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Abstract: By measurement,we investigate the characteristics and location of gate oxide damage induced by snap-

back stress. The damage incurred during stress causes device degradation that follows an approximate power law

with stress time. Oxide traps generated by stress will cause the increase of stress-induced leakage current and the

decrease of Qg (charge to breakdown),and it may also cause the degradation of off-state drain leakage current.

Stress-induced gate oxide damage is located not only in the drain side but also in the source side. The tertiary elec-

trons generated by hot holes move toward Si-SiO, interface under the electrical field toward the substrate, which

explains the source side gate oxide damage.
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1 Introduction

Many I/O circuits are subjected to high cur-
rent stress only on the drain terminal during elec-
trostatic discharge (ESD) or electrical overstress
(EOS) events. This may cause gate oxide reliabili-
ty problems, especially for single gate oxide de-
vices (same gate oxide for core and 10 device) . It
has been suggested that hot holes can be injected
into the oxide for a grounded gate MOSFET bi-
ased into snapback. Hole injection will have a
great effect on gate oxide reliability when a large
snapback current flows through the oxide of the
deep-submicron nMOSFETs. Chen et al." repor-
ted that gate oxide breakdown was accelerated
when hot holes were injected into the oxide. Nish-
ioka et al." also observed gate oxide breakdown
in small n-channel MOSFETs during drain-cur-
rent-induced hot-hole injection. Krakauer et al.™
found that snapback stress can result in both hole
trapping and significant interface state leading,
respectively, to a net negative or net positive
threshold voltage shift.

With the improvement of the process tech-
nology of VLSI, the size and gate oxide thickness
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of MOSFETs are decreasing continually. Under
the same bias conditions,the thinner the gate ox-
ide of the MOSFET is, the higher the oxide elec-
trical field becomes. I/O MOS devices become
more and more sensitive to EOS/ESD from the
outside world. CMOS device scaling is opening
some new questions about the impact of EOS/ESD
events on ultra-thin gate oxide integrity of MOS
devices'®?'. So far,few works have been devoted
to the effect of non-destructive snapback stress on
gate oxide integrity of the ultra-thin gate oxide
MOSFET. In this paper,we analyze the generation
of the defects and their impact on characteristics
of 90nm nMOSFETs during DC snapback stress,
and then the position of the generated defects is
identified by § parameter measurement. Finally, it
is explained that the generated defects extend
from the drain to the source of the MOSFET by

the theory of the tertiary hot electrons.

2 Devices and experiment

The device used in this paper is silicided LDD
nMOSFET fabricated in 90nm CMOS technology.
The oxide is about 1.4nm,formed with a decou-
pled plasma nitridation (DPN) process. The LDD
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nMOSFET is a surface device with an n+ poly-Si
gate. By measurement, we can see that the first
breakdown current of these devices
119pA,and the second breakdown current is about
110mA. To analyze the degradation of a non-de-
structive snapback stressed nMOSFET , these sam-
ples are stressed and biased into snapback. The
snapback stress condition is as follows: V=V, =
V, =0, where the drain is given I, stress. When
the stress increases gradually,the following events

is about

occur in sequence (Fig.1):

(1) When the n+ drain to the p substrate bi-
as reaches about 4.3V (trigger voltage V), the
n+ drain to the p substrate junction breaks down.

(2) When the drain current reaches 119pA
(I4) ,the source to p substrate junction turns on.

(3) As the current increases further,the par-
asitic lateral npn transistor turns on, and the
nMOSFET is pulled into snapback condition. Once
the npn transistor turns on,the drain voltage will
decrease from its maximum value (V) to a mini-
mum value (hold voltage V).

(4) If the current increases excessively, the
self-heating effects will cause thermal (second)
breakdown. The breakdown current is
110mA.

