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The conduction mechanism of stress induced leakage current (SILC) through 2nm gate oxide is studied over a gate

voltage range between 1.7V and stress voltage under constant voltage stress (CVS). The simulation results show that
the SILC is formed by trap-assisted tunnelling (TAT) process which is dominated by oxide traps induced by high field

stresses. Their energy levels obtained by this work are approximately 1.9eV from the oxide conduction band, and the

traps are believed to be the oxygen-related donor-like defects induced by high field stresses. The dependence of the trap

density on stress time and oxide electric field is also investigated.
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1. Introduction

The stress induced leakage current (SILC) is one
of the major oxide reliability issues especially for non-
volatile memory applications, because it will not only
reduce the data retention time of dynamic random ac-
cess memory and electrically erasable programmable
read only memory devices, but also introduce excess
power dissipation for the device operation.!!' Many
researches! 9 have been focused on this problem
since it was first reported by Maserjian and Zamani at
1982.1%] Based on the tunnelling process, several mod-
els had been proposed as possible conduction mech-
anism of SILC, such as the positive charge-assisted
tunnelling,/® the thermal-assisted tunnelling,[* the
trap-assisted tunnelling (TAT) via a single or several

trapsl®~8l and so on.

It is well known that SILC is related to defects
produced in oxide during high field stresses, and the
former study!® had shown that these defects are pre-

dominantly neutral electron traps which can be gener-

ated by anode hole injection. Although the two-step
TAT modell® showed best consistency with experi-
mental results and qualitatively explained the depen-
dence of SILC on oxide thickness (t.y), the properties
of defects controlling the TAT process have not been
fully understood as the t,, scaling down to 2nm so far.

The purpose of this paper is to investigate the
SILC conduction mechanism of ultra-thin gate oxide
and to determine the properties of the traps control-
ling SILC based on the simulation method.

2.Devices and experiments

The testing devices are pt polysilicon gate p-
MOSFETs (W/L = 28/1) fabricated by standard
0.13pm CMOS technology.
thermally grown SiO; with physical thicknesses 1.9

The oxide films were

and 2.15nm, and the gate oxide area (A..) is
2.8x10 °cm?.

The constant voltage stress (CVS) was applied
to the gate (Vi stress=3.5V, —3.8V to 1.9 and 2.15nm

oxides respectively) with source, drain and substrate
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grounded, and the test temperatures were 300K and
378K. The gate current versus gate voltage (I, — V)
measurements were performed by HP4145B semicon-

ductor parameter analyser after each cycle of stress.
3. Results and discussions

Figure 1(a) and (b) show the typical evolution of

AI, -V, against stress time (¢ ) for some devices with
different oxide thicknesses at 300K and 378K respec-
tively. The increment of gate current Al is the dif-
ference between I, after and before stress. This would
eliminate the effect of the background current on Al,.
SILC is defined as the A, before oxide breakdown,

and it shows a continuous increase with stress time.
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Fig.1. The AIg — Vg characteristics of p-MOSFET under CVS for tox=1.9nm and 2.15nm at (a)
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Fig.2. Comparison between the experimental and

the simulated results based on FN and DT model,
T=300K, t5;=4000s.

The positive charge-assisted tunnelling and the
thermal-assisted tunnelling are based on the Fowler—
Nordheim (FN) mechanism, which was applied to
thicker oxide and higher V. As t,x scaling down and
Ve descending, I, can be resulted from direct tun-
nelling (DT).[*% Figure 2 is the comparison between

the experimental and the FN and DT simulated re-

sults, a large difference especially in lower voltage
means neither the FN nor DT process is the domi-

nating SILC mechanism to ultra-thin oxide.

Figure 3 shows that there is a linear relation be-
tween In(JsiLcFEox) and 1/Eq for both oxide thick-
nesses at 300K and 378K. This relation corresponds to

the deep energy level TAT conduction mechanism.!!

Where the SILC density, Jsinc = Alg/Aox, the ox-
ide electric field E,x is determined by Vi /tox, and
the oxide voltage V, is obtained by the self-consistent

quantum mechanism method.

When a p-MOSFET is biased in inversion, it was
found by carrier separation experiment that I, is dom-
inated by the gate valence band electron tunnelling for
1.7V< |V,| <5V, but by the inverted Si substrate hole
tunnelling for V| <1.7V.['!l The |V,| range selected
in this work is between 1.7V and |Vggtress|, so that the
FN tunnelling can be neglected under this condition
because the ¢V, is smaller than Si/SiO interface bar-
rier (3.15eV), and only the gate valence band electron

tunnelling should be considered.
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Fig.3. The relationship between In(Jsi,c Eox) and 1/Eox, a deep energy level TAT conduction mechanism

of SILC is supported. Different symbols correspond to different stress times and the trap energy levels
are also shown in (a) tox=1.9nm, T=300K, (b) tox=2.15nm, T=300K, (c) tox=1.9nm, T=378K and (d)

tox=2.15nm, T=378K.

The schematic energy band diagram of a p-
MOSFET in inversion is shown in Fig.4 for TAT pro-
cesses. At first the gate valence band electrons tunnel
directly to oxide traps and then from the traps to ox-
ide or anode conduction band when a higher negative
Vg is applied. It is reasonable to say that TAT via
single trap is the most possible process in thin oxides
(< 6 ~7nm), while for thicker ones (>8nm) multi-step
tunnelling through several traps dominates the TAT
process.['2l On the other hand, the electrons are con-
fined to a narrow potential well at the interface, which
leads to quantization of their energy normal to the in-
terface. The current is dominated by tunnelling from
the lowest sub-band at room temperature, and higher
temperature promote the tunnelling with a little pro-
portion, so the barriers had no evident change with

temperature.

th :Ec — 2eV

gate

Fig.4. Schematic energy band diagram of the two-

step TAT process for a p-MOSFET in inversion.

