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An analytical gate tunneling current model for MOSFETs
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Gate tunneling current of MOSFETs is an important factor in modeling ultra small devices. In this paper, gate
tunneling in present-generation MOSFETs is studied. In the proposed model, we calculate the electron wave
function at the semiconductor—oxide interface and inversion charge by treating the inversion layer as a potential
well, including some simplifying assumptions. Then we compute the gate tunneling current using the calculated
wave function. The proposed model results have an excellent agreement with experimental results in the literature.

1. Introduction

Progress in MOS/VLSI technology is accomplished by a
constant trend to decrease the gate oxide thickness. This
serves two main purposes:

1) to increase the transistor transconductance, which in
turn improves the circuit speed, and

2) to avoid short-channel effects [1].

Doping concentration must be increased in short channel
MOSFETs in order to reduce depletion region width. Thus
in these MOSFETs the substrate doping concentration is
increased proportional to oxide thickness decrease. These
two effects result in a very high electric field at the oxide—
semiconductor interface, which causes severe band bending
in the semiconductor near the interface, creating a potential
well structure. The carrier energy is quantized in this
potential well [2]. Some of the carriers can pass the
oxide and arrive at gate electrode. Hence, gate tunneling
phenomenon occurs and the resulting gate current affects
MOSFET performance.

In ref [3,4], a simple analytical equation has been
obtained for calculation of the gate tunneling current by
assumption of a trapezoid potential well. Lee and Hu [5]
came up with a semiempirical model. They do not take
into account the energy levels due to confined carriers in
potential well. In Lin and Kuo [6] and Liu et al. [7] models,
these energy levels have been also neglected.

In 2008, Mondal et al. [8] presented a model in which
confined carriers and their effects have been considered.
They achieved an equation for electron wave function,
which is dependent on the width of the potential well. One
of the effects of carrier confinement and subsequent energy
quantization is that the shape of the carrier distribution in
the semiconductor is changed.

In this paper, we present a novel model for gate tunneling
current density based on the idea of ref. [8]. In the proposed
model, electron wave function at interface is calculated
using basic equations and some simplifications regarding the
potential well structure. Then an equation is proposed for
gate tunneling current which predicts the gate current for
various doping levels, gate bias and oxide thicknesses. This
paper is originated as follows. Section 2 presents a compact
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expression for the electron wave function, inversion charge
and available carriers for tunneling. In section 3 the gate
tunneling current density is derived. Section 4 and 5 present
simulation results of the proposed model and summary,
respectively.

2. Proposed vodel

2.1. Simplifying Assumptions

In this paper, a silicon n-channel MOSFET (NMOS) has
been investigated. Fig. 1 shows a cross-sectional view of an
NMOS structure under strong inversion. The band bending
in the semiconductor near the interface has a soft slope
(Fig. 2,a). In different researches, the band profile within
an inversion layer has been considered with different shapes
such as trapezoid [9], parabola [10] and rectangular [8].

In this investigation we assume a rectangular potential
well approach. This simplifies mathematical calculations
considerably.  Since ultimate gate tunneling current is
important, the well parameters must be adjusted. For
further simplification, the well is considered symmetric with
a depth AE; and a width 2L [8]. Because AE; and qgs
(ps is the surface potential) are much larger than the
ground-state energy level E; (measured with respect to
the conduction band energy at the interface denoted by
E:(0)), this assumption is agreeable. Most of inversion layer
electrons, which play the main role in current transport, are
in the first quantized energy level. Fig. 2,5 shows the final
potential well upon using simplifications.
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Figure 1. Cross-sectional view of an n-channel MOSFET.
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2.2. Electron wave function

