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Characteristics of Thin Gate Oxides
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Abstract: A substrate hot holes injection method is used to quantitatively examine the roles of electrons and holes

separately in thin gate oxides breakdown. The shift of threshold voltage under different stress is discussed. It is in—

dicated that positive charges are trapped in SiO2 while hot electrons are necessary for Si02 breakdown. The anode

holes injection model and the electron traps generation model is linked into a consistent model, describing the oxide

wearoul as an electron-correlated holes trap creation process. T he results show that the limiting factor in thin gate

oxides breakdown depends on the balance between the amount of injected hot electrons and holes. T he gate oxides

breakdown is a two-step process. The first step is hot electron’s breaking Si—0 bonds and producing some

dangling bonds to be holes traps. Then the holes are trapped and a conducted path is produced in the oxides. The

joint effect of hot electrons and holes makes the thin gate oxides breakdown complete.
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1 Introduction

As gate dielectrics are getting thinner and
thinner with the aggressive scaling down of devices
geometries, the long-term reliability and integrity
of the oxide layers becomes a primary concern'"?.
In order to meet future needs for dielectric reliabili—
ty, detailed physical understanding of the dielectric
breakdown mechanism is required for ultra-thin
oxides. With the failure mechanism and accurate
reliability characterization, the MOSFET technolo-
gy can be optimized and controlled within a safe
limit.

Although this topic has been studied exten-
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sively in the past, the mechanism of breakdown has
not been thoroughly clarified yet'” " In the pro-
posed anode hole injection model™”, the injected
electrons can generate some holes at the anode to
tunnel back into the oxides. Intrinsic breakdown
occurs at a critical hole fluence Qn. However, no
satisfactory physical explanation has been given for
the link between the breakdown event and this
critical hole fluence. Besides the (» model, another
model has been suggested independently, in which,
the critical density of electron traps under the
stress is required to trigger the oxide break-
down'"™ ",

[n this paper, these two models are considered

together to describe the oxide wearout via a elec—
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tron-correlated hole trap creation process, ultimate-
ly leading to a breakdown event. The roles of hot
electrons and holes in the dielectric breakdown of
thin gate oxides have been quantitatively investi-
gated by separately controlling the amounts of the
injected hot electrons and holes with the Substrate
Hot Holes (SHH) injection method. The joint ef-
fect of hot electrons and holes is believed essential
to the time-dependent dielectric breakdown in thin
gate oxides. Finally, a new physical model has been
presented, which provide a new angle to under—

stand the nature of dielectric breakdown.

2 Technique and Devices

P-channel MOSFET ‘s were fabricated in n-
well regions. The gate width and gate length of the
measured devices were 50pym and Spm, respective-
ly: the gate oxidation was performed at 850C for
30min in dry O2 and then annealed at 900C for
20min in N2. The gate oxide thickness was 10nm,
determined by high frequency C-V measurement.
The gate material deposited by LPCVD was poly-
crystalline. The source regions and drain regions
were doped by using ion implement technology,
with the implement energy and dose being 20keV
and 3X10"/em?, respectively. Phosphorus was dif-
fused into an active area to adjust the threshold
voltage.

The ion implementation was divided into two
steps. First, the phosphorus was used to prevent
the channel from being penetrated, whose energy
and dose were respectively 160keV and 6 X 10"/
em”. Second, the phosphorus was used to adjust the
threshold voltage, whose energy and dose were
50keV and 1X10"/em’, respectively.

An automated test station used for data mea-
surement and collection in these experiments is
shown in Fig. 1. Parameters were measured by us-
ing an HP4156B high—precision semiconductor pa-
rameter analyzer, which was connected to the probe

station and composed of four Source Monitor Units
(SMU), two Voltage Source Units (VSU), two

Voltage Measurement Units ( VMU ) and one
Pulse Generator Units (PGU). This analyzer could
control the electric measurement, record the data
and perform the statistical analysis. All experi-
ments were conducted via computer to control
HP4156B high precision semiconductor parameter

analyzer.

Microprobe
101

FIG. 1 Block Diagram of Experiment Apparatus

Figure 2 shows the schematic cross section of
P-MOSFET used in the SHH injection experiment.
Source and drain were grounded in the experiment.
The electron current /- was controlled by the gate
voltage, independently of 7.: hole current In was
controlled by the n-well voltage Vwai and the p-sub-
strate voltage V.. T he gate current /. was the sum

of I.and /.