Using the Wentzel-Kramers—Brillouin (WKB)
approximation to obtain tunnelling probability, we
can write the total TAT current resulting from the

single trap related A process as[*3:

2CNiqprexp |(—D/Eox) ?/2

Ja: ) 1
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where
5/2 3/2
C. — Mpoly / 8Epoly
t—\ T 1/2
ox 3h (¢t - Epoly)
and

D = 4+/2qmx/3H,

Ny is the concentration of oxide traps, g the one elec-
tron charge and ¢ the trap energy level. myo, =
0.1me and mox = 0.5m, are the electron effective mass
in polysilicon and SiO, respectively.[**! m, is the mass
of a free electron, .y, is the energy of an electron
(taken as 0.2eV)[15] and # the Plank’s constant. From

Eq.(1), following equation is obtained!*?!:
I (it Box) = (=D6V%) (1/Eo) +10(G),  (2)

where G = 2C; Nyqot /3

Equation (2) gives a linear relationship between
In(Jiat Eox) and 1/FE,y, with a slope of —Dqﬁf’/z and
D=48.3MV /cm for mox = 0.5m.. So ¢; can be cal-
culated by (-slope/D)?/3, and N, could be given by
3G/2C,q¢y, where G is the intercept of Y axis.

From our experiment, the simulated ¢ of 1.9nm
oxide at different stress times is between 1.76 and
1.99¢V (Fig.3(a)), with an average value of 1.872eV,
and for 2.15nm oxide, ¢; is between 1.91 and 1.93eV
(Fig.3(b)), with an average value of 1.92eV at 300K.
While the average ¢; of two thicknesses are 1.912
(Fig.3(c)) and 1.99¢V (Fig.3(d)) at 378K respectively.
The experimental data which we chose above is arbi-
trary, so the ¢y results should have universalities to
our samples. It is found that our ¢y is close to the for-
mer results, such as ¢;=2.2eV in Ref.[13], ¢;1=2.1eV
in Ref.[14], ¢1=2.46-2.56eV in Ref.[16] and ¢;=2.62eV
in Ref.[17]. However, the 2.62eV of Ref.[17] was ex-
tracted from the Jgir,c — FEox curves. It is also of most
importance that the above ¢; agrees with the trap
energy levels in SiO, found by some researchers.[18:19]

Xu et all'8] reported that the defects in SiO, in-
duced by high field stresses are oxygen-related de-
fects which are similar to the oxygen donors in sili-
con. Using a helium-like model, we calculated the ¢,

related to oxygen donor states in SiO; at E.—2.0eV

and EC—0.9256V,[18] where E. is the bottom of ox-
ide conduction band. Furthermore, early work!*® also
showed that the stress induced defect state in SiO,
had an activation energy of 2.0eV in average.

For the gate valence band electrons, the barrier
for the first tunnelling is 4.27-¢eV, 4.27eV equals to
the Si/SiO5 interface barrier (3.15e¢V) adds the band
gap of Si (1.12eV). So the barriers for tunnelling to
the above two kinds of oxide traps (E.-2.00eV and
E.-0.925eV) are 2.27 and 3.345eV respectively. And
the deeper energy level traps are in favor of the first
tunnelling for the gate valence band electrons. So the
deep energy level TAT processes dominate the SILC
of inversion p-MOSFET, which agrees with our simu-
lation results

The N; simulated from Fig.3 is changing with
te and E,.. At 300K, N; changes from 1.65x10'4
to 1.1x10'6/cm® for the 1.9nm oxide, and from
1.09x 10 to 2.95x 10 /cm3 for the 2.15nm sample at
the selected times. At 398K, the N ranges are from
6x 10 t0 1.3x10'% /cm? for the 1.9nm oxide and from
2.3x10' to 6.5x10'* /cm3 for the 2.15nm oxide at the
selected times. It is found that the Vi increases with
both ty and E.

Figure 5(a)-5(d) compare the simulated results
with the experimental data at 300K and 378K. The
insets show that the simulated trap density, Ny in-
creases not only with t5; at the same FE.x, but also
with E., at a given ti;. The insets also show that the
simulated trap energy, ¢; changes little with stress
time. The good agreement between simulation and
experimental results strongly supports that the oxide
oxygen-related donor-like defects correlative TAT is
the conduction mechanism of SILC over a gate volt-
age range between 1.7V and stress voltage in ultra-
thin gate oxide under CVS.

As SILC has large influence on the long-term re-
liability of MOS devices, MOS integrated circuit and
flash memory, much efforts have been made to reduce
it. An effective method is to use higher dielectric con-
stant materials such as HfO, as gate oxide, and the
high x dielectric devices with good isolation and tran-

sistor performance have demonstrated.
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Fig.5. Comparison between the experimental and the simulated results based on Eq.(1) for (a) tox=1.9nm,
T=300K, (b) tox=2.15nm, T=300K, (c) tox=1.9nm, T=378K and (d) tox=2.15nm, T'=378K. Different

symbols correspond to different stress times. The insets show Nt and ¢t change with the stress time and

oxide electric field.

4. Conclusions

The SILC of 2nm gate oxide over a definite gate
voltage range (1.7V< |V,| < 3.8V) follows the TAT
model. The TAT processes are dominated by oxide
traps which have energy level of 1.9eV and the inter-
face traps do not play an important role. The traps
are believed to be the oxygen-related donor-like de-

fects induced by high field stresses in 2nm gate oxide,

and its densities increase with both the stress time

and oxide electric field.
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