In the popular triangular-well approximation the energy
E; of the ground state equals [8]:

e -ors(2) " [ a] [rom( )]} 0

where me, h and &g are effective mass of the electrons in
the semiconductor, reduced Planck’s constant and relative
permittivity of the semiconductor, respectively. For the
assumed rectangular well approach the width 2L is adjusted
warranting Ej rectangular = Ef triangle.  The effective masses
of the electrons in the oxide and in the semiconductor
channel have been taken as M, = 0.5my and m,, = 0.98my,
respectively, where my is the rest mass of an electron. The
term N is inversion layer charge and expressed as

N == [8011(VGB — Pms — @S)/(qtox)] - Ndep

where €, and tox are the relative permittivity and thickness,
respectively, of the oxide, ¢ns is the metal-semiconductor
work function difference, and Ngep is the concentration of
the depletion ions per unit area. Q; is a reference surface
change density, which is given by:

Qr = v/20esNa[ps + ¢ exp(6)]1/2. (2)

It is assumed that once the system reaches strong inver-
sion, the surface potential @s gets essentially pinned at
(2pr + 6¢1) [11], where @p is the bulk potential, given
by @r = @tIn(Na/nj), with ¢@; being the thermal voltage,
Na is the substrate doping concentration, and n; is the
semiconductor intrinsic carrier concentration.

The time-independent Schrodinger equation in one di-
mension is:

242
(- 5@ + B0 )00 =B )

where 1(x) is the electron wave function. A solution of
Eq. (3) for the ground state in the proposed potential well
(Fig. 2,b) will be:

B(xX) = acos[K(x — L)], 0<x<?2L
| @cos(KL) exp(—k|x — L|)expkL, x < 0,x >2L
(4)

where K and k are the wave numbers:

| 2meE; 2me(AE: — Ey)

In order to keep the well symmetrical the unique mass
value m(X) = me was used in Eq. (3). The interrelation
between L, K and K is:

2 k
2L = K arctg<R>. (5)

In Eq. (4), the coefficient & determines the magnitude of
the wave function. The gate tunneling current increases with
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Figure 2. ¢ — band diagram of the NMOS structure and b — the
obtained symmetric rectangular potential well after simplifications.

v

an increase in the wave function at an oxide—semiconductor
interface. For the infinite AE., the value of a would
equal L=Y2. For the finite barrier the corrections should
be made as:

a=nL™? (6)

where n < 1. The factor  depends on the well width 2L,
but our simulation experience shows that one can approxi-
mately put n = 0.88 for all practical cases.

3. Gate tunneling current

Under the inversion condition, electron leakage from the
inversion layer into the metal dominates the gate current.

In this section, the gate tunneling current density is
obtained using the tunneling probability according to the
calculated wave function in previous section. The height
of the potential barrier and the amount of carriers in the
device are important parameters in the tunneling probability.
Based on WKB approximation tunneling probability (P+) is
expressed as:

P; :exp(—Z /0 kox(x)dx> (7)

—tox
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where Koy is the wave number of electrons in the oxide [12]
and can be expressed as:

2m,
Kox(X) = \/FX(AEC — E1 + gFoxX) (8)
where F,y is the constant electric field across the oxide. The
expression for Ko (X), as given by Eq. (8), is substituted in
the expression for Pt. After simplifications, the tunneling
probability can be obtained as:

4 /20FoxMox
Pt =exp <§ i
B 3/2 B 3/2
Ay AE; — E _ (AE-E . (9)
qFOX qFOX

The general expression for the total charge density Q within
the semiconductor is given by the equation:

Q _ eox(VGB — QPox — (Ps). (10)

tox

Now based on ref. [8], the gate tunneling current density

can be given by:
2E;
M

where Vi(=1V) is a fitting parameter and my, is the
effective mass of electrons in the metal, (2E;/mpy)/? is
defined as electron velocity at the oxide-metal interface.
The gate tunneling current density has been achieved using
the electron wave function at X = 0. It is to be noted that
this value depends on the gate voltage and the oxide width.
Comparison of the simulation results of the gate tunneling
current density with experimental results [13,14] shows an
acceptable match between them.

