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Degradation of P-MOSFETs Under Off-State Stress
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Abstract: The hot carrier effects under offstate stress mode (V= 0, Va< 0) have been investigated on 9nm P-
MOSFETs with channel length varying from 1. 025um to 0.525pm. Both on-and off-state currents are discussed.
It is found that the off—=state leakage current decreases after a higher voltage stressing, which is induced by the
charge injection occurred close to the drain junction. However, the leakage current increases after a lower voltage
stressing because of the newly generated interface traps. It is also found that the on state saturation current and
threshold voltage degrade significantly with the stress time, which we believe is due to the charges injected near the
gate—drain overlapping region and/or the stress-induced interface trap generation. T he degradation of o can be ex—
pressed as a function of the product of the gate current (/:) and the number of charges injected into the gate oxide

( Qi) in a simple power law. Finally, a lifetime prediction model based on the degradation of Jaa is proposed.
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studies are concentrated on the mechanism and

modeling of GIDL before and after on-state hot-

1 Introduction
carries stress. Only a few are focused on the off-
The off-state Gate-dnduced Drain Leakage state leakage current” s acting as a type of hot-car-

[ 4

(GIDL) imposes a serious constraint on the further rier stress'’ . Under the off-state, obvious degra-

scale down of CMOS integrated circuits, especially dation of the MOSFET s” on-state characteristics is

for VLSI and ULSI. It has also been observed in observed in our experiment, especially for the

DRAM and E’PROM cells. Since this off-state
leakage current can increase the off-state power

dissipation of MOSFETSs, GIDL has been studied

smaller geometry devices. So, it is necessary to
study the impact of off-state leakage current on

further scaling of the devices. Here we conduct the

[1

extensively during these years'"” ”'. However, most offstate stress on 9nm P-MOSFETs under the

* Project Partially Supported by Motorola APRDL Laboratory.

YANG Cun—yu is now pursuing the Ph. D. degree in the Institute of Microelectronics, Peking University. His Current research interests in—

clude the small-scale devices, reliability of the thin gate oxide MOS devices.

WANG Zi-ou is now pursuing the Ph. D. degree in the Institute of Microelectronics, Peking University. His current research is on the reliabili-

1'\' iln(l I}}l}":‘ii{'h' l]f {ll".l".l) Slllll'ﬂ i('r{lli (IH\'i('(".:'i.

TAN Chang-hua is a professor in the Department of Computer Science and Technology, Peking University. His research interests include
small=scaled MOS device physics, Si/S8i02 interface phyics, transient phenomena, frequency response of silicon device, degra—
dation mechanism of smallscaled M OS devices and degradation mechanism of thin gate dielectric.

XU Ming-zhen is presently professor in the Department of Computer Science and Technology, Peking University. Her research interests in—

clude the electrical characterization and reliability project of MOSFET *s with the thin gate dielectric. Si/Si02 interface
physics, high field physies of thin gate oxide, breakdown mechanism and modeling of small-scaled M OS devices.

Received 9 July 2000, revised manuscript received 11 October 2000 ©2001 The Chinese Institute of Electronics



26 SEEEE- S 3

14 22 %

condition that Ve= 0 and Va< 0. Some new phe-
nomena are reported in this paper. From previous
studies, it is shown that the off-state hot carriers
can cause the interface trap generation and the
charge trapping at the overlap at the overlap region
between the gate and the deep-depleted drain junc-

. 4,
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5 . .
'. However, we believe that the interface
traps are only generated after lower off-state
stress, whereas charge injection plays a dominant

role in the higher off-state stress.

2 Experiment

The samples used in this study are p* polysili—
P-MOSFETs with
channel length varying from 1. 025um to 0. 525um.

con/n-well surface channel
The channel width is 15um and the gate oxide
thickness is 9nm. During stressing, the gate and the
source were grounded while the drain bias varied
from — 6.7V to— 5. 8V. The stressing drain volt—
age had to be carefully selected so that the GIDL
current could be high enough to induce the hot-car—
rier effects, but not so high to cause any rapid
breakdowns at the gate oxide. The off-state stress
was performed at room temperature using an
HP4145B semiconductor parameter analyzer. The
stress was periodically interrrupted so as to per—
form the current-volotage measurements.

The off-state hot carrier degradation of the P-
MOSFETs were evaluated by the relative shift of
saturation current dfaa ( Alaa/law (0) %), where
V= V= — 3.3V and the threshold voltage shift

AV is measured when Va= - 0. 1V.

