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Abstract— The aim of this paper is to generalize the
well-known formula used for the computation of the
Fowler-Nordheim tunneling current of cold electrons to
the case of hot-electron full-band transport. The same
framework of approximations is employed which was
successful in the simulation of the erasing mechanism in
flash memory cells. For the WKB tunneling probability,
an approximation for the tunneling energy within the full-
band structure approach is proposed which consists of
weighting the total electron energy by the ratio between
the square of the group velocity component normal to
the interface to the square of the total group velocity.
The difference of the gate current when using either the
total or the “perpendicular” energy for tunneling is about
two orders of magnitude with decreasing tendency for
higher gate voltage, similar to previous results with a more
elaborated model in the literature.

I. INTRODUCTION

The number of applications for nonvolatile mem-
ories is strongly increasing. The major part of this
market is accounted for by flash memory cells where
a single cell is electrically programmable and where
a block of cells is electrically erasable [1]. In the
NOR flash architecture, the floating gate of the
transistor cell in Fig. 1 is usually written by channel
hot electron (CHE) injection and erased via Fowler–
Nordheim (FN) tunneling of cold electrons. While
tunneling of cold electrons is well described by the
FN current [2], the lucky–electron model [3] or
the carrier injection model of Fiegna [4] normally
employed in drift–diffusion (DD) and hydrodynamic
(HD) simulations for the injection of hot electrons
lead to differences in the gate current of about
eight orders of magnitude as can be seen in Fig.
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Fig. 1. Schematic cross section of a flash memory cell consisting
of an nMOSFET with a floating gate and a control gate.

2. A rigorous treatment of hot–electron transport is
possible by full–band Monte Carlo (FBMC) sim-
ulation. However, the energy associated with the
momentum parallel to the oxide/silicon interface is
not available for transmission across the potential
barrier so that the total electron energy recorded
during MC simulation has to be reduced accordingly
when computing the transmission probability. In
contrast to the case of parabolic band structures with
a unique electron mass [2], the analogous determi-
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Fig. 2. Quasi–stationary gate currents as a function of the control
gate voltage according to drift–diffusion (DD) and hydrodynamic
(HD) simulations based on the lucky–electron and the hot–carrier
injection model of Fiegna, respectively.

nation of such a perpendicular tunneling energy is
not clear for a full-band structure which is at the
same time mandatory in the hot–electron regime. It
is the goal of this work to propose an approximate
expression for a tunneling energy to be used in the
calculation of the transmission probability and to
demonstrate the sensitivity of the gate current to
the choice of the tunneling energy by full–band MC
simulation of a flash memory cell.

II. FOWLER-NORDHEIM TUNNELING OF COLD

ELECTRONS

The detailed physics of electron injection through
the oxide into the gate is very complicated and
still not fully understood, e.g. concerning the band
structure of the amorphous silicon dioxide or the
presence and concrete form of an image force [5]. It
is not our aim to address these issues. Instead, our
reference point is the calculation of the tunneling
current density by Simmons [2]: The current density
of electrons being in Fig. 3 transmitted through the
trapezoidal potential barrier to the polysilicon gate
is

J =
2

(2�)3

Z Z Z
dkx dky dkz vx(kx)�

�D(Ex(kx)) feq(E(k)) (1)

where

E(k) =
�h2k2x
2m

+
�h2k2y
2m

+
�h2k2z
2m

� Ex(kx) + Ey(ky) + Ez(kz) (2)

is the electron energy, Ex the associated perpendic-
ular tunneling energy,

D(Ex) = exp

�
�2

�h

Z s2

s1

dx
p
2m(V (x)� Ex)

�

(3)

the transmission probability in the WKB approxima-
tion, which depends on the perpendicular tunneling
energy Ex, vx = �h�1dEx=dkx the x component of
the group velocity, m the electron mass and feq(E)
the equilibrium electron distribution function. Ap-
proximating the Fermi–Dirac distribution with the
step function leads for high oxide fields to the
Fowler–Nordheim tunneling current [2]

J =
2:2e3F 2

8�h'0

exp

�
� 8�

2:96heF

p
2m'1;5

0

�
(4)

where '0 is the barrier height and F the oxide
field. This formula has proved very successful in
describing the dependence of the FN tunneling
current of cold electrons on oxide thickness and
gate voltage, in particular for the erase operation
in silicon flash memory cells.