2= Q= V2N IO (1)

4. Simulation results

Fig. 3 shows electron wave function for a NMOS
structure with Na=4-10%cm~3, t,=23nm and
Vgp = 0.62V. The results of Stern-Howard model [15]
and Mondal-Dutta model [8] are also shown in Fig. 3
for comparison. Typical value of the conduction band
discontinuity AE at the interface to 3.2eV (for Si-SiO;
systems), whereas near the onset of strong inversion, the
surface potential @s typically ranges around 1V or so.

In Stern-Howard model, wave function penetration into
the oxide barrier is not considered. In that model the
value of wave function at oxide-semiconductor is zero
but in the proposed model and Mondal-Dutta model, the
wave function profile shows a nonzero value at the oxide—
semiconductor interface, corresponding to the rectangular
well structures.

Fig. 4 shows the wave function profiles for three NMOSs
with  Na=1-10"cm™3, Vg =0.93V, ty = 1.2nm,
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Figure 3. The electron wave function for a NMOS with
Na=4-10"cm >, tox = 2.3nm and Vg = 0.62V obtained from
the proposed model (solid), the Stern-Howard [15] model (dash-
dotted line) and the Mondal-Dutta model [8] (dotted).
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Figure 4. Electron wave functions based on proposed model for
devices with Na = 10" em ™3, Vigg = 0.93 V.

tox = 1.8nm and tox = 2.2nm. The magnitude of the wave
function at the peak and across the interface decrease with
an increase in the oxide thickness, which is expected.

The number of electrons available for tunneling from
the semiconductor into the metal gate (N) is shown as a
function of the gate-to-body voltage in Fig. 5. The carrier
concentration in the inversion layer has been calculated in
presence of quantum effects and in strong inversion state.
Fig. 5 shows the number of electrons for various substrate
doping and oxide widths. The concentration of the depletion
ions per unit area (Nqcp) decreases as the substrate doping
concentration (Na) decreases and this causes the number of
electrons available for tunneling (N) to increase.

The results of the proposed model and experimental
data for a NMOS structure with Na = 8.5-10' cm—3
and tox = 1.83nm, are shown in Fig. 6. Also in-
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cluded is the comparison of the experimental results
borrowed from refs. [13,14] with the proposed model for
tox = 2.3nm and Na = 4.2 - 107 cm—3 and for t.x = 2nm
and Na = 6.5 - 10" cm—3.

The variations of Np within a relatively narrow range in
Fig. 6 are practically unimportant, so that a large difference
between the currents for three samples is due to different
insulator thicknesses. A theory-to-experiment agreement is
seen to be quite satisfactory.

Fig. 7 shows the inversion layer thickness 2L as a function
of the applied gate-to-body voltage Vigp for a device having
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Figure 5. The number of electrons for various substrate doping
concentrations and oxide widths.
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Figure 6. Results of proposed model and experimental for three
MOSFETs.
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Figure 7. Inversion layer thickness 2L as a function of the applied
gate-to-body voltage Vg for a device having Na = 8.5 - 10'7 cm 3
and tox = 2.3 nm.

Na=8.5-107cm™3 and ty = 2.3nm. A large number
of simulations performed for varying substrate doping
and oxide thickness evidences that 2L decreased with an
increase in the substrate doping as well as with the gate
voltage.

5. Conclusions

In this paper, we have presented a novel model for obtain-
ing the electron wave function at the oxide-semiconductor
interface and the gate tunneling current density based on
the tunneling probability. In this model, a symmetric
rectangular potential well has been considered using some
simplifications.

Comparison of the simulation results of the gate tunneling
current density with experimental results shows an accept-
able match between them. For example with tox = 2.3 nm
the magnitude of the mean error is less than 1% which is
perfectly acceptable. It must be noted that this error may
vary for different gate-bulk voltages (Vgg) and the oxide
thicknesses.

Beyond a numerical convenience the rectangular well
model is profitable for analyzing the charge distribution
trends expected with a variation of the structure parameters
and bias condition.
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