3 Results

Usually GIDL current (/a)degrades different—
ly at different drain voltages, which is because at a
high bias, GIDL is mainly caused by BB tunnel-
ing, while at a low bias, the current is mainly
caused by trap assistant tunneling (TAT )",
Figure 1 and 2 show the GIDL current(/a) before

and after high off-state stress (Ve = 0, Vi =
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FIG. 1
MOSFETs Before and After Higher and Long Time
Off-State Stress( Va.= — 6. 7V and V= 0) GIDL

GIDL Current for Different Geometry P-

shows obvious reduction after stress.
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FIG. 2
MOSFETs Before and After Lower Off-State Stress
(Va= — 5.8V and V= 0)

GIDL Current for Different Geometry P-

— 6.7V) and low off-state stress (Ve= 0, Vi =

- 5.8V), respectively. The GIDL current is mea—
sured when V= V.= 0 and Vu varies from OV to -

5V. Figure 1 shows that Ia always decreases after
the high off-state stress no matter the drain bias
| Va. I is high or low. Obviously, the decrease of
GIDL current is caused by neither the interface
traps, which will increase the current at a low
I Vi I, nor the hole-trapping, which will increase
the GIDL current at both low and high | Va 1",
As the matter of fact, the should be attributed to
the charges injected into the gate oxide, which
screen the electric field and thus decrease the GIDL
current. However, in the case of low off-state stress

(Fig. 2), the GIDL current first increases at a low
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| Va. I, and then decreases at a high | Va |, as O.1F

could be explained with the help of the newly gen-
erated interface traps. At a low | Vi |, interface
traps located in the Si band-gap assist the electrons
from the valence band to the conduction band,
which will result in an increase of the GIDL cur-
rent'. As the | Va | increasing. the energy band
bends so much that the energy levels of the accep-
tor-ike interface traps are below the Fermi level,
where these traps are negatively charged to act as
trapped electrons. Consequently, the GIDL current
reduced.

Obvious degradations of d/au(Fig. 3) and AV
(Vw= Vu(0)) (Fig. 4) are observed after a long
stressing time for 15/0.525 P-MOSFETs, though
the degradations are smaller compared with those
after an on-state stress(not shown in this figure) .
For larger samples, such as 15/1.025 and 15/
0. 725, the degradation trend is similar to that of

15/0. 525 ones but with a smaller value(not shown
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FIG.3 Degradation of /4a Under Various Stress Bias
for 15/0.525 Samples

The dfiwincreases obviously

with the stress time.

here). This is probably due to the higher lateral
electric field in the devices with shorter channels.
T his is the geometry, the more serious the degrada—
tion would be. The shift of d/wa is probably in-
duced by interface traps and/or trapped electrons
injected into the gate oxide. Since the charging
state of the acceptor-ike interface traps depends on

the Fermi level in the silicon, only charged inter—

face traps and trapped electrons in the oxide can in—
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FIG.4 Degradation of Vi Under Various Stress Bias
for 15/0.525 Sample Similarly. the threshold voltage

increases after long time stress.

fluence the saturation characteristics. Because AVu
is positive after the stress, it is concluded that the
acceptor-ike interface traps and/or trapped elec-
trons are generated during the stress'''. These re—
sults further prove that only trapped electrons
dominate after high off-state stress, while both in-
terface traps and trapped electrons play leading
role after low off-state. To differentiate the effects
of interface traps and trapped electrons, further in-
vestigation is needed.

Figure 5 shows the leakage currents of fu and

I versus the stressing time as a function of the ge-
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FIG.5 Degradation of Leakage Current of Different

Geometry Samples Before and After Off-State Stress
The gate current [, is almost proportional to the drain

leakage fa.

ometry of P-MOSFETs. The current is both mea-
sured and stressed when Vi= - 6.7V and V.= 0.

For samples stressed at a lower drain voltage, the
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results are almost the same, except for the smaller
magnitude of the leakage current. From Fig. 5, the
following three conclusions are drawn: First, the
leakage current has nothing to do with the geome-
try of the device; for different scale P-MOSFETs,
the leakage currents are almost the same, which a-
gree with the theory well'". Second, the gate cur—
rent is almost proportional to the drain leakage
current, which could also be explained by the luck-
y-electron mode' Ig'(see next section) . Third, owing
to the screen effect of the trapped electrons on the
further injection of electrons, the leakage current

decreases with the stressing time.

4 Charge-Injection Model

For fresh devices, GIDL is mainly caused by
the band to band tunneling for both N-and P-
MOSFETs. From the theory in Reference[ 1],
la= AE’exp(- B/E.) (1)
E=(1Vil-1.2)/3Tux (2)

A and B are constants. 1. 2 is the minimum voltage

where

to cause band to band tunneling and /a is the GIDL
current.

