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Dielectric properties of nitric oxide-annealed gate oxides grown on
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Abstract

The characteristics of nitric oxide (NO)-annealed nitrided gate oxides grown on nitrogen-implanted silicon substrates (NIS) were studied in this
paper. It was found that nitrogen accumulation occurred near the interface after NO-annealing, while NIS-grown nitrided oxide produced a
uniform nitrogen distribution in the dielectric bulk. Moreover, it was found that the dielectric reliability is strongly dependent on the dosages used
for NIS preparation. NIS with dosages smaller than 1014 cm−2 was found not to suppress the oxidation rate and to degrade the dielectric reliability.
On the other hand, the samples with a dosage of 1015 cm−2 not only exhibited a significantly reduced oxidation rate, making it suitable for
growing oxides of multiple thicknesses in sub-3 nm technologies meeting the Systems on Chip requirement, but also improved the dielectric
reliability. NO-annealed NIS-grown nitrided oxides depict superior dielectric reliability and this technique appears to be suitable to replace the
traditional SiO2 at 0.13 μm technology node and beyond.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The continuous shrinkage of the dimensions of device
features to below a quarter-micron requires highly reliable ultra-
thin dielectric films of around 3 nm. In such a thin oxide regime,
the breakdown and wearing out of dielectric films are key
technological issues that must be addressed. As an alternative
gate dielectric, nitrided oxides have drawn considerable
attention due to their superior performance and reliability
properties over conventional SiO2 [1–8]. There are two
different primary methods to incorporate nitrogen into gate
dielectrics, (I) post-oxidation annealing, including ammonia
(NH3), nitrous oxide (N2O) and NO-annealing, and (II) nitrogen
ion implantation into the silicon substrate (NIS) prior to the
growth of gate dielectrics. However, NH3 annealing introduces
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an excessive amount of nitrogen into the gate oxide resulting in
reduced carrier mobility along with an excessive amount of
hydrogen, which degrades hot carrier immunity [1–3]. Another
candidate for nitrogen incorporation, N2O-annealing requires a
much higher thermal budget in order to obtain sufficient
nitrogen incorporation [4–6]. As a result, NO-annealing of the
initial oxide is preferred in preparing nitrided oxide with
sufficient thickness in a reasonable growth time, considering the
self-limiting nature of the growth in an NO ambient [6–8].

On the other hand, many efforts, including oxygen, argon
and nitrogen implantation are often used to grow multiple gate
oxide thicknesses in one thermal cycle in order to meet the
Systems on Chip (SoC) requirements [9–14]. Oxygen implan-
tation prior to gate oxide growth can improve oxide quality and
form multiple oxide thicknesses [9], but it seems unsuitable to
the application of deep-submicron generation. Since oxygen
implantation will enhance the oxidation rate, the final thickness
cannot be scaled down. Reports on argon implantation [10]
indicate that one of the concerns about the argon implantation
technique is that the implantation damage caused by heavy mass
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Table 1
EOT, TEM physical thickness and dielectric constant of NO-annealed NIS-
grown nitrided oxides

NIS dosage (cm−2) EOT (nm) TEM (nm) κ

w/o 2.49 2.6 4.0
1013 2.57 2.7 4.1
1014 2.52 2.7 4.1
1015 1.97 2.3 4.6
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Fig. 1. (a) C–V curves and (b) J–V curves of NO-annealed NIS-grown nitrided
oxides.
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argon ions may need a longer thermal cycle for annealing. In
looking at the benefits and drawbacks of the available options,
nitrogen implantation can be considered as a proper technology
to meet the requirement of deep submicron devices [11–14].
Since nitrogen implantation can retard oxidation rate, it is more
suitable to be implemented in SoC technology. Moreover,
incorporated nitrogen can be used to suppress boron penetration
[14–16], since it was observed not to be present in both the
oxygen and argon implantation techniques. In this paper, the
reliability characteristics of the NO-annealed NIS-grown
nitrided oxides are studied. Although nitrided oxides degrade
flat-band voltage shift and interface state density, the incorpo-
ration of nitrogen is demonstrated to effectively suppress trap
generation and improve time-to-breakdown (tBD).

