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Abstract

The metal/oxide/n-silicon tunneling diodes with hydrogen (deuterium) passivated Si/SiO, interface are stressed under
hole-injection conditions to investigate the mechanism of gate oxide degradation. Although the isotope effect on soft
breakdown was previously observed in the deuterium-annealed metal/oxide/p-silicon devices, no isotope effect on the
oxide soft breakdown was observed in the metal/oxide/n-silicon devices. However, the time evolution of electrolumi-
nescence indeed shows the isotope effect on the interface states density at the Si/SiO, interface of the metal/oxide/n-
silicon devices. This suggests that there is an isotope effect on the hydrogen (deuterium)-release at Si/SiO, interface
under hole current stress from the gate electrodes, but the released hydrogen moves to the bulk Si (not oxide) due to the
direction of the electric field. This can explain that the isotope effect is observed in the electroluminescence measure-
ment, but not in the soft breakdown measurement. The hydrogen released to the bulk Si is not responsible for the soft

breakdown, and the tunneling-hole-induced traps in the oxide may be responsible.
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Keywords: Ultrathin oxide; MOS; Deuterium; Degradation; Hole trapping

1. Introduction

The time-dependent degradation of metal-oxide-sil-
icon (MOS) devices due to current stress has been ex-
tensively studied since the early 1980s [1], and the
reliability of ultrathin oxide becomes an important issue
for future ultralarge scale integration technology due to
the large gate leakage current. It is generally believed
that gate oxide degrades after a critical density of elec-
tron traps has been built-up in bulk oxide [2]. However,
the mechanism of the trap generation is still a concerned
issue these years. DiMaria and Cartier proposed that the
trap creation was related to the Si/SiO, interface hy-
drogen release (HR) by injected hot electrons [3], i.e.,
“HR model”. The reliability improvement by replacing
hydrogen with deuterium at the Si/SiO, interface using
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post-metallization anneal supports this model [4]. The
improvement is due to the strong coupling between Si-D
bending mode (460 cm™!) and transverse optical pho-
nons in bulk Si (463 cm™!) [5-7]. However, the anode/
hot hole injection model was imposed recently because
no improvement in oxide reliability was observed in the
devices with deuterium passivated Si/SiO, interface un-
der Fowler—Nordheim stress [8,9]. We have proposed
that the oxide degradation is related to the HR model
under low injected electron energy and high current
density stress condition in n-channel MOS tunneling
diodes [10]. In this letter, we investigate the degradation
of the hydrogen- and deuterium-treated p-channel MOS
(PMOS) tunneling diodes under positive gate voltage
stress. The experimental results reveal that the deute-
rium isotope effect is not observed on the oxide soft
breakdown, while the isotope effect is indeed observed
on the interface states density (D;) monitored by elec-
troluminescence intensity. However, the breakage of the
Si—-H bonds does not contribute to the trap formation in
the oxide due to that the released hydrogen moves into
the bulk Si.
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2. Experiments

The ultrathin gate oxide of the PMOS tunneling di-
ode used in this study was grown by rapid thermal ox-
idation (RTO) on n-type Si at 900 °C. The gas flows
were 500 sccm nitrogen and 500 sccm oxygen at the
pressure of 100-250 mbar. Before oxidation, the sample
was cleaned by a HF dip. An in situ deuterium prebake
at 900 °C for 2 min was performed before the growth of
the RTO. After the growth of the ultrathin oxide, the
sample was in situ annealed in deuterium and nitrogen
for 10 min each at 900 °C. This yields a deuterium
concentration of 2 x 10?° cm~3 in oxide measured by the
secondary ion mass spectroscopy using the same growth
condition (Fig. 1 of Ref. [11]). The H,-treated samples
were processed with the same procedure except replacing
deuterium by hydrogen. The wafer temperature was
measured by a pyrometer with a close loop control. The
thickness of oxide was measured by ellipsometry. The
resistivity of the 100 mm n-type (100) wafers is 1-10
Qcm. PMOS diodes have Al gate electrodes with cir-
cular areas defined by photolithography. In this experi-
ment, the reliability measurement was carried out using
an HP 4156A semiconductor parameter analyzer.

3. Results and discussion

Fig. 1 shows the time evolution of gate current for
H,-treated PMOS tunneling diodes with oxide thickness
of 2.7 nm under constant voltage stress (CVS) at 7, =2
V. The area size of the device is 3 x 10~ cm?. At positive
gate bias, electrons tunnel from the silicon substrate to
gate electrodes, and holes tunnel from gate electrodes to
silicon substrate. Note that the electron tunneling from
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Fig. 1. Time evolution of the gate current for H,-treated PMOS
tunneling diodes with oxide thickness of 2.7 nm under CVS at
Vg =2 V. The inset is the current-voltage curves before and
after stress.

Si to Al cannot damage the Si/SiO, interface, since there
is no excess energy of electrons at the Si/SiO, interface.
The device reveals soft breakdown after ~2200 s stress,
which indicates that some traps are built up in the bulk
oxide due to the injected holes [13]. There is an apparent
disparity between the current—voltage (I-V) curves of
the devices before and after stress (the inset of Fig. 1).
Compared with the results of the H,-treated devices,
similar phenomena are observed in D,-treated devices
under the same stress condition. No deuterium isotope
effect on soft breakdown is observed in the H,- and D,-
treated PMOS tunneling diodes under hole injection
stress.