Conceptually, in order to make the carriers in
substrate reach the gate, the lucky electrons must
gain sufficient kinetic energy from the electric field
region without losing any energy. The influence of
the surface lateral field at the gate—to-drain overlap
region makes the hot carriers to be injected into the
oxide, which can be attributed to the gate current.
The corresponding gate current component /. can
be modeled by an emipirical expression based on
the lucky electron model''":

I, = Nl (3)
where 7, constant for the fixed Va, is called injec—
tion efficient.

N can be readily extracted from the expermien—
tal data. For 9nm P-MOSFETs, 1 varies from 3 X
10" “ to 7X10” * under different stress conditions. It
seems that 1 has little relationship with the stress—
ing voltage. After stressing, M decreases because the

trapped electrons induced by hot-carrier injection

(HCI) stress can screen the effect of the electric
field, as also results in a smaller /I . For the sake
of convenience, 1 is assumed to be constant under a
constant stress condition.

As the band-o-band tunneling is the domi-
nant current mechanism during HCI stress, the on-
ly clue that we could follow is to observe the shifts
of the electrical characteristics with the B-B tun-
neling current or the gate current induced by B-B
tunneling. Another reason we choose d/ua as the
degradation monitor is that parameters such as
AGw, Alg, Alwinear degrade dispersively. Although
AVw degrades regularly with time, it is hard to find
the mechanism of the degradation.

Figure 6 shows the dlau( Alaa/Taw(0)) versus
[:Quwj, the logarithm of the product of charge inject—
ed and gate current, under different stress volt—
ages, where I¢(/:(t))is the instantaneors gate cur—
rent at time ¢; Qini( Qui(£)) is the number of charges
injected till time ¢. Stress is applied with V. of —
6.7V and V. of 0. Data of stress have the same-
trends when Va= — 6.5V and Va= - 6.3V, with
slopes n varying from 0.33 to 0.31 (not shown

here) .
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FIG. 6  dluw Shifts as Function of [: Qi Under the

Stress: Vae= = 6. 7V, V= 0  dliw has a power law re-

lationship with f:Qui, with its slope n being 0. 37.

In Figure 7, the result can be seen to be same
as that in Fig. 6 for 15/0. 725 P-MOS under differ-
ent stress conditions. It is interesting that the
degradation of MOSFETs with different geometry

is noticed to follow a uniform behavior that is inde-
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ent OffState Stress Conditions The data of different

stress have the uniform behavior.

pendent of the stress voltage applied, except for
low atress voltage( not shown here). This is be-
cause that under a low voltage, the noise of the
gate current is a serious problem, which affects our
results severely. However, its trend is similar to
that of the high field. Similar results could also be
found in Ref. [ 13], where the devices are stressed
under the condition that Ve< Va. The difference is
that no saturation of d/uwa is observed even under
higher stress conditions. Consequently, the follow-
ing relationship is obtained:

dlia = A ( Qinjlg) ; (4)
where A is constant and d/aaw= Alaw/Taa(0), n is

about 0. 35 for this technology.

Since Qi = Area X ¢ ¢dt and I is a function
of the GIDL current from Eqgs. ( 1)and (2). Area is
corresponding to the region where charge injection
occurs, w hich is assumed to be the same for all the
geometry.
Then we obtain
dlsa= A (1 d.dt)" (5)
= A((Na)’dD)" (6)
T his equation can only be used when the gate
current is large enough to be measured, which
means it is applicable when the field is high e-
nough. If /. is too small to be observed, we can pre-

dict the lifetime by extrapolatin /¢ from [a using

Eq.(4) and Eq. (6).

T herefore, the lifetime can be predicted by our
taking the simple measurement of /a« and gate cur-
rent from the linear dependence of d/wa on the
product of gate current and the charge injected af-
ter stressing. Devices with different geometry such

as 15/1.025 and 15/0. 525 also agree well with the
power law of (4) and (5).

5 Conclusion

The effects of GIDL on 9nm surface channel
P-MOSFETs with different channel lengths have
been investigated in detail. Hot electrons are gener—
ated in the gate-drain overlap region by band-to-
band tunneling when high potential difference ex-
ists between the gate and the drain. These hot car-
riers gain sufficient kinetic energy from the diffu-
sion-to-substrate field and make their momentum
redirect toward the Si-5i0:2 interface and eventually
surmount the SiO2 potential barrier. At the high
stress fields, only injected charges take effect and
degrade the on-state characteristics obviously.
However, at low stress fields, probably both inter—
face traps and injected charge take effect, which is
to be investigated. Finally a charge injection model
is presented to describe and predict the lifetime of
9nm surface P-MOSFET s under off-state.
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