
VLS1 DESIGN
1998, Vol. 8, Nos. (1-4), pp. 47-51
Reprints available directly from the publisher
Photocopying permitted by license only

(C) 1998 OPA (Overseas Publishers Association) N.V.
Published by license under

the Gordon and Breach Science

Publishers imprint.
Printed in India.

Interface Roughness Effects in Ultra-Thin
Tunneling Oxides

D. Z.-Y. TINGa’b’* ERIK S. DANIELb and T. C. McGILLb

Department of Physics, National Tsing Hua University, Hsinchu, Taiwan 300, ROC;
u Thomas J. Watson, Sr., Laboratory of Applied Physics, California Institute of

Technology Pasadena, California 91125, USA

Advanced MOSFET for ULSI and novel silicon-based devices require the use of ultra-
thin tunneling oxides where non-uniformity is often present. We report on our
theoretical study of how tunneling properties of ultra-thin oxides are affected by
roughness at the silicon/oxide interface. The effect of rough interfacial topography is
accounted for by using the Planar Supercell Stack Method (PSSM) which can accurately
and efficiently compute scattering properties of 3D supercell structures. Our results
indicate that while interface roughness effects can be substantial in the direct tunneling
regime, they are less important in the Fowler-Nordheim regime.
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1. INTRODUCTION

The continued scaling of Metal-Insulator-Semi-
conductor (MIS) device structures has brought
much attention to ultrathin oxides. Normal
operation of a MOSFET with 1.5nm direct-
tunneling gate oxide has been reported [1].
Tunneling through oxide barriers, as a mechanism
for leakage currents, is of particular interest.
Typical theoretical analysis models the oxide layer
as a 1D barrier with an effective barrier height and
an effective mass. The barrier height may be
obtained experimentally or treated as a fitting
parameter, while the effective mass is normally

used as a parameter for fitting measured current-
voltage (I-V) characteristics [2]. Tunneling coeffi-
cients can be calculated using the well-known
WKB approximation. Integration of tunneling
coefficient curves, with the appropriate Fermi
factors describing carrier statistics, then yields an

analytical I-V curve formula [3] which can be used
conveniently for comparison with experimental
data. A somewhat similar treatment uses multiple
scattering theory instead of the WKB approxima-
tion to compute tunneling coefficients to provide
clarification of mechanisms for leakage currents
through ultrathin oxides [4]. A still more advanced
treatment solves Poisson and Schrodinger equa-
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tions self-consistently for accumulated layers in
metal-oxide-semiconductor devices to calculate
tunneling currents [5].
An important aspect typically not treated in

these models is oxide non-uniformity. Cundiff and
co-workers [6] showed experimental evidence that
roughness at the Si/SiO2 interface increases with
decreasing oxide layer thickness. This makes
interface roughness particularly important in
ultrathin oxides. Interface roughness can have
dramatic effects on the current-voltage character-
istics of MIS structures. It has been shown that
constant current stressing of MIS structures in the
Fowler-Nordheim tunneling regime can induce
non-uniformities at the Si/SiO2 interface [7]. This
quasi-breakdown in the oxide can lead to dramatic
increases in direct tunnel current. In this paper we
treat the MIS tunnel structure using a 3D model
which is similar to the standard models, but allows
for 3D potential variations associated with Si/SiO2
interfacial non-uniformity.

2. METHOD

Standard treatment uses a one-dimensional poten-
tial to describe the oxide barrier. With interfacial
non-uniformity, we need to use a three-dimen-
sional description. In principle, the variations in
the non-uniform potential extend indefinitely in
the directions along the interface. In practice, we
do not perform computation for an infinite
domain, but use instead a quasi-3D supercell
geometry to approximate the physical problem.
We treat the problem of tunneling through a non-
uniform barrier using the Planar Supercell Stack
Method (PSSM) [8]. The device structure treated
by PSSM consists of an active layer sandwiched
between two semi-infinite flat band electrode
regions. Let the z axis be the direction of current
flow. Then the active region is composed of a stack
of Nz layers perpendicular to the z-direction, with
each layer containing a periodic array of rectan-
gular planar supercells of NxNy sites. A one-
band nearest-neighbor tight-binding Hamiltonian

is used to describe the potential over this volume
of interest. Our model is formally equivalent to the
one-band effective mass equation.

h2

--V. m--V + V(x) , ()

discretized over a Cartesian grid, and subject to

periodic boundary conditions (with supercell
periodicity) in the x- and y-directions, and open
boundary conditions in the z-direction. PSSM
solves the quantum mechanical scattering problem
exactly for the 3D geometry described by the
planar supercell stack, and allows us to compute
transmission coefficients with a high degree of
numerical accuracy and efficiency. Note that even
though the supercell geometry imposes an artificial
periodicity to make computations tractable, the
use sufficiently large supercells can minimize
supercell artifacts and yield excellent descriptions
of the physical problem.

3. RESULTS AND DISCUSSION

Our model of the MOS tunnel structure consists of
a metal (or poly-Si) electrode, followed by a pure
oxide layer, then a rough interfacial layer, and
finally a silicon electrode. We assume that the
rough interfacial layer consists of a 50%-50%
mixture of oxide and Si in random configurations.
The Si sites, and the oxide sites, for that matter,
may aggregate and form patches. We will call these
silicon patches islands, and characterize them by
their lateral extent (island size) and the thickness
of the interfacial layer (island height). For
convenience, we also assume flat-band conditions
in the metal and silicon electrodes, and let all the
voltage drop occur in the oxide and the rough
interface. The potential barrier height and the
effective mass of the oxide barrier is taken to be
3.22 eV, and 0.35 m0, respectively. We use a cubic
mesh with discretization distance of 0.13575 nm,
and 64x 64 planar supercells in our simulations.