The snapback I-V characteristic is shown in
Fig.1.The snapback stress (119pA<C1,<C110mA)
cannot generate destructive damage to the device,
but can cause the device characteristics to de-
grade. In this paper, the stress is paused periodi-
cally during the DC snapback stress,and then the
characteristics of the transistor are measured at

about

that time. All the measurements are carried out
under light-tight and electrically-shielded condi-
tions at room temperature using a HP4156B preci-
sion semiconductor parameter analyzer.
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Fig. 1 nMOSFET DC snapback I-V characteristics

The I, is measured at V, =V, =V, =0.

3 Results and discussion

It is widely accepted that hot holes generated
by the drain avalanche effect can be injected into
the oxide near the drain of a grounded gate MOS-
FET biased into snapback™*. The oxide traps
(N, ) and interface states (N;) can be created by
the injected holes in this process. In Fig. 2, the
degradation of I, is plotted versus the snapback
stress time for an nMOSFET under different oxide
thicknesses. As shown in Fig. 2, the thinner the
oxide is,the more degradation of [, it has. This
is because thinner-oxide MOSFETs have a greater
oxide electrical field in the gate oxide and the
electrical field in the overlap of the gate and the

1, so more oxide

drain during the same stress"
traps and interface states will be generated during
the stress. From the figure we can see that the
degradation approximately follows a power law
versus snapback stress time, which is similar to the
HCI degradation of a MOSFET. The power law
expressions are depicted in Fig. 2. The two expres-
sions have the same power exponent and different
coefficients. The thinner the oxide is, the bigger
coefficient the expression has. A bigger coeffi-

cient means more degradation.
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Fig.2 Degradation of drain saturation current [,
under snapback stress /4, is measured at V4=V, =
1V.

In order to understand the physical mecha-
nism of the oxide degradation under snapback
stress,the generation of N; and N, during snap-
back stress and their effect on the oxide integrity
need to be identified. For this purpose, voltage
ramp dielectric breakdown (VRDB) tests were
performed on fresh and snapback-stressed nMOS-
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FETs. In Fig.3,the Q4 is shown for an nMOSFET
versus different [, degradation (A[ s/ laao) af-
ter snapback stress. It shows no obvious change of
QO in low 1,4, degradation, but rapid decrease of
QOw after large [I4, degradation (about 36%
AT g/ Taao) - Tt also shows that the SILC degrada-
tion (Al,/I,) versus the I, degradation has the
inverse trend with the Q.. A two stage change
process of normalized SILC (AI,/I) with Al,/
l4u0 is shown in Fig. 3. The Al,/I, rapidly in-
creases as the Q4 rapidly decreases.
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Fig. 3  Normalized SILC (Al,/Iy) and charge to

breakdown ( Q) versus 4, degradation during the

snapback stress SILC is measured at V, =1V, V=V,

=V =05 Quat Vy=V,=

to —8V.

Va =0, ramp V, from 0

It is known that oxide neutral electron traps
are created in ultra-thin oxide layers during high

field stress'-?*

. SILC can be explained by elec-
trons tunneling via the generated neutral electron
traps in Fig. 4, which is a two step tunneling
process of electrons via oxide traps: Firstly, elec-
trons will tunnel into the traps inside the oxide,
and then electrons will tunnel out of the traps to

either the conduction band of the oxide or to the

SILC

sio, [Poly-Si

Fig.4 Energy band diagram of the MOSFET with the
trap assisted tunneling process for the SILC

anode directly. The SILC is the total of the trap-
assisted tunnel current of all the oxide traps®™.
Up to now,many groups have proposed that SILC
is directly linked to the oxide trap density of a
MOSFET. Buchanan et al.™ also proposed that
SILC normalized to the initial leakage current be-
fore stress is proportional to the oxide trap densi-
ty. The relationship of SILC varied with the traps
generated by the snapback stress can be expressed
ast®l

Isuc _ 1,(0) = 1,(0)

I,(0) I,(0)
where Ig;c is the SILC through the gate oxide,
I,(t) is the gate leakage current after snapback

