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Abstract

We demonstrate a manufacturable remote plasma
nitridation process that significantly extends the reliability
scaling limit of SiO, based gate dielectrics.

Introduction

The reliability of aggressively scaled SO, is a critical
technology issue. It has been shown that 2.4 nm is the
minimum SiO, thickness for reliable 1 VV operation [1]. One
aspect leading to this apparent limit is the thickness scaling
behavior of the Weibull slope. The Weibull slope, used for
area scaling and to project the lifetime to ppm fail fractions
corresponding to low failure rates, decreases with oxide
thickness and saturates at a value of 1, as shown in Figure 1.
It was subsequently proposed that through extremely tight
oxide thickness control, the resultant improvement in Weibull
slope can extend the reliability scaling limit of SiO, [2]. The
effectiveness of this approach is under debate [3].

The TDDB voltage moddl is given as tgg, =toe BVe

[4,5], where t5y, is the mean time to fail, t, is the pre-factor,
B is the voltage acceleration factor, and Vg is the gate
voltage. One scaling trend that is favorable for reliability is
the increase in the acceleration factor as gate voltage is
reduced [6]. An investment in long stress times is required to
take advantage of this entitlement.

In this work, we will demonstrate a manufacturable remote
plasma nitridation process that significantly extends the
reliability scaling limit of SiO,, without requiring extremely
tight thickness control or resorting to extended stress times.
These improvements arise from reduced leakage, increased
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Figure 1. Waelbull slope vs. oxide thickness. The Weibull
slope saturates at 1 for tox < 2.4 nm.

Weibull dlope, and higher voltage acceleration factor at
elevated temperature due to the changes in film properties
resulting from nitrogen incorporation.

Experiment

The gate dielectrics are 1.7 nm — 4.3 nm thick thermally
grown SiO, films and remote plasma nitrided oxides (RPNO)
[7]. RPNO films are fabricated by exposing oxides to a low
energy nitrogen plasma. The advantage of this nitridation
technique is that a relatively high level of nitrogen
incorporation can be achieved without the deleterious effects
of hydrogen. The plasma nitridation does not degrade channel
mobility [8,9], while fully suppressing boron penetration
from pMOS poly [7-9].

Constant voltage stress is performed on nMOS devices
fabricated using a dua-poly full-flow cMOS process.
Equivalent oxide thickness is determined from C-V matched
quantum simulations [10]. Oxide areas range from 1x10”" cm?
to 4x10* cm?. Failure is defined as the onset of soft
breakdown. Lifetime is projected using the voltage model for
TDDB [4,5]. Average failure rate (AFR) is calculated using
Weibull statistics [11].

Results
A. Charge-to-breakdown and leakage current

Qgp Vs. gate voltage is shown for RPNO and oxide films
in Figure 2 for equivalent oxide thickness (EOT) < 2.7 nm, in
the range where Qgp does not vary significantly with
thickness [1]. In Figure 2, it can be seen that Qgp is generally
the same or better for oxide. As shown in Figure 3, thisis due
to the higher trap generation rates per injected electron
fluence (Pgeny in RPNO dielectrics, which is a consequence of
exposing these films to a plasma during the nitridation
process. It would seem that the reliability of RPNO is inferior
to oxide. However, at a given EQOT, the gate leakage current
is significantly lower for RPNO films, as shown in Figure 4.
The leakage reduction in RPNO occurs because 1) the
incorporation of nitrogen is sufficiently high to increase the
dielectric constant, allowing a physically thicker film for a
given EOT, and 2) the presence of interfacial nitrogen
increases the width of the sub-oxide transition region [12].
Since tgp = Qgp/Js, the lower leakage in RPNO will make it
possible to attain ts, comparable to oxide.
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films have lower leakage at a given EOT.

B. Optimizing RPNO reliability

TDDB data are shown in Figure 5. For EOT > 2.4 nm, ts
is higher for oxide, but is comparable between oxide and
RPNO for EOT < 2.4 nm. Inspection of Figure 5 shows that

the voltage modd prefactor t, is affected by plasma
nitridation, whereas the acceleration factor a 25°C is
relatively insensitive to RPNO processing.