To confirm the observed results, more than 10 de-
vices are measured to obtain the statistical data. Fig. 2
shows the Weibull plot of the charge to breakdown
(Osp) characteristics for both the H,- and the D,-treated
PMOS tunneling diodes with oxide thickness of 2.7 and
2.8 nm, respectively, under CVS at V, =2 V. The area
of the devices is 3 x 10™* cm?. The QOgp is calculated
from the integral of the gate tunneling current and the
time-to-breakdown (7pp) as shown in Fig. 1 (labeled as
“Opp”’). Both H,- and D,-treated devices have similar
QOpp distribution. No improvement of oxide reliability is
observed in the D,-treated devices. Based on the HR
model, the isotope effect is due to the strong coupling
between Si-D bond bending mode and silicon optical
phonon states, and as a result, the Si-D bonds become
more difficult to be broken by injected electrons than Si-
H bonds [5,10]. The isotope effect on soft breakdown is
not observed in our experiments. Therefore, in the
PMOS tunneling diodes, the degradation of the gate
oxide may be dominated by other mechanisms.
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Fig. 2. The Weibull plot of the charge to breakdown (QOgp)
characteristics for the H,- and the D,-treated PMOS tunneling
diodes under CVS at ¥, =2 V. No deuterium isotope effect is
observed.
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One speculative mechanism is the HR from the Al
gate. It is well known that the Al gates contain high
concentration of hydrogen. The injected electrons from
Si to Al gate may cause the HR from the gate, which will
lead to the degradation of oxide. There will be no dif-
ference between the reliability performance of the H,-
and D,-treated devices if the HR from the gate becomes
the dominant mechanism. The other possible mecha-
nism is direct hole trapping in the oxide. Two kinds of
current components exist in the PMOS tunneling diodes.
The electron current tunnels from Si conduction band to
Al and the hole current tunnels from Al to Si valence
band. The hole tunneling from Al to Si can break the Si—
O bond or Si-H bond [12] or be trapped in the bulk
oxide by oxygen vacancy (O vacancy) [13,14] with the
formation of the interface states and bulk tarp, respec-
tively. While the electron tunneling from Si to Al cannot
damage the Si/SiO, interface, since there is no excess
electron energy at the Si/SiO, interface. By theoretical
calculation, Yokozawa et al. have proposed that the O
vacancy terminated with hydrogen initially can change
its structure to be a new electron trap after capturing
injected holes [13,14]. Therefore, if the injected holes
have enough energy to break the Si—H bonds in the bulk
oxide (hole trapped by O vacancy), the generation of
traps will contribute to the leakage currents in oxide film
[14], which will lead to the degradation of oxide. How-
ever, these models are speculative and still under inves-
tigation.

To further investigate the defect formation in the
PMOS tunneling diodes, the light emission intensity at
bandgap energy is measured [15]. The band-edge light
emission can be observed when the oxide roughness [16]
and phonons [17] can provide the necessary momentum.
Fig. 3 shows the mechanism of light emission of the
PMOS tunneling diodes. The device is biased at accu-
mulation region, i.e., the positive voltage on the gate
electrode. The holes tunnel from gate to the n-Si sub-
strate, recombine with the electrons in the accumulation
region, and then the light is emitted (radiative recom-
bination). However, if the holes recombine with the
electrons via the interface states, the emission intensity
at bandgap energy decreases (non-radiative recombina-
tion). Therefore, we can investigate the variation of the
Dy, by monitoring the time evolution of the emission
intensity. Note that it is difficult to get the information
of the D; in the MOS diode with ultrathin oxide from
capacitance—voltage measurement due to the significant
leakage current. The time evolution of the emission in-
tensity at the peak of the spectra was measured in the
Fig. 4. The normalized emission intensity at the peak of
the spectra for the D,-treated device decreases only ~9%
after 10,000 s constant current stress at 100 mA. While,
the normalized emission intensity for hydrogen-treated
device decreases ~33% after 10,000 s stress. For the H,-
treated device, the hydrogen bounded at interface (Si-H
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Fig. 3. The mechanism of light emission of the PMOS tunnel-
ing diodes.
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Fig. 4. Time evolutions of the emission intensity at peak for
both H,- and the D,-treated PMOS tunneling diodes under
constant current stress at 100 mA.

bonds) was more easily released due to the injected holes
than the deuterium. Therefore, the D; increases and
the non-radiative recombination rate via interface states
increases with the stress time. The deuterium isotope
effect is observed on Dy, indicating that there must be
other origins of trap formation in the oxide of the
PMOS device rather than the HR model under hole
injection stress.

The speculative mechanism of the trap formation in
the oxide of the PMOS device under hole injection stress
is shown in Fig. 5. The hole tunneling from Al to Si can
break the Si—-H bond or be trapped in the bulk oxide by
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Fig. 5. The speculative mechanism of the trap formation in the
oxide of the PMOS device under hole injection stress.

the oxygen vacancy (direct hole trapping) with the for-
mation of the interface states and oxide traps, respec-
tively. Since the released hydrogen moves forward into
the bulk Si, not into the oxide, due to the direction of
electric field, the released hydrogen cannot contribute to
the trap formation in the oxide. The injected electrons
from Si to Al gate may cause the HR from the gate. The
origin of oxide traps may come from the direct hole
trapping in the oxide or the HR from the Al gate, which
induce the oxide soft breakdown. Therefore, no deute-
rium isotope effect on soft breakdown is observed in the
hole injection condition.

4. Conclusions

In conclusion, the degradation mechanism of PMOS
tunneling diodes under hole injection is investigated.
The soft breakdown has no isotope effect, but the elec-
troluminescence has. The soft breakdown may be caused
by the trap formation in oxide induced by the direct hole
trapping in the oxide or the HR from the Al gate. The
released hydrogen from the breakage of Si-H bonds at
Si/Si0, interface cannot contribute to the formation of
oxide traps due to the direction of the electric field.
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