~ A X ANy (D

stress, and I, (0) is the initial, unstressed gate
leakage current. A is a constant, which has an ex-
periential valuet™ of 8 X 10™°cm?. AN, is the in-
crease in oxide trap density. In the first stage of
the SILC varied with Alu/ Lawo s the SILC has lit-
tle change,which means that the increase of gate
oxide traps generated by snapback stress is not
significant in this stage according to Eq. (1), so
the degradation from N, is dominant. The in-
crease of N, causes the degradation of I, (Fig.2)
in the initial stage of snapback stress. In the sec-
ond stage, SILC rapidly increases with Al /
I 40 » which shows that lots of oxide traps N, are
generated by snapback stress. It is also observed
that the transition point of the first stage to sec-
ond stage for the Al,/ Iy corresponds to the point
in which the Q. begin to rapidly decrease, which
shows that the increase of N, begins to become a
significant factor for the degradation of gate ox-
ide of a snapback-stresssd nMOSFET in the sec-
ond stage. From the above discussion,it can be de-
termined that the oxide traps generated by snap-
back stress may degrade gate oxide breakdown
characteristics significantly, but the
states N, do not.

interface

The oxide traps generated by snapback stress
may also significantly impact the off-state drain
leakage current I,. The off-state mode current
measurement result is shown in Fig. 5. In the ini-
tial stage of snapback stress,drain leakage current
I, is approximately equivalent to source current I
(The I, is the sub-threshold current of the nMOS-
FET,I,>I,). The I, decreases with stress time
because the oxide trapping electrons and the in-
terface states increase the surface potential in the
channel. With the increase of stress time, the gate
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current I, gradually increases because many oxide
traps are generated by the snapback stress. Final-
ly, I, would exceed I, and become the dominant
component of I,. This implies that the off-state
drain leakage current is mainly caused by gate
current I, after a long stress time. However, pre-
vious study shows that the degradation of off-state
drain leakage current is mainly induced by inter-
face-states assisted tunneling and oxide-traps-in-
duced surface barrier lowering'® for the thick gate
oxide MOSFET, which is different from the char-
acteristics of MOSFETs in 90nm technology.
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Fig.5 Off-state mode drain current /,, gate current
I,, and source current [, during snapback stress
They are measured at Vy =1V, V=V, =V, =0.

For the purpose of evaluating the damage lo-
cation,it is necessary to take accumulation mode

t~1 after

of the carrier-separation measuremen
snapback stress. Degraeve et al." proposed that
non-uniform oxide degradation along the channel
length of the MOSFET can be revealed via a com-
parison of the drain and source currents biased in
the accumulation region, which are composed of
clectrons that tunnel from the gate ( V,<C0). The
position of damage along the channel can be eval-
uated by the parameter
I

I, + I
where I, and I, are the drain and the source cur-
rents of the MOSFET biased in the accumulation
region after the snapback stress. These currents

S = (2)

mainly consist of two components:one due to the
tunneling current through the unbroken oxide re-
gion,and the other due to the current through the
damage region. The mechanism of the tunneling
current through the unbroken oxide region coin-
cides with the current measured before the dam-
age occurred. The parameter S provides an indica-

tion of the location of the most severe oxide dam-
age along the channel where a substantial increase
in tunneling leakage is expected to occur. If §
comes close to 1,the most severe oxide damage is
on the verge of the drain. If § comes close to 0,
the most severe oxide damage is on the verge of
the source. For other values of §,the most severe
oxide damage is located in channel region.

Figure 6 shows the distribution of the ratio S
taken at negative gate voltage V, = — 1V before
and after snapback stress (I, = 6mA). Fresh de-
vices exhibit identical I, and I;,and a tight S dis-
tribution centered around 0.5, indicating a uni-
form tunneling gate leakage along the channel.
After stress,the value of parameter S is distribu-
ted over the whole region of 0 to 1. The inset de-
picts the cumulative distribution of the § parame-

—a—Fresh device
—e— After snapback stress
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Fig.6 Damage location parameter S of a large num-
ber of nMOSFET before and after 1000s snapback
stress Parameter S is measured at V, = -1V, V, =
Vi=Vuw =0.