2. Experimental details

Local oxidation of silicon (LOCOS) isolated metal-oxide-
semiconductor (MOS) capacitors were fabricated on p-type
(100) silicon wafers. After forming LOCOS isolation, nitrogen
was implanted into the silicon substrates with 10 keV at the
splitting dosages of 1013, 1014 and 1015 cm−2, which are
defined as light, medium and heavy NIS dosages, respectively.
In addition, some wafers without nitrogen implantation were
used for comparison. Wafers were then cleaned and dipped in
hydrofluoric (HF) acid before oxidation. The gate dielectrics
were grown at 750 °C followed by NO-annealing at 850 °C for
1 h. Then 1500 Å polysilicon was deposited with in-situ doped
phosphorus of 1020 cm−3. Dopants were then activated at 950
°C for 30 s. After gate electrodes patterning and the etching of
contact holes, aluminum metallization was done followed by
sintering at 450 °C in N2 ambient.

Square or circular capacitors of different areas, ranging from
2.5×10−5 to 1×10−2 cm2, with LOCOS isolation were used to
evaluate the integrity of the gate oxide. The physical gate oxide
thickness was determined by high-resolution field emission
transmission electron microscopy (HR-FETEM), JEOL-2010F.
The equivalent oxide thickness (EOT) listed in Table 1 was
extracted by fitting the measured high-frequency capacitance–
voltage (C–V) data from HP4284 LCR meter under an
accumulation condition with quantum mechanical correction
[17,18]. The tunneling leakage current density–gate voltage (J–
V) and the reliability characteristics of MOS capacitors were
measured by Semiconductor Parameter Analyzer HP4145A.
Nitrogen depth profiles and compositions were analyzed by
CAMECA IMS-4f magnetic sector secondary ion mass
spectroscopy (SIMS). The microroughness of the wafer surface
and the interface between nitrided oxides/silicon were detected
by tapping mode atomic force microscopy (AFM) D3100.

3. Results and discussion

Fig. 1(a) compares the C–V curves of the NO-annealed NIS-
grown nitrided oxides. For light and medium NIS dosages, i.e.,
1013 and 1014 cm−2, no obvious difference in the C–V curves
was observed. However, significant flat-band voltage (VFB)
shift and interface state density (Dit) increment were clearly
evident for the nitrided oxide fabricated with heavy NIS
dosages, i.e., 1015 cm−2. Since nitrogen (N) is a donor-type
impurity, the acceptor concentration in the substrate will be
compensated by the implanted N atoms before oxidation,
resulting in a smaller VFB [11]. It is known that post-oxidation
NO-annealing will introduce N into the gate oxides/substrate
interface and, as a consequence, this will lead to the increased
VFB shift and Dit [19]. On the contrary, NIS before oxidation
will reduce substrate doping and slightly recover the VFB shift.
The enhanced oxidation rates observed in the nitrided oxides
with NIS dosages smaller than 1014 cm−2 are attributed to
insufficient annealing because of the damage created by the ion
bombardment, which in turn leads to smaller capacitances. With
the heavy implant dosages of 1015 cm−2, the growth rate was
found to be reduced by nearly 15%, which seems substantially
smaller than the numbers reported in Ref. [13], but this can
probably be attributed to the lower oxidation temperature in our
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Fig. 2. SIMS nitrogen depth profiles of NO-annealed NIS-grown nitrided
oxides.
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Fig. 4. tBD Weibull distribution of NO-annealed NIS-grown nitrided oxides
under −4.3 V CVS.

266 Y.Y. Chen et al. / Thin Solid Films 513 (2006) 264–268
study. Accompanying the increasing implantation dose, the
dielectric constant (κ) was seen to increase from 4.0 of NO-
annealed nitrided oxide to 4.6 of NO-annealed NIS-grown
nitrided oxide and is summarized in Table 1. J–V curves for the
NO-annealed NIS-grown nitrided oxides at negative gate bias
are shown in Fig. 1(b). For the cases of 1013 and 1014 cm−2

dosages, the leakage current increases only slightly because of
the residual implantation damages. Nevertheless, for the case of
1015 cm−2 dosages, the leakage current density increases more
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Fig. 3. (a) Transient hole trapping behaviors and (b) trap generation rates of NO-
annealed NIS-grown nitrided oxides under −20 mA/cm2 CCS.
substantially because the oxidation rate is suppressed by the
large amount of the nitrogen incorporation.

