDOV ¼ WLovJ 0F sð/dovÞ

� exp � 4

3
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2m�ox/b

p
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/b

� �" #
ð54Þ

where Vgs and Vgd are the gate–source and drain–source
voltages, Lov is the overlap length, /sov and /dov are the
surface potentials in the source and drain overlaps.

The gate–channel current partition is given by (32) and
(33), and the integration is performed analytically by using
the same linearization discussed above.

3.4. HiSIM

The Hiroshima University STARC IGFET Model
(HiSIM) is a compact model based on the drift-diffusion
approximation for the drain current, and it describes ana-
lytically all the device characteristics by the surface poten-
tial at the source and drain sides of the MOSFET’s
channel, /S0 and /SL, respectively [61].

The gate current model in HiSIM, which considers only
ECB tunneling and is based on band-to-band tunneling
theory, is given by [61]

IG ¼ q �GLEAK1 � W � L � F 2ffiffiffiffiffi
Eg

p exp �GLEAK2
E3=2

g

F

 !

ð55Þ
where

F ¼ V 0G � /s

T ox

ð56Þ

/s ¼
/S0 � /SL

GLEAK3
ð57Þ

V 0G ¼ V gs � V fb þ DV th ð58Þ
and Eg is energy gap of the bulk semiconductor, DVth is the
threshold voltage shift with respect to the long-channel Vt

due to short-channel effects and GLEAK1, GLEAK2 and
GLEAK3 are model parameters.

The gate current partition in HiSIM is based in (32) and
(33). The tunneling current density is assumed to vary lin-
early with the position along the channel, which allows for
Table 4
Comparison of gate current compact models

Tunneling mechanisms
Considers quantization in acc./inv. layer for tunneling current calculation
Number of parameters for gate tunneling modeling
Overlap current modeling
analytical expressions to be obtained for the drain and
source components of the gate current in terms of /S0

and /SL [62].

3.5. Comparison of gate current compact models

Table 4 summarizes some key differences between
BSIM4, MOS Model 11, SP and HiSIM as far as tunneling
current modeling is concerned.

4. Impact of gate tunneling current

4.1. Digital and analog circuit performance

The possibility to use MOS devices with gate oxide
thickness as low as 1.5 nm was demonstrated already in
1994 [4]. Despite the high gate tunneling current density
caused by such a thin oxide, for very short channel devices,
an acceptable performance is obtained, since the gate cur-
rent scaling is directly proportional to the channel length,
while the drain current scales inversely with channel length.

It has also been argued that for very high performance
applications, gate current densities of up to 1000 A/cm2

(corresponding to oxide thicknesses in the range of 1–
1.5 nm) can be tolerated, assuming that heat removal and
reliability issues are not of concern [63]. Fig. 19 shows
the ITRS 2004 prediction for the gate current and gate cur-
rent limit for high-performance logic; beyond 2007, the
required oxide thickness of 0.9 nm cannot meet the
required power dissipation limits if gate dielectrics based
on silicon dioxide and silicon nitride are used.

For applications such as memory, low-power and ana-
log circuits, requirements of very low gate currents or the
need for large-geometry devices might set the minimum
gate oxide thickness at a higher level, in the range of 1.8–
2.6 nm [63,64]. According to the 2004 ITRS, the power dis-
sipation caused by gate current will reach its limit around
2006 for both low-operating power and low-standby
power, with equivalent oxide thicknesses of 1.3 nm and
1.9 nm, respectively [2].

Some studies have been conducted on the influence of
tunneling current in different circuit building blocks, and
will be discussed next.

Probably the first circuit application that comes to mind
when considering current leakage through the gate is the
sample-and-hold cell, depicted in Fig. 20. For this circuit,
when the clock signal goes low, corresponding to the
‘‘hold’’ phase, the voltage in the capacitor should remain
BSIM4 MOS Model 11 SP HiSIM

ECB, HVB, EVB ECB, HVB ECB ECB
No Yes No No
22 7 4 3
Yes Yes Yes No
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Fig. 20. CMOS sample and hold circuit, showing the possible leakage
paths due to the gate current.
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constant. In the presence of gate current, this is not the
case, since an important amount of current flows through
the source/drain overlap extensions of the sampling transis-
tors [65] or through the gate of the transistor connected to
the output to read out the signal [66]. If this circuit were
to be used, for example, in an A/D converter, the inability
‘0’ ‘1’ ‘0

Fig. 21. CMOS inverter chain, showing the flow of DC curr
to hold the charge for a certain time period implies that the
sampling frequency has to be considerably increased [65].

Another circuit of special interest is the basic building
block of CMOS logic: the CMOS inverter. Some of the
key features of complementary MOS technology, such as
the extremely low standby power consumption, the very
high fan in/fan out and the good noise immunity might
be affected by the gate current. The static component of
power dissipation, which in thick-oxide technology is very
low compared to the dynamic power dissipation, increases
exponentially with the decrease in the oxide thickness, by
as much as one order of magnitude per 0.3 nm of oxide
thickness [64].