ter for the same device population after stress.
The left side of the dashed line denotes that the
most severe oxide damage is located at the source
side of the device,and the right side of the dashed
line denotes that the most severe oxide damage is
located at the drain side of the device. Salman et
al .P'* proposed that the injection of the hot holes
is localized at the drain side under drain stress,
which can result in drain side gate oxide damage
to the MOSFET. Figure 6 also shows that a signif-
icant percentage (about 60% in the inset) of the
population exhibits higher drain side than source
side oxide leakage. In these devices, this substan-
tial drain side oxide damage was observed to lead

0¥] However, it is

to drain side oxide breakdown
necessary to see that the 40% of the population of

the samples (inset of Fig.6) that exhibited higher
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source side damage is comparable to the popula-
tion of the samples exhibiting higher drain side
oxide damage after snapback stress, which is dif-
ferent from the previous study"*'*
that the source side gate oxide damage is becom-
ing a new reliability problem for the nMOSFET in
90nm technology, whose physical mechanism may
be explained by Fig.7.

. This indicates

TSource Gate oxide Drain T
1 I
1
n /) TTm————--
ng ~o
Prau i

Impact ionization” ¢/« ______ Tertiary

generated hole 2 ¢ b Substrate  electron

]

Fig. 7 Cross section of an nMOSFET

The schematic cross section of an nMOSFET
biased to snapback is shown in Fig. 7. Under the
snapback condition, the electron-hole pairs are
generated by the avalanche effect near the junc-
tion of the drain and substrate,and then whole e-
lectrons are collected by the drain electrode and
most holes are collected by the substrate elec-
trode. The substrate potential is necessary to keep
the parasitical bipolar transistor turned on due to
the substrate resistance when the hole current
flows through the substrate region under the snap-
back condition. As a result,an electrical field is set
up direct from the Si-SiO, surface to the sub-
strate. For the short channel nMOSFET, some
holes may also arrive at the source diffusion re-
gion under the snapback condition. Thus there are
two general trajectories of hot holes in Fig.7,viz.
1 and 2. The previous study-'***! proposed that the
heating of the hot holes can result in the genera-
tion of energetic tertiary electrons when the ava-
lanche-effect-generated holes move away from the
drain under the large drain bias,which is ascribed
to the impact ionization feedback mechanism re-
presented in Fig. 7. These tertiary hot electrons
can be injected into the oxide and cause gate oxide
damage. During the snapback stress, generated
tertiary hot electrons (filled circles) would inject
gate oxide under the electrical field toward the
substrate when the hot holes move from the drain
to the substrate or the source. The injection of ter-
tiary hot electrons toward the oxide may induce
oxide damage. Moreover, as these hot holes trav-

erse deeper into the substrate [e. g. location (b)]
and further from the drain, the resultant tertiary
electrons that are injected into the gate oxide
from this location tend to be “hotter”. First, the
initial energy of these deeper tertiary electrons
and further tertiary electrons away from the drain
are likely to be higher since the holes tend to be-
come more energetic at greater depth and further
distance away from drain. Second, deeper tertiary
electrons will tend to gain more energy in their
motion due to a longer distance traveled across
the bulk region. On the verge of the drain, the
damage is mainly owing to the drain avalanche
hot carrier injection. In the channel region and
the region near the source, the damage is due to
the injection of the tertiary electrons toward the
oxide. Because the tertiary electrons can be gener-
ated on the whole motion trajectory of the hot
holes, the injection of the tertiary electrons may
cause the location of the oxide traps to extend
from the drain to the source of the nMOSFET. Fi-
nally,the oxide damage location is not only in the
drain side, but also in the source side. This may
explain why the S parameter is distributed over
the whole region of 0 to 1.

4 Conclusion

This paper reports the investigation of snap-
back-stress-induced gate oxide damage and dam-
age location in the oxide of nMOSFETs. The snap-
back stress is non-destructive, which causes the de-
vice degradation with stress time, which is similar
to the HCI degradation of nMOSFET. The meas-
urement shows that the increase of oxide traps is
the main reason for the degradation of the gate
oxide integrity of the 90nm nMOSFET, and the
oxide damage location is distributed over the
whole the gate oxide along the channel.
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