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Abstract—The goal of this work was to study nitrogen implan-
tation from plasma with the aim of applying it in dual gate
oxide technology and to examine the influence of the rf power
of plasma and that of oxidation type. The obtained structures
were examined by means of ellipsometry, SIMS and electrical
characterization methods.

Keywords—CMOS, dual gate oxide, gate stack, oxynitride,
plasma implantation.

1. Introduction

According to the ITRS roadmap [1] the reduction of the
gate dielectric thickness is one of the ways to ensure the
increasing level of packing and performance of silicon in-
tegrated circuits. In mixed logic/memory circuits manu-
factured as system on a chip, two different thicknesses of
dielectric layers are required. The most advanced solution
would be to form both dielectric layers simultaneously, in
a single process. This may be possible if oxidation of a sili-
con layer is preceded with local nitrogen implantation, since
the rate of oxidation depends on the nitrogen implantation
dose and its profile (e.g., [2, 3]).

The experiments presented in this work are a part of
a broader study that examines the possibility of fabricat-
ing very thin dielectric layers using ultrashallow nitrogen
implantation from rf plasma. As opposed to the methods
presented in the literature so far, where classical implanters
or the IIIP technique were used for ultrashallow implanta-
tion, our process is performed in a typical Oxford plasma
technology plasma enhanced chemical vapour deposition
(PECVD) planar plasma reactor. The choice of nitrogen
source and process parameters for plasma implantation was
based on the results of previous studies [4-6].

In this work nitrogen implantation carried out from NHj3
plasma has been immediately followed by either thermal
or plasma oxidation process. In this way the influence of
oxidation type could be examined.

The aim of this work was to study the feasibility of dual gate
oxide technology (Fig. 1) based on rf plasma implantation,
as well as to investigate the influence of rf power during
implantation and that of oxidation type (conventional versus
plasma).

The thickness and nitrogen profile of the obtained lay-
ers were investigated by means of ellipsometry and sec-
ondary ion mass spectrometry (SIMS) measurements. Test
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Fig. 1. Dual gate oxide technology — two oxynitride layers with
different thickness obtained in a single oxidation process.

structures were fabricated using NMOS technology with
Al gate and electrical characterization was performed to
determine selected electrophysical parameters, such as: ef-
fective charge and interface trap density, insulating proper-
ties and breakdown behavior.

2. Experimental

The experiments in this study were carried out in two
steps. In the first one, the process of nitrogen implantation
from ammonia (NH3) plasma was performed at 350°C in
a PECVD system. The rf power was varied between 100 W,
200 W and 300 W. In the second step, the samples were
oxidized either thermally or using a plasma process. Ther-
mal oxidation was performed in dry oxygen diluted in argon
(50 ml/min O3 in 1 I/min Ar) at 1000°C (samples 2—4 in
Table 1). Low temperature (350°C) plasma oxidation was
performed in oxygen at rf power of 100 W (sample 6 in
Table 1). The parameters of thermal and plasma oxidation
were chosen based on the results of previous studies [4—6].
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Table 1
Summary of process parameters
Only 100 W implanta- | 200 W implanta- | 300 W implanta- Only 100 W implanta-
Parameters thermal tion + thermal tion + thermal tion + thermal plasma tion + plasma
oxidation oxidation oxidation oxidation oxidation oxidation
Sample no. 1 2 3 4 5 6
Step 1 — nitrogen plasma ion implantation, 350°C, NHj3
Implantation no yes yes yes no yes
Rf power [W] no 100 200 300 no 100
Step 2 — oxidation
Type Thermal, dry oxygen diluted in Ar, 1000°C Plasma, 350°C
Table 2
Results of electrical characterization of NMOS test structures
Only 100 W implanta- | 200 W implanta- | 300 W implanta- Only 100 W implanta-
Parameters thermal tion + thermal | tion + thermal tion + thermal plasma tion + plasma
oxidation oxidation oxidation oxidation oxidation oxidation
Sample no. 1 2 3 4 5 6
Optical thickness
o 93 55 49 53 40 40
Dox_opl [A]
EOT from C-V
104 60 38 89 46 75
(@1 MHz)
Effective dielectric 34 34 4.6 2.2 33 2.0
constant & r
Djomp [1/€V cm?] 3.21-10'2 4.93.10"? 8.93-10'? 4.11-10" 6.19-10'2 3.12-10'2
Qerr/q [em™2] 4.82-10" 9.35-10" 3.12-10? 1.64-10'2 1.34-10"2 6.93-10'?
fof/g/f)m"f 5.35-10° 1.70-10' 6.37-10" 3.10-10' 3.36-10'0 1.73-10"
[1/cm* A]
Q.17 [C/em?] 7.71-107%|  1.50-1077 5.00-1077 2.63-1077  |2.15-1077| 1.11-107°
Urp [V] -1.15 -1.20 -1.48 -1.60 -1.21 -3.34
Egr MV /cm] (50%) 13.2 11.3 12.0 19.2 13.8 13.8