The voltage swing can also be affected by tunneling cur-
rent. The gate current flowing in one stage, which is pro-
vided by the previous stage, causes a voltage drop in the
channel of the devices along this current path, as illustrated
in Fig. 21. This in turn implies that the logic low and high
voltages start deviating appreciably from the supply source
values, thus degrading the noise margin. Because of the
higher tunneling current in nMOS devices compared to
pMOS, the ‘‘high’’ logic level is more affected than the
‘‘low’’ level [67]. Simulation studies indicate that this effect
might not be very significant for oxide thickness down to
1.1 nm [67]. However, the DC coupling illustrated in
Fig. 21 complicates the estimation of power consumption
and voltage swing levels in multiple-stage circuits, because
each stage cannot be treated independently.

The switching performance of logic circuits can also be
affected by the gate current, especially in dynamic logic cir-
cuits, where the circuit operation depends on the ability of
the parasitic capacitors to hold charge for certain time. It
has been shown from simulations that for very thin oxides,
gate current can cause glitches or even erroneous logic lev-
els in dynamic CMOS circuits [47].

Some results have been published regarding the influ-
ence of tunneling current on the maximum operating fre-
quency [46,68], power and current gain [68,69], input
impedance [46] and device matching [46,69], but a compre-
hensive study of the impact of tunneling current in the per-
formance of MOS RF and analog circuits is still lacking.
‘1’’

ent between stages caused by gate tunneling current [67].
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The effect of gate current on the noise performance of
MOS devices has received some more attention [70–74],
and because of the importance of this topic it will be dis-
cussed in a separate section.

4.2. Noise

The presence of noise, the fluctuations in currents or
voltages in electronic circuits, is a key issue in the design
of digital, analog and RF applications. In logic circuits, it
can cause bit errors, and in analog and RF systems it sets
the lower limit of the dynamic range.

Since the characterization and modeling of the noise
characteristics of MOS devices with large gate tunneling
currents is still an active subject of research, this discussion
will focus on the additional noise sources caused by gate
current, and the physical mechanisms that have been pro-
posed to explain them.

In MOS devices without gate current, several noise
sources have been identified. At high frequencies, the dom-
inant noise source is thermal noise in the channel [75],
which in turn causes an induced gate noise, through the
capacitive coupling between the channel and the gate. At
low frequencies, noise in the drain current with a frequency
spectrum proportional to 1/fc is observed, with c typically
between 0.7 and 1.3 [76]. Other noise sources include the
thermal noise caused by parasitic resistances and avalanche
noise for high drain–source voltages [72]. While 1/f noise is
dominant at low frequencies, it is well known that it can
affect the performance of high frequency circuits such as
voltage-controlled-oscillators, due to frequency up-conver-
sion [78].

Gate tunneling current, being generated by discrete car-
riers randomly crossing a barrier, is expected to have a shot
noise component with a frequency-independent spectral
density given by [79]

Sig ¼ 2 � q � IG ð59Þ

This white-like noise has been observed for ultra-thin
oxide transistors at high frequencies, and Eq. (14) gives a
good description of the dependence of this noise on gate
current [71],[72].

In addition to this shot noise, low-frequency noise with
an approximate 1/f dependence has also been reported for
MOS capacitors [80] and in the gate current of MOS tran-
sistors [71,72].

Scholten et al. suggested that part of this low-frequency
noise in the gate current is actually induced by the low-fre-
quency noise in the drain current, since the tunneling cur-
rent creates a DC coupling between the channel and the
gate. However, this is not enough to account for all the
low-frequency noise in the gate current [72].

The excess low-frequency noise in the gate current is
often attributed to trap-related mechanisms, where charge
traps in the oxide cause fluctuations in the gate current.
However, there is no consensus on the detailed microscopic
mechanism through which this trap-assisted tunneling
causes the 1/f noise. Key in the determination of such
mechanism is the dependence of low-frequency noise on
the bias conditions. Alers et al. [80] found an exponential
dependence of the low-frequency noise with the applied
voltage, where the noise increases with decreasing gate
voltage; this led them to propose that the low-frequency
noise is caused by trap-assisted tunneling, where traps in
the oxide, close to the emitting electrode, make tunneling
a two-step process. This model was able to explain the
dependence of LF noise on voltage observed by them.
Other authors, however, [71], have not found such depen-
dence on applied voltage, but a quadratic dependence on
gate current instead, which is common to other 1/f noise
mechanisms [77].

Lee and Bosman [73,74] proposed a model where the 1/f
noise in the gate current is caused by the local fluctuations
of the tunneling probability, caused in turn by the presence
of fluctuating traps. This model also yields a quadratic
dependence of LF noise on gate current; however, their
experimental results for nitrided SiO2 MOSFETs show a
deviation from this trend at low currents. This was attrib-
uted to an enhancement of the shot noise at low currents
(voltages), caused by generation-recombination processes
in ‘‘fast’’ traps.

As for the implications of the enhancement of noise
caused by gate current, it has been shown that, similar
to the case of MESFETs with gate leakage current, the
effect of gate current on the noise parameters of MOS-
FETs is more important at relatively low frequencies
[70,74,81–83].

