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This paper describes dre relationship berween the charge-to-tneakdown with constant curent injection (Q6$ and the time -
to-breakdown with constant-voltage sts€ss (t5$. The oxirle lifetime (t5g can be predicted from Q66 by evaluating tlre time
dePendence of th€ gate cunent density J(t) und€r constant-volt4ge sress. This relationship is verified for the oxide thickness
more lhan 6 nm and vrious substrat€ temperatures in the measurement from 35.C !o f50.e.

l. Introduction

The process-induced degradation of thin gate
oxide quality becomes a key issue in the development for
highly reliable MOSFET devices. Until now, gate oxide
reliability is evaluated by FDDB @eld Dependent Dietectric
Breakdown) method performed with the ramp-voltage stress,
and two kinds of TDDB (Time Dependent Dielectric
Breakdown) methods, which are "t66"(time-to-breakdown)
and "Qbd" (charge-to-breakdown) with constant-current
injection. The TDDB method under constant-voltage stress
(tUd allows the lifetime prediction of gate oxide. The
relationship between FDDB method and t66 method was

studied by A. Berman 1), bot that between tbd and e66 has
not ever been clarified . The time dependence of the gate
current density J under constant-voltage stress makes it
difficult to clarify the relationship, in particular, in the high
oxide-field regime (>10 MV/cm).

In order to evaluate the oxide "lifetime" degradation
induced by each manufacturing process, the study of the
correlation among these techniques is needed. We found
experimennlly a relationship between QUO and tbdz), using
the useful concept in the study of strength and fracture of
steel by M. A. Miner in 19453).

In this paper, we clearly show the relationship between
QUO and tbd by Cumulative Damage Law. The Cumulative
Damage Law is verified for the thin gate oxide and the high
substrate temperature in the measurement.

2. Cumulative Damage Law

M. A. Miner found Cumulative Damage Law by
concerning the cyclic "mechanical" stress to the materials
(steet)3). We modify this law to the "electrical" stress to the
gate oxide lifetime as follows[2].

Under constant-voltage stress, the gate oxide consumes
its lifetime by J(t)A/Qbd(J) ar each period(At) since eUO of
the gate oxide depends on the injected current density J. The
rario JAr/ebd(J) corresponds to the effective lifetime
expenditure at each increment. The oxide breaks down when
the sum of the fraction of,the lifetime expenditure at each
period ; JA/QUO(J), reaches uniry, rhar is,

(1)

0
Eq.(l) corresponds to the Cumulative Damage Law to the
electrical stress and indicates the relationship between QUO
and t66.

3. Experimental

MOS capacitors with gate area of 5p^2 were fabricated
on p-type silicon substrate as test samples. After the
LOCOS isolation process, gate oxides were formed with
thicknesses of 6 and 8 nm in pyrogenic ambient. To verify
Eq.(l) for the thinner oxide and the temperature-accelerated
mqsurement, the substrate temperature in the measurement
T was controlled from 35'C to 150"C.

The experiment was carried out by the following steps:
1) Q66(J,T) is measured.
2) Constant-voltage stress is applied to the oxides.
3) Sum of JAI/QUd(J,T) is calculated for various oxides

until the destructive breakdown.
This procedure further gives us information on the

dispersion of J(t) data for different samples, which is
important for modeling J(t) in ttre future study.

4. Results and Discussion

4.1. Qb6 Measurement
The Weibull distriburion of QUO is shown in Fig.l. The

inrinsic breakdown mode can be seen for both 6 and 8 nm
oxides. As shown in this figure, Qbd at conventional S\Vo
cumulativ€ failure is used for discussion. Fig.Z shows the
dependence of Q66 on the stress current density J for 6 and
8 nm oxides. The substrate temperature was kept to 35'C.
The substrate temperature dependence of Qbd is shown in
Fig.3 for 8 nm. Arrhenius behavior is evident4),5) and the
activation energy is calculated as 0.193 eV in this case.

The experimental relationship of Q56 - K 1- K2ln(J) is
adopted5),6) for J dependence and the parameters K1 and
K2 are determined from Figs.2 and 3. They are listed in
Table I. Thus, the denominator in Eq.(l), e66(J,T) is
determined for each oxide and T.

I ,I,^bd(r)l dt = 1.
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Fig.1. Cumulative failure versus charge-to-

breakdown in the Weibull plots. The

substrate temperature in the measurement

is conrolled at 35C.
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Fig.3. Dependence of Qm on the substrate

temperature in the measurement.
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Fig.4. Time evolution of the gate cuffent under cons[ant-

voltage snessing. At each increment, the lifetime
"FAI/Q6(J,T)1" is consumed. (T=35 C)

4.2. t66Prediction
In the measurement of t66, ttre gate current J decreases

with time due primarily to the trapped electrons in the

oxide7) as shown in Fig.4. At each increment under

stressing, the "effective" oxide lifetime expenditure differs
from the magnitude of J(t) since QbO is a function of the

stress current density as shown in Fig.2.
From QUO(J,T) and J(t), the sum of JAt /QUO(J,T) is

calculated for various oxides in the tbd measurement. Fig.5

shows the relation between I,UAI /Quo(J'T)l until the

breakdown and the time-to-breakdown for various oxides.
Also the dependence of substrate temperature in the
measurement T is shown in Fig.6. As seen in these

figures, all data fall on a universal curve, indicating that the

dispersion of J(t) among the samples is small and
negligible. Therefore, any J(t) can be selected as the
representrative for calculating JC) by the electron-trapping

modelT) or other methods.
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Fig.Z. Dependence of charge-to-breakdown at 50Vo

cumulative failure on stress current density.

Table I Parameters K1 and K2
inQua-K1 -K2 lnJ.

K1(C/cm2) K2(Clcmz)

6 nm 35C 25.3 4.U

52.2 7.9s

r4.5 2.M

6.03 0.795
8nm

3sc
100c
lsoc

4mA/cmz^
?frmNcrr{.
100mA/cm2

Sress Voltage : -10.0V
Gate Area :5Pm2
Oxide Thickness: 8nm
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Fig.5. Distribution of the sum :LIJA/abdl
for different gate oxide ttricknesses.
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shown.
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Fig.6. Distribution of rhe sum :EFA/euol
for different substrate temperatures

in the measurement. t66at50%o
cumulative failure is also determined
for each T.

From these figures, tbd at 507o cumulative failure can
be predicted from the intersection between EtJAt/
QUO(J,T)I=I and the data. Fig.1 represents a comparison
between tbd experimentally determined from 50To

cumulative failure and fd derived from the mettrod above.
As seen in this figure, t66 and tcal agree well with each
other for various gate oxide thicknesses and substrate
temperaturcs in ttre measurement, supporting the validity of
Eq.(l). These results indicate that t66 or the process-
induced lifetime degradation of oxide is quantitatively
estimated from Q66 (a good monitor for the process-
induced damage to the oxide) by modeling J(r) and using
Eq.(l) without measuring t66. Moreover, the time required
for measuring t66 is shorrened by the merhod. Also Eq.(l)
can be applied to the thin gate oxide thickness and to the
temperature-accelerated measurement.

llkT(eV-t )
Fig.7. The experimentally determined t66 and the

calculated tml for various oxide thicknesses
and substrate temperatures in the measurement.

5. Conclusion

The relationship between t66 and QUO is clarified by
Cumulative Damage Law. This law is successfully applied
to the thin oxide evaluation and to the temperature-
accelerated testing, and also gives the evaluation method of
oxide lifetime degradation induced by each manufacturing
prccess by QUO.
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