To have the necessary reference data, two samples were
subjected to either thermal (sample 1) or plasma (sample 5)
oxidation only (no nitrogen implantation). The technolog-
ical experiments performed in the course of this study are
summarized in Table 1.

Thickness and composition of the obtained layers were
then studied by means of ellipsometry, and ULE-SIMS
(ultra-low-energy-SIMS), while electrophysical proper-
ties were evaluated based on electrical characterization
(C-V and [-Vcharacteristics analysis) of NMOS test struc-
tures with the investigated ultra-thin silicon oxynitride lay-
ers as gate dielectric.

3. Results

The results obtained in this work and summarized in
Tables 1 and 2 confirm that nitrogen implantation does
takes place even at very low rf plasma energies (even
at 100 W — see Fig. 2). Subsequent thermal oxidation

formed ultra-thin oxynitride layers with the composition
and thickness dependent on the conditions of the implan-
tation process.
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Fig. 2. Examples of nitrogen profiles of the layers formed by

means of nitrogen implantation at different levels of rf power
followed by plasma oxidation as obtained from ULE-SIMS [7].
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During oxynitride layer formation two contradictory effects
have significant influence upon the composition and final
thickness of the layer.

Nitrogen implantation results in a significant decrease of
the thermal oxidation rate, as can be seen in Table 2 (com-
pare the thickness of all nitrogen implanted and thermally
oxidized samples with that of sample 1).

Results obtained by ULE — SIMS (see Fig. 2) demonstrate
that both, nitrogen profile and content may be controlled by
rf plasma power used for implantation. Depending on this
power the maximum of the nitrogen profile may be located
just at the top surface of the layer or still within the layer
— no further than 1.0 nm from its top (see Fig. 2).

A profile of this depth is difficult (if not impossible) to
obtain by other techniques. The depth correlates well with
the desired final thickness of the oxynitride layer. This
means that when the formation of ultra-thin oxynitride layer
is finished (that is after oxidation) the nitrogen profile will
not extend into the device channel region.

Analysis of electrical characteristics of NMOS test struc-
tures indicates correlation between rf power used for nitro-
gen implantation and electrical properties of the Si/SiO,N,
system.

Ellipsometric measurements indicate crucial difference be-
tween the thermal and plasma oxidation. For plasma oxida-
tion no difference between the implanted and non-implanted
samples was observed (see Table 2) while for thermal
oxidation big difference between the implanted and non-
implanted samples can be noticed. Almost no difference
may, however, be noticed between the implanted samples
despite varying rf power used. The whole picture changes
if the electrical thickness is taken into consideration.

The equivalent oxide thickness (EOT) values (electrical
thickness evaluated from the high frequency C-V character-
istics assuming the dielectric permittivity is that of silicon
dioxide) depend on rf power during implantation. The ob-
vious and intuitive explanation to this observation is that
this reflects the dependence of the efficiency of the nitro-
gen implantation (thus, the composition of the layer) on
implantation conditions. In fact a comparison of the optical
thickness and EOT leads to the conclusion that the effective
dielectric constant of the layer is higher than that of thermal
oxide only in one case (implantation at 200 W), which can
be attributed to the significant presence of nitrogen in the
layer (see Table 2). For the other cases, i.e., 100 W and
300 W, as well as the reference one, the effective dielectric
constant values are lower than that of thermal oxide.

