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A Two-Step Tunneling Model for the Stress Induced Leakage Current
in Thin Silicon Dioxide Films

Naoki Yasud.a, Nalin Patel* and Akira Toriumi

ULSI Research Labs, R&D Center, Toshiba Corporation
1, Komukai Toshiba-cho, Saiwai-ku, Kawasa^ki 210, Japan

The stress induced leakage current in thin silicon dioxide films is modeled with a two-step
elastic tunneling process via an intermediate trapping site. The traps most efficient in
producing the leakage current have an energy level of 2.0 eV below the conduction band of
SiO2. The dependences of the leakage current on the oxide thickness and voltage polarity
(to*: 5-7 nm) indicate the trap centroid located near the center of the oxide layer and an
estimated trap distribution width of 1.4 nm. The current-voltage (I - V) characteristic of
the leakage current calculated from the trap distribution shows a good agreement with the
measured I -V curve.
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L fntroduction
The stress induced leakage current in thin sili-

con dioxide films is a major limiting factor for scal-
ing down the tunnel oxide of EEPROMs [1.|. Sev-
eral models have so far been proposed to explain the
mechanism of the leakage current, which include elec-
tric field enhancement due to trapped positive charge
[2], local bar-rier height lowering [3], and trap-assist6d
tunneling [4]. In recent reports, a close relation is
pointed out between the stress induced leakage cur-
rent and the traps generated during high-field stress-
ing [4, 5]. In the present work, the autf,ors examined
quantitatively how a trap-assisted tunneling model
can explain the properties of the stress inducbd leak-
age current.

2 Experimental Results
The dependences of the stress induced leakage cur-

rent on the gate oxide thickness and gate voltage po-
larity were measured on metal-oxide-semicond'uc1or
(MOS) capacitors and transistors with a gate area of
0.01 - 0.15 mm2. The gate oxides were prepared in
dry Oz at 800oC to thicknesses of.5.2 - 7.5 nm for the
capacitors and 4.0, 6.5 nm for the transistors.

The stress induced leakage current measured for the
capacitors with different oxide thicknesses is shown
in Fig. 1-, indicating a decrease in the leakage cur-
rent as the gate oxide thickness increased. Figure 2
shows the voltage polarity dependence of the leakage
current measured for the transistors (to* - 6.5nmJ.

The stress induced leakage current was larger in re-
verse bias (i.e., opposite polarity to that of high-field
stressing) than in forward bias. On the othei hand,
no voltage polarity dependence was observed for the
transistors with a thin gate oxide (to* :4 nm).

3 Model
The authors propose a two-step tunneling process

via an intermediate trapping site as the mechanism
of the stress induced leakage current. In this model,

55.566.5775
OXIDE THICKNESS ( nm )

Figure 1: Oxide thickness dependence of stress in-
duced leakage current. Stress condition: 11MV/cm,
100s. C: measured at 6MV/cm. Solid curve: calcu-
lated for A:5 x 10-3nm-1 and D - 0.7nm.
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Figure 2: Voltage polarity dependence of stress in-
duced leakage current. Dashed curve: reverse leakage
current (i.e., measured in the opposite voltage po-
larity to that of high-field stressing). Dotted curve:
forward leakage current.

electrons elastically tunnel into an intermediate trap
and then tunnel out to the conduction band of SiO
in a high field, or to the anode electrode in a low
field. The electron current flowing into the interme-
diate trap, ..[, and that flowing out of the trap, J2,
are expressed as

h _ Qffo*(l _ f)lr, (1)
Jz : qN"*f lrz, (2)

respectivelg yhere g is the electronic charge, No* is
the densjty of the traps at o : ffehsr / is the occupa-
tion probability of the trap.s, and rtt 12 are tunneling
time constants (See Fig. 3). The location of the inl
termediate traps, oelasr is expressed as

relas : (Eo - Err^r) lEo. (3)

where Eu is the barrier height at the Si/SiO2 interface
(3.0 eV), Errap is the trap Jnergy level *ith iespect to
the conduction band of SiO2, and Eo* is the electric
field in the oxide. The tunneling time constants are
calculated on the basis of Wentzel-Kramers-Brillouin
(WKB) approximation, resulting in

: : ou1N6"*p {-B @l/' - E?!il18".} (4)
T1

* _ ou1Ng"*p {-B @i!:, - E:t\:.a".} (5)
T2

where o is the capture cross section of the traps, uj
is the thermal velocity of electrons, If" is the effective
density of states in the silicon conduction band, B
is defined ?s 0: 41[m"ql3fi with n7,* : O.Smo iO],
and B" is the effective anode barrier heieht defined aj
E^u : Eb - E_onto* _fqr q low field (E".t.. < E6) and
E"_ 0 for a high field (E *r"* > E;).