] l’|<0 Ve ?0
4 —
tp) /) L)
nWell
p-Sub
Vot > Vet

FIG.2 Schematic Diagram of P-MOSFET

Figure 3 shows the control of Vi, to I¢, where
the gate current [ acts as a function of Vi, under
different gate bias Vi of 10, 10.5 and 11V separate-
ly. Here, Vi, represents the voltage difference be-
tween p-substrate voltage V. and the n-well volt-
age Ve, i.e. Vip= Van— Vwer; Iip represents the in—

jection current of pn at the bottom of p-MOS-
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FET.If the pn junction is not forward biased, the
holes will not be injected into the gate oxide due to
the built-in potential between n-well and p-sub-
strate junction. In case I is made up of electron
current, as long as V. keeps constant, I will keep
constant, too, as ., which is about — 2nA when the

[ ”
< " denotes the cur-

gate oxide voltage Vi= 11V.
rent flow out of the device. As the n-well/p-sub-
strate is forward biased (V> 0.7V), the holes
will be injected from the n-well to gate oxide. The
hole current /v becomes larger with Vi increasing,
so does the gate current /. The increased compo-
nent in /¢ corresponds with that in hole current I.
With this technique, we can separately control the
amounts of hot electrons and hot holes injected in-
to the gate oxide. Q. is expressed as below

Qc= Jom (1)

Jo= 1./S\ (2)
where Jeis the injected electron current density; T
is the dielectric breakdown time, S is the channel
area. Similarly, Qn is expressed as below

On= Juma

Juv= 1./S2

where Ju is the hole current density.

(3)
(4)

3 Results

We have studied the correlation among Qu, Q-
and the injected electron current Je under a con-
stant substrate pn junction voltage Vi, or in other

word, in a constant hole current.

Figure 4 shows Qn and Q. versus J. at a con—
stant hole current density of 4 X 10" *A/em”. The
electron current J. varies according to the gate
voltage V.. We can see in Fig. 4 that in a low J.re-
gion, Qh significantly decreases, so the Qv model, in
which the dielectric breakdown in the gate oxide

occurs at a constant hole influence through SiO2,
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FIG.4 (eand Quw Versus J.at Constant Ju

does not hold in the low J. region: while Q. keeps
almost constant. We can infer from the experimen-—
tal results that the injected electrons dominate the
dielectric breakdown in the gate oxides in the low
J. region. In the high J. region. Qv decreases with
the increase of J. and tends to be saturated for the
conventional F-N electron tunneling injection. On
the other hand, Q- increases greatly in the F-N tun-
neling region, though Q. almost keeps constant in
the low Jeregion. The experimental results indicate
that both injected hot electrons and hot holes are
necessary for the dielectric breakdown of gate ox-
ide, either in SHH injection condition or F-N elec—
tron injection condition. So, we can assume that hot
electrons create hole traps in SiO2, which lead to
the dielectric breakdown after the capture of holes.

In the low Jeregion, though the amount of injected
hot electrons is quite small, they can break Si—0
bonds and form some holes traps, so it is the limit-
ing factors for dielectric breakdown in SiO2. In low
J. region, Qv is larger than that in high J. region,

due to the lack of injected hot electrons. When the
holes traps are sufficiently created by the large
amount of injected hot electrons in the high J. re-

gion, especially under F-N electron injection condi-
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tions, dielectric breakdown in Si02 will be dominat—
ed by the total amount of holes injected into the
8102, as accords with the @ constant region report—
ed by Chen'".

What’s more, we have studied the correlation
among (h, Q- and injected electron current Jein a
constant gate oxide field, i. e. a constant hot elec—
tron current density. Ju varies with Vi, Figure 5
shows the schematic diagram of Qe and Qn as a
function of Ju under a constant J. condition (J.= 4
X 10" *A/em’). We can see that Qu increases with
the hot hole current density Ju increasing in the
high Ju region while Q- maintains constant in this
region. It is because there are large amounts of
holes passing through the gate oxide without being
trapped. In this case, Q- is constant, because the di-
electric breakdown in Si02 occurs immediately after
the injected hot electrons create the critical amount
of hole traps for the SiO: dielectric breakdown. On
the contrary, it is found that in the low Ju region,
Q- decreases with the increase of Ju, while Qn is
constant. In this case, the amount of injected holes
is a limiting factor for the dielectric breakdown.
From the experimental research described above, it
is deduced that the cooperation of hot electrons and
hot holes is necessary for the dielectric breakdown

in Si02.
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FIG.5 .and (s Versus Juat Constant J.

4 New Model for Dielectric
Breakdown

The time-dependent dielectric breakdown

mechanism of the gate oxide is still under dispute.