Figure shows transmission coefficient spectra
for three MOS tunnel structures with rough Si/
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FIGURE Transmission coefficient spectra for MOS tunnel
structures with rough Si/SiO2 interfaces characterized by
different island sizes, at zero applied bias. For comparison,
results for 1D models using effective barrier thickness and
effective barrier height are also shown.

SiO2 interfaces characterized by island sizes of A
0.27, 1.2 and 2.2 nm. The pure oxide tunnel barrier
layer is 1.36 nm thick, and the height of the rough
interfacial layer is 0.28nm. Note that tunneling
probabilities increase considerably with island size.
Results of two 1D models are also plotted for
comparison. The first treats the oxide and the
interfacial layer as having a combined effective
thickness of 1.5 nm (the thickness of the pure oxide
layer, plus half the thickness of the interfacial
layer); the second treats the interfacial layer as
having a potential height which is the average of
the oxide and the silicon potentials (i.e., the virtual
crystal approximation, or VCA potential). Note
that the effective thickness model does not offer a
good description of the rough interfaces. The VCA
result agrees well only with that obtained for the
sample with the small island size. The reason for
the agreement is because when island sizes are

smaller than the deBroglie wavelength of the
incoming electron, the random potential at the
interface is only seen by the electron in an
averaged (VCA) sense. In structures where island
sizes become larger than the electron deBroglie
wavelength, an electron, in a sense, finds its way
through the "softer" spots (portions with lower
potential, i.e., the silicon islands) of the interfacial
layer, and thereby enhance its tunneling prob-
ability.

This is demonstrated in Figure 2. The top panel
shows the transmission coefficient spectra of the
A 0.27 nm and A 2.2 nm structures again for
reference, while the bottom panel shows the curves
of island transmission fraction, defined as the ratio
of the sum of probability densities over all silicon
sites in the interfacial layer divided by the total
probability density in the interfacial layer. Since
the interfacial layer consists of 50% silicon sites
and 50% oxide sites, if an electron shows no

preference for tunneling through the silicon islands
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FIGURE 2 Transmission coefficients and island transmission
fractions for two MOS structures with rough interfaces
characterized by different island sizes, at zero applied bias.
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or the oxides, the island transmission fraction
would be 0.5; a fraction greater than 0.5 indicates
a preference for tunneling through the silicon
islands. Our results show that in the A 0.27 nm
(small island) structure, there are essentially no
preferential pathways through the roughness layer.
However, in the A 2.2 nm (large island) struc-
ture, there is a definite preference for tunneling
through the silicon islands. In fact, in this case the
island transmission fraction increases with electron
energy, or decreasing deBroglie wavelength.
We next examine the effect of interface roughness

on tunneling properties under applied bias. We use
the A 2.2 nm structure as in the previous figures.
Figure 3 shows a set of transmission coefficient
spectra for this structure under various applied
biases. Transmission spectra for the corresponding
VCA structure are also shown for comparison.
Note that while there is a considerable difference
between the supercell (with interface roughness)
and VCA (without) results at low biases, the
difference diminishes at high biases. This indicates
that the role of interface roughness becomes less
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FIGURE 4 Island transmission fraction for the MOS tunnel
structure depicted in Figure 3.
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FIGURE 3 Transmission coefficient spectra for a MOS tunnel
structure with rough Si/SiO2 interfaces at several applied biases.
Results for the corresponding VCA structure is also shown.

important as high biases. Figure 4 illustrates this
further by showing the island transmission fraction
for the same A 2.2 nm structure as a function of
applied bias. Note that while there is a preference
for tunneling through silicon islands at low biases,
the preference drops rapidly as the applied bias
exceeds 3 volts. The reason for this turns out to be
rather simple. At low biases, the device structure
operates under the direct tunneling regime. An
electron going through the rough interfacial layer
sees the oxide portions as energy barriers and the
silicon islands as open pathways. At sufficiently
high biases, the device operation transitions to the
Fowler-Nordheim tunneling regime, where the
conduction band edge at the trailing interface of
the barrier (in our case, the rough interfacial layer)
is biased below the incoming electron energies.
Thus the oxide portions of the rough interfacial
layer no longer act as electron barriers, putting
them on more equal footing with the silicon islands.
In other words, in the low-bias direct tunneling
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regime, an electron traverses through the oxide
portions of the interfacial layer with evanescent
characteristics, and the silicon portions with
propagating characteristics. In the high-bias Fow-
ler-Nordheim tunneling regime, an electron tra-
verses through both types of the interfacial layer as
a propagating state, hence there would be less
reasons for preferential pathways.

In summary, we have studied tunneling through
MOS structures with rough Si/SiO2 interfaces
using a 3D supercell simulation. We find that
interfacial non-uniformities make oxides more
permeable in the direct tunneling regime, espe-
cially in structures with larger islands. In the
Fowler-Nordheim regime, however, non-unifor-
mity effects on tunneling characteristics are less
pronounced.
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