The stress induced leakage current is expressed as

J: L- Jz:QNo*l(h+r2), (6)
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Figure 3: Two-step tunneling model. Electrons in-
jected flom the cathode elastically pass through the
oxide via an intermediate trapping site generated dur-
ing high-field stressing.

since it is a steady-state tunneling current through
the intermediate traps.

For a given trap distribution, the stress induced
l=pl.ug" current is maximal for minimum (r, + ,r).
This condition is given by ", - 12. Equaiionr (4)
and (5) indicate that 86".n - Ol42/3 Ea (- 2.0 eV)
qves rt_:.22. in the high field region (8" _ 0 for
Eo* ) Ealt"*). This means that the traps with an
energy level of 2.0 eV below the conduction band of
fiOz are most efficient in producing the stress induced
leakage current in the high field region.

4 Spatial Distribution of
Tlaps

The spatial distribution of the 2.0 eV traps is esti-
mated from the stress induced leakage currrent rnea-
srlred in.a higb field region (Eo* - 6 MV/cm, to* : 5.2
- 7.lnm). A Gaussian distribution is assumed for the
trap density

N..(') - Nt 
"xp {- 

(" :lo)'} . (7)\ D2 J''

where I{, is the maximum trap densitg cs (x t"*12)
is the trap centroid, and D is the fralf widitr of ttre
trap distribution. To a first approximation, I/6 and
D are assumed to be constant iegardless of the oxide
thickness. The dependence of the trap centroid on
the oxide thickness is introduced as

to* tano:; (I+Ato*), (8)

which gives a symmetric trap distribution for thin ox-
ides and a shift in the trap centroid towards the anode
for thick oxides. The voltage polarity dependence of
the stress induced leakage current is explained by fhis
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Figure 4: Model for polarity dependence of stress in-
duced leakage current. The traps at r.1* and to*-r"6"
generate the leakage current in forward and reverse
bias, respectively. The reverse current is larger than
the forward current when the trap centroid is shifted
towards the anode.

shift of the trap centroid, causing a larger trap densit5r
at x : fo* - o"6 than at a: r"6 (Fig. 4).

From Eqs. (7) and (8), the ratio betwben the reverse
leakage current Jn"" and the forward leakage current
.,I1o" is expressed as

J,.n I Jro, - exp {atl.1t". - 2*a*) I Dt) . (g)

The measured leakage currents at Eo* : 6 MV/cm
in Fig. 2 give AID' - 0.01. Using this relation, the
half width of the trap distribution is found to be D -
0.7nm (Fig. 1). The parameter A is then obtained
as A:5 x 10-3trffi-1, which indicates a very small
deviation in the trap centroid from the center of the
oxide with A,nsf (t"*12) : 3To for to* = 6.5 nm.

Thus, the traps responsible for the stress induced
leakage current in the high field region (i."., 2.0 eV
traps) are considered to be located near the center of
the oxide. The full width of the trap distribution is
estimated to be 1.4nm for fo* - 5 - 7nm.

5 Current-Voltage Character-
istic

The current-voltage characteristic of stress induced
leakage current was calculated with the estimated
spatial distribution of the 2.0 eV traps, and compared
with the measured I - V characteristic (FiS. f ). the
calculated / - V curve was in good agr"eirent with
the measured leakage current in the high field region
(E* > Ealt"*) where the contribution of the 2.0-eV
traps to the leakage current was predominant. The
discrepancy observed in the low field region is con-
sidered to be due to traps deeper than 2.0 eV, whose
contribution becomes significant in the low field re-
gion.

Voltage ffi
Figure 5: I -V characteristic of stress induced leakage
current for to* : 5.2nm. I: measured after high-field
stressing of 11MV/cm, 100s. Dashed curve: calcu-
lated for the distribution of 2.0 eV traps.

6 Conclusions
The stress induced leakage current in thin silicon

dioxide films (to* : 5 - 7 nm) has been modeled with
a two-step tunneling process via a^n intermediate elec-
tron trap. The traps most efficient in producing the
leakage curreqt in the high feld region (E-* ) Evlt"*)
are those with an energy level of 2.0 eV below the
conduction band of SiOz. The centroid of the 2.0 eV
traps is located near the center of the oxide, with their
estimated distribution width of 1.4 nm. The / - V
characteristic of the leakage current in the high field
region is well reproduced by using the trap distribu-
tion.
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