III. TRANSMISSION OF HOT ELECTRONS

Motivated by the success of Eq. (4), it is the aim
of this paper to generalize this approach for arbitrary
nonequilibrium conditions where the corresponding
distribution function f(k) can be obtained from
full–band Monte Carlo simulation. Hence, the goal
is to describe in addition the dependence of the
gate current on (i) the drain voltage associated
with hot electrons and (ii) the anisotropic behavior
of the group velocity vx(k) to discriminate e.g.
between situations where the mean current flow in
the channel is either parallel (channel hot electrons)
or perpendicular (substrate hot electrons) to the
oxide interface. The problem is then to determine
in the expression for the gate current

J =
2

(2�)3

Z Z Z
dkx dky dkz vx(k)�

�D(ET (k)) f(k) (5)
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Fig. 3. Classification of the transmission mechanisms across an
oxide into the polysilicon gate according to the electron’s energy
component perpendicular to the interface: (i) thermionic emission,
(ii) Fowler–Nordheim tunneling and (iii) direct tunneling.

the perpendicular tunneling energy ET in the con-
text of a general full–band structure E(k). Here, we
propose the expression

ET (k) � E(k) � v2x(k)

v2x(k) + v2y(k) + v2z(k)
(6)

which reduces in the limit of parabolic band struc-
tures to the perpendicular energy Ex in Eq. (2).
Note that apart from the generalization to a hot-
electron and anisotropic formulation, the framework
of approximations is still the same as in Ref. [2],
involving for example the ignorance of gate isolator
material properties beyond the barrier height (there
is e.g. no “oxide mass” in Eqs. (1)-(3)).

The transmission probability D(ET ) in Eq. (3)
is taken to be 1, if the perpendicular energy is
above the barrier height and the direct tunneling
regime is also included via the WKB approximation,
if the perpendicular electron energy is below the
triangle in Fig. 3, so that all three transmission
mechanisms in Fig. 3 are included. The tunneling
mass m is considered to be a fitting parameter.
Its actual value will therefore be influenced by
the approximations involved in the present model
and may differ between different device structures.
Hence, it does not necessarily coincide with an
oxide mass the concept of which is anyway unclear
due to the amorphous nature of the SiO2 gate
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Fig. 4. Quasi–stationary gate currents as a function of the control
gate voltage according to full–band Monte Carlo simulation when (i)
the total energy and (ii) only the energy component perpendicular to
the interface is used for the calculation of the transmission probability
across the trapezoidal potential barrier in Fig. 3.

oxide. In this respect, the approximation for the
tunneling energy ET in Eq. (6) has the advantage
not to depend on the tunneling mass m. Thus it
permits in particular to compare consistently the
dependence of the gate current on the drain voltage
also for different device structures such as floating
gate flash memory cells or SONOS (semiconductor-
oxide-nitride-oxide-semiconductor) memories.

IV. SIMULATION RESULTS

Figure 4 shows the gate current computed by
our self–consistent full–band Monte Carlo simulator
SPARTA [6], if either the total electron energy E
or the perpendicular energy ET is used for the
calculation of the transmission probability. It can
be seen that taking the total energy leads to a
gate current which is larger by about two orders of
magnitude with decreasing tendency at higher gate
voltages. The same order of magnitude and the same
tendency was found in a similar comparison in Fig.
19 of Ref. [5] by Fischetti et al. who investigated the
injection probability as a function of the oxide field
with a much more sophisticated approach where
electron transport in the oxide is considered or in
the case of tunneling the transfer-matrix method is
employed. There, the consideration of the parallel
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energy reducing the available transmission energy
turned out to be in good agreement with measure-
ments. Of course, this is not yet a proof for the
general applicability of our perpendicular energy
concept, since e.g. the device structure studied in
Ref. [5] is not the same as in our investigation.
However, it is in any case a significant improvement
over the use of the total energy for the transmission
process [4], [7]–[9] and the gate current estimation
scheme in Eq. (5) is much more efficient for Monte
Carlo device simulation [10] than the elaborated
procedure in Ref. [5]. A confirmation of the validity
of the presented approach still requires, of course,
comprehensive comparisons with gate current mea-
surements in corresponding test structures.

V. CONCLUSIONS

In conclusion, an approximation for the “perpen-
dicular” tunneling energy within the WKB formula
has been proposed. Full-band Monte Carlo simu-
lations of a floating-gate memory cell have shown
that the gate current is larger by about two orders of
magnitude when using the total energy for tunneling
instead, similar to previous results with a more
elaborated model in the literature. The presented
formulation is well suited for studying hot-electron
injection in nonvolatile memory cells.
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