All kinds of models have been presented to de—
scribe the TDDB breakdown, among which, the
most important two are the impact ionization mod-
el and the electron traps model. Those who support
the impact ionization model think that the hole
flow is generated because of the impact ionization;

when the hole flow reaches some value Qu, the gate
oxide will breakdown. This model is based on the
impact ionization, but the gate oxide will also
breakdown under a lower voltage if its thickness is
less than 10nm. In this case, no impact ionization
will happen, as can not be explained by this model.

We have made many experiments on PMOSFET ‘s,

with the results indicating that Qnis not a constant
but connected with the stress condition. T herefore,

to characterize the time dependent dielectric break-
down by using a constant Qn is just approximate to
some extend. The electron traps breakdown mode
indicates that the electron traps existing in the gate
oxide can capture the electrons and make the elec—
tric field increase. When the electric field arrive at a
critical value, the breakdown of the gate dielectric
will happen. This model can explain many experi-
mental results very well except for the positive
charge captured in the oxide.

[n order to investigate the roles of electrons
and holes in the gate oxide breakdown, we exert
different bias on the PMOSFET, with the results
shown in Fig. 6. It is found that the increase in the
threshold voltage is negative under any bias, so the
charge captured in the gate oxide must be positive.
T he shift of threshold voltage becomes more nega—
tive with the stress time increasing, w hich indicates
that more and more positive charges are trapped in
the gate oxide with time increasing. From this fig—
ure, we can also find that the shift of threshold
voltage increases with the increase of stress inten—
sity. Increasing stress intensity makes more hot
electrons and traps generated, as leads to the shift
of threshold voltage increasing. Much attention
should be paid to the curve of biasing voltage when

Ve= 3V, Vip= 1. 2V. In this case, the shifts of



1244 oS K ¥ M 22 %
threshold voltage are almost zero. This phe—  field and are injected into the gate oxide by F-N

nomenon shows that not all hot electrons are gen—
erated under a low bias. There still exist some
holes, which do not be captured because no hot
electrons are injected into the gate oxide or no
traps are formed. So we conclude that hot electrons
are essential conditions of SiO2 breakdown. The
positive drift of threshold proves that the positive
charges are trapped in SiO2. It is considered that
there is certain connection between the holes
trapped model and the electrons trapped model.
Under the condition that the hot electrons are in—
jected into the weak bonds, such as the gate oxide
strain Si—0, ete. , to produce some silicon dangling
bonds acting as hole traps, once the holes are cap-
tured by the traps. the trivalent silicon will be gen—
erated. When the locally collapsed trivalent silicon
structure forms a conductive path in SiO2, the di-
electric breakdown will happen.
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FIG.6 Shift of Threshold Voltage vs Time

It is well known that Si—0, Si—H and Si—Si
weak bonds exist on the interface between gate ox—
ide and Si-5i0:. In addition, there exist transition
regions on the Si-8i0: interface. The combination
of every two bonds is very weak, which can be sep—
arated with little energy. In a high electric field, the
weak bonds in the gate oxide, interface and transi-
tion region will break to form some traps.

Base on above experiment, a new model for di-
electric breakdown in SiO:2 is presented to describe
the ultra-thin gate oxide breakdown, which charac-
terize the ultra-thin gate oxide breakdown in two
steps. The first step is connected with hot elec—

trons. Hot electrons gain energy from high electric

tunneling. High energy hot electron can break weak
bonds, such as Si—0, ete. , to form the trap center.
The second step is the holes being captured by

these traps.

5 Conclusion

The roles of hot electron and holes in dielec—
tric breakdown of the thin gate oxides have been
quantitatively investigated in this paper by sepa-
rately controlling the amounts of injected hot elec—
trons and holes with substrate hot holes injection
method. When Ju keeps constant, it can be seen
that Qn decreases with J. increasing; while Q. is
constant in a low J.region. When J.is high, Q. will
increase with Jeincreasing and Qutends to saturate
and keeps constant. This means the dielectric
breakdown at Qu, which acts as a criterion, does not
apply to the whole stress process. When J. keeps
constant, similar situation occurs. Moreover, the
shift of threshold voltage has been measured. T he
negative shift value under different stress condi-
tions indicates that the positive value trapped in
Si0: dielectric and hot electron is necessary for the
dielectric breakdown. From the experimental re-
sults, a new model for ultra-thin gate oxides break-
down is presented. We presume that the gate oxide
breakdown is divided into two steps. One is hot
electrons breaking Si—O0 bonds and producing
some dangling binds as holes traps. The other is
holes being trapped and a conducted path being
produced. In conclusion, the joint effect of electrons
and holes makes the ultra-thin gate oxides break-

down complete.
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