Fig. 2 indicates the nitrogen distribution profiles with and
without NIS from SIMS analysis. Without NIS the dielectric
bulk lacks nitrogen. After post-oxidation NO-annealing, more
N will diffuse to interface and form Si3≡N bonds [20].
Moreover, the sample with 1015 cm−2 dosages not only exhibits
higher peak concentration at the interface, but also has tighter N
distribution than the samples with smaller NIS dosages. Fig. 3
(a) compares the transient trapping behavior of NO-annealed
NIS-grown nitrided oxides during constant current stress
(CCS). It should be noted that all samples show apparent hole
trapping characteristics. For dosages less than 1014 cm−2, pre-
oxidation nitrogen implantation will enhance the hole trapping.
As the NIS dosages increase to 1015 cm−2, the hole trapping
becomes negligible. The trap generation rate as a function of
injected charges is shown in Fig. 3(b). Eliminated trap
generation rates are only visualized in samples with heavy N
implantation, i.e., 1015 cm−2. Fig. 4 presents the time-
dependent dielectric breakdown (TDDB) Weibull distribution
of NO-annealed NIS-grown nitrided oxides during constant
voltage stress (CVS) at −4.3 V. Nitrided oxides with NIS
dosages smaller than 1014 cm−2 reveal much poorer tBD than the
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Fig. 5. Silicon surface roughness of NO-annealed NIS-grown nitrided oxides
after the removal of the dielectrics.



Fig. 6. HR-FETEM cross-sectional images of NO-annealed NIS-grown nitrided
oxides.

267Y.Y. Chen et al. / Thin Solid Films 513 (2006) 264–268
samples without NIS, due to the larger hole-trapping generation
rate. Consistent with the results as shown in Fig. 3, the sample
with heavy NIS dosages is expected to exhibit the largest tBD.

In this present study, NIS dosages less than 1014 cm−2

slightly increased the oxidation rate due to the insufficient
post-oxidation annealing from damage caused by the ion
bombardment, as shown in Fig. 1(a). The residual damage
may increase the number of weak bonds during oxidation,
and result in a worse stress-induced leakage current (SILC)
immunity, enhanced trap generation rate and poor tBD.
Inferior surface roughness is also responsible for the degraded
dielectric reliability, as seen in Fig. 5. On the other hand, the
samples with 1015 cm−2 NIS dosages not only can be used to
grow multiple oxide thickness, but they also produce a
significant improvement in reliability. This trend is quite
different from the results in the samples with lighter NIS
dosages and can be due to several reasons. First, the surface
is abounded with N atoms for heavy NIS implantation
dosages, which may easily replace weak Si–O bonds,
damaged by ion bombardment in the transition region, by
strong Si3≡N bonds during oxidation. Second, implantation
would change the interface morphology. From Fig. 5, it is
evident that, despite NO-annealing being known for smooth
surface morphology [19], roughness is increased when the
NIS dosages increase from 0 to 1014 cm−2, which may be
due to the slightly faster oxidation rates from the damaged
surface and less N area density. On the other hand, the
surface becomes almost atomically flat when the NIS dosages
are further increased to 1015 cm−2. A smoother interface is
helpful in reducing the localized field and hence results in
stronger SILC immunity and larger tBD. Cross-sectional TEM
images are shown in Fig. 6. For heavy NIS dosages, the
nitrided oxide/silicon interface is very smooth and there is a
highly uniform transition region from the crystalline silicon to
the amorphous nitrided oxide. This feature is beneficial to the
electrical properties of the MOS device as described above.
Third, it is known that SILC becomes negligible as the oxide
thickness is scaled down to the direct-tunneling dominated
regime. The heaviest NIS dosages can significantly retard the
oxidation rate and grow the thinnest oxide, as shown in Fig. 1
(a). As a consequence, the nitrided oxides with NIS dosages
of 1015 cm−2 cannot only grow multiple oxide thickness to
meet SoC requirements, but also possess a stronger SILC
immunity and better TDDB characteristics than others.

4. Conclusions

According to the International Technology Roadmap for
Semiconductors, oxide thicknesses below 3 nm are necessary
for the fabrication of deep sub-quarter micron devices. In the
present study, an obvious oxidation rate retardation effect is
observed only for the sample with heavy NIS dosages. The
dielectric property is also strongly dependent upon the NIS
dosages. NIS with dosages smaller than 1014 cm−2 is ineffective
for oxidation rate suppression and degrades the dielectric
reliability characteristic as well. On the other hand, the samples
with 1015 cm−2 NIS dosages not only can be used to grow
multiple oxide thickness to meet SoC requirements, but they
also improve stress immunity. Nitrogen implantation also
generates a uniformly distributed nitrogen profile in the
dielectric bulk, which can be used as an effective diffusion
barrier to resist against boron penetration. In conclusion, NO-
annealed NIS-grown nitrided oxides can improve dielectric
reliability, which are suitable for replacing traditional SiO2 at
0.13 μm and beyond.
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