Gate current noise can also affect the observed drain
current noise. At high frequencies, it has been shown that
the gate shot noise results in a drain shot noise component
which is fully correlated to the gate noise [82]. The same
effect has also been observed at low frequencies: when the
gate voltage is high enough to cause a significant gate cur-
rent to flow, the low-frequency drain current noise
increases beyond what can be explained by the conven-
tional low-frequency noise theories, and this enhanced
drain current noise is highly correlated to the gate current
noise [71].

5. Conclusions

The basic physics of gate tunneling current modeling
were presented. It was shown how the relatively simple
Fowler–Nordheim model for tunneling fails to take into
account several effects present in state-of-the-art MOSFET
technology, such as direct tunneling or valence band tun-
neling. Also, the challenges for compact modeling of gate
tunneling current with high accuracy and physical meaning
were highlighted.

The modeling approach to gate tunneling used in several
the industry-standard compact MOS models was pre-
sented, as well as some of their limitations such as numer-
ous simplifications or non-physical modeling which result
in a large number of parameters or inaccurate modeling.
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The potential impact of tunneling current on circuit per-
formance was discussed, both for logic and analog/RF cir-
cuits. Even though most applications are affected in one
way or another, this should not create a barrier for the con-
tinued down-scaling of MOS devices, but will certainly cre-
ate new challenges for device, circuit and system designers.

The additional noise due to the presence of tunneling
current, and the physical mechanisms that have been pro-
posed to explain it were presented at both high and low fre-
quencies. The importance of noise in analog and RF
circuits, calls for attention to the study of these issues, as
well as to the development of compact models suitable
for use in circuit simulators.

References

[1] Dennard RH, Gaensslen FH, Yu H-N, Rideout VL, Bassous E,
Leblanc AR. Design of ion-implanted MOSFET’s with very small
physical dimensions. IEEE J Solid-State Circ 1974;SC-9(5):256–68.

[2] International technology roadmap for semiconductors, 2004 Update.
Available from: <http://public.itrs.net>.

[3] Majkusiak B. Gate tunnel current in an MOS transistor. IEEE Trans
Electron Dev 1990;37(4):1087–92.

[4] Momose HS, Ono M, Yoshitomi T, Ohguro T, Nakamura S, Saito
M, et al. Tunneling gate oxide approach to ultra-high current drive in
small geometry MOSFET’s. IEDM Tech Dig 1994:593–6.

[5] Kish LB. End of Moore’s law: thermal (noise) death of integration in
micro and nano electronics. Phys Lett A 2002;305:144–9.

[6] Naseh S, Deen MJ, Marinov O. Effects of hot-carrier stress on the
performance of the LC-tank CMOS oscillators. IEEE Trans Electron
Dev 2003;50(5):1334–9.

[7] Iwai H. CMOS downsizing toward sub-10 nm. Solid-State Electron
2004;48:497–503.

[8] Lezlinger M, Snow EH. Fowler–Nordheim tunneling into thermally
grown SiO2. J Appl Phys 1969;40(1):278–83.

[9] Weinberg ZA. On tunneling in metal–oxide–silicon structures. J Appl
Phys 1982;53(7):5052–6.

[10] Maserjian J. Tunneling in thin MOS structures. J Vac Sci Technol
1974;11(6):996–1003.

[11] Chang L, Yang KJ, Yeo Y-C, Polishchuk I, King T-J, Hu C. Direct-
tunneling gate leakage current in double-gate and ultrathin body
MOSFETs. IEEE Trans Electron Dev 2002;49(12):2288–95.

[12] Govoreanu B, Blomme P, Henson K, Van Houdt J, De Meyer K. An
effective model for analyzing tunneling gate leakage currents through
ultrathin oxides and high-k gate stacks from Si inversion layers. Solid-
State Electron 2004;48:617–25.

[13] Vogel EM, Ahmed KZ, Hornung B, Henson WK, McLarty PK,
Lucovsky G, et al. Modeled tunnel currents for high dielectric
constant dielectrics. IEEE Trans Electron Dev 1998;45(6):1350–5.

[14] Mukhopadhyay S, Neau C, Cakici RT, Agarwal A, Kim CH, Roy K.
Gate leakage reduction for scaled devices using transistor stacking.
IEEE Trans VLSI Syst 2003;11(4):716–30.

[15] Marin M, Deen MJ, de Murcia M, Llinares P, Vildeuil J-C. A new
method for the channel length extraction in MOSFETs with sub-2-nm
gate oxide. IEEE Electron Dev Lett 2004;25(4):202–4.

[16] Clerc R, De Salvo B, Ghibaudo G, Reimbold G, Pananakakis G.
Electrical characterization and modeling of MOS structures with an
ultra-thin oxide. Solid-State Electron 2002;46(Mar):407–16.

[17] Ahmed K, Ibok E, Yeap GC-F, Xiang Q, Ogle B, Wortman JJ, et al.
Impact of tunnel currents and channel resistance on the character-
ization of channel inversion layer charge and polysilicon-gate
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