It has been reported that non-uniform nitrogen profiles
resulting from thermal N,O treatments of oxide films give
rise to spatialy non-uniform trap generation, causing polarity
asymmetry in the Weibull slope [13]. We will show that a
similar effect is observed in RPNO, and utilize this result to
optimize RPNO reliahility. The stress polarity dependence of
the RPNO critical bulk trap density at breakdown (Ngp),
extracted from SILC measurements [14], is shown in Figure
6. Ngp becomes polarity independent below 2.4 nm thickness,
where the nitrogen profile is uniform (confirmed by ToF-
SIMS). Concurrently, the RPNO Weibull slope also becomes
independent of stress polarity below about 2.4 nm, as shown
in Figure 7. Bulk trap generation rates for RPNO are shown
in Figure 8. The generation rate is sharply lower when the
nitrogen profile is uniform. Since tgp = Ngp/Pgen* Js [1], the
reduction in generation rate accounts for the increase in the
TDDB pre-factor for EOT < 2.4 nm shown in Figure 5. From
Figures 5-8, it can be concluded that mean time to failure
comparable to oxide is attained (and RPNO reliability is
optimized) when the nitrogen profile is uniform.
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Figure 5. Oxide and RPNO tsu vs. gate voltage. RPNO and oxide
TDDB data are comparable for EOT < 2.4 nm.
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Figure 6. Polarity dependence of RPNO critical trap density
at breakdown. Ngp is polarity independent below 2.4 nm.
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Figure 7. Polarity dependence of RPNO Weibull slope. The
Weibull slopeis polarity independent below about 2.4 nm.
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Figure 8. 25°C bulk trap generation rate after 10 C/lcm?
fluence. The trap generation rate drops abruptly when the
RPNO nitrogen profile becomes uniform.

C. Critical trap density and Weibull slope

Ngp for oxide and RPNO films is shown in Figure 9. At a
given EQT, the trap density required to cause breakdown is
higher for RPNO. This is partialy due to the larger physical
thickness for RPNO at a given EOT. Similarly, at a given
EQT, the Weibull slopeis also higher for RPNO, as shown in
Figure 10. Below about 2.1 nm EOT, the RPNO Weibull
sope saturates at a value of about 1.3, representing a
significant improvement over oxide. Although the RPNO
Weibull slope saturates at a 0.2 - 0.3 nm thinner EOT than
oxide, the physical thickness at saturation is about the same
(24 nm). Therefore, to first order, the lower EOT at
saturation does not appear to be due to a reduction in trap
radius in RPNO. A possible interpretation of the higher
RPNO Weibull slope at saturation, inferred from percolation
theory [1,15,16], is that a smaller fraction of the generated
trap states in RPNO participate in breakdown compared to
oxide.
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Figure 9. Oxide and RPNO critical trap densities at breakdown.
At agiven EOT, Ngp is higher for RPNO.
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Figure 10. Oxide and RPNO Weibull slopes. RPNO processing
increases the Weibull slope.

D. Behavior at elevated temperature

It has been reported that thin oxide acceleration factors are
weakly dependent on temperature [17]. Our findings are
similar, as shown in Figure 11. It can also be seen that RPNO
and oxide acceleration factors are comparable at 25°C.
However, in contrast to oxide, the acceleration factors of
RPNO films increase at 105°C. Additional work is needed to
relate the microscopic trap properties to the observed TDDB
temperature dependence of RPNO films.

For optimized RPNO films with uniform nitrogen profiles,
the higher Weibull slopes and 105°C acceleration factors
result in a significant improvement in product reliability
under worse case conditions. The maximum safe supply
voltage using areliability criteria of 10 FIT AFR for 100,000
hours operation at 105°C for 0.1 cm® area is shown in
Figure 12. The oxide data, appropriately normalized, are
comparable to the results reported in [1]. For 1.2 V worse
case operation, the RPNO EOT can be safely scaled about
0.6 nm thinner than oxide for the reliability criteria specified.
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Figure 11. Voltage model acceleration factors vs. gate voltage.
RPNO acceleration factors are higher than oxide at 105°C.
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Figure 12. Maximum safe operating voltage for 10 fit AFR for
100,000 hours operation at 105°C for 0.1 cm? gate area. For
RPNO, data are shown only for films with uniform nitrogen
profiles. RPNO significantly improves the reliability of SIO..

Conclusions

An RPNO process, optimized by obtaining a uniform
nitrogen profile, overcomes the reliability scaling limitations
of SIO, without requiring extremely tight thickness control or
resorting to extended stress times. These benefits result from
reduced gate leakage, increased Weibull slope, and higher
voltage acceleration factor at elevated temperature. For the
conditions specified, the RPNO thickness can be safely
scaled about 0.6 nm thinner than pure oxide at 1.2V worse
case operation. Further studies at lower gate voltages and
thinner EOT will be needed to evaluate how far this trend
extends.
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