The case of thermal oxide proves that one should treat this
comparison with highest care!. It is our strong belief that

IThe optical thickness is evaluated from the ellipsometric measurements
assuming silicon dioxide refractive index value, due to the low sensitivity
of the ellipsometric curves for very low layer thickness. EOT, on the other
hand, is evaluated assuming the dielectric constant of thick film thermal
silicon dioxide. Neither of the two assumptions is true in the case of the
examined samples, even for the reference sample 1 (this is only 10 nm
layer). In fact, the significant decrease in the sensitivity of ellipsometric
curves makes the former assumption certainly less critical than the latter.
One should also keep in mind that for ultra-thin layers optical thickness
tends to differ (is usually smaller) from electrical thickness (evaluated
from C-V curves).
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we should refer in our discussion to the observed trends in
the effective dielectric constant values, rather than to the
absolute values.

Following this approach one notices that the effective di-
electric constant reaches maximum in the 200 W case. The
dramatic drop of this parameter for 300 W could be inter-
preted as too much damage caused by nitrogen implantation
during the first stage of layer formation. It is interesting,
however, to realize that sample 4 has proved to be overall
superior (as will be shown below) to all the other samples
in terms of electrical properties (the lowest leakage cur-
rent, highest critical electric field, well defined C-V curve
and relatively low charge densities). The reason of this
discrepancy is not yet known.

For plasma oxidized samples the situation is different. Al-
though, as mentioned above, the optical thickness of the
layer is the same, the EOT values differ significantly. Re-
membering the discussion presented above we may still
state that some changes in the layer composition must take
place as a result of nitrogen plasma implantation prior to
plasma oxidation. Although such a drastic change in EOT
would certainly be good enough to obtain satisfactory dual
gate oxide technology, its value decreases instead of its
required rise. Thus, instead of relaxing technological prob-
lems with formation of ultra-thin gate dielectric layer, appli-
cation of this method to perform dual gate oxide technology
would create even more serious difficulties.

Typical electrical characteristics of NMOS test devices
manufactured for the purpose of this study are presented
in Figs. 3-5. High frequency C-V curves are shown
in Fig. 3. In general, the differences in maximum capac-
itance are the obvious consequence of different thickness
and composition of the studied oxynitride layers and — to
a certain extent — of different leakage currents. In order to
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Fig. 3. High frequency (1 MHz) C-V curves of NMOS test
structures with the gate dielectric layers produced under differ-
ent plasma parameters (varied rf power and oxidation type — see
Table 1).
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prevent the errors in EOT and all other electrical param-
eter calculations we used the estimation method of Cpax
as presented in [8]. A simple and intuitively obvious
dependence has also been found between rf plasma power
and the densities of the effective charge Q.rr interface
traps at midgap Dj,,,. Both parameters show maximum
at 200 W. In fact, sample 4 (rf during plasma implan-
tation 300 W) has superior trapping and effective charge
density to all other samples subjected to the plasma im-
plantation and only marginally worse than those of the ref-
erence thermal oxide. This result is promising for the dual
gate oxide technology.

For plasma oxidation case, the situation is more compli-
cated. Although the systems resulting from plasma nitro-
gen implantation and plasma oxidation are on a par with
reference thermal oxide in terms of trapping properties, the
effective charge density is certainly the highest among all
samples studied (more than one order of magnitude higher
than in the reference thermally oxidized gate oxide).
Typical I-V curves of individual samples studied in this
work are shown in Fig. 4. The analysis of I-V curves
yields a surprising result. Samples implanted at the high-
est rf power (300 W; sample 4) have the best insulating
properties, better even than the reference thermal oxide (es-
pecially for high electric fields). Samples prepared using
only plasma processes, that is plasma oxidation only (sam-
ple 5) or plasma implantation followed by plasma oxidation
(sample 6) exhibit comparable /-V behavior, similar also to
that of sample 1 (thermal oxidation only) for medium and
higher electric fields, although their current is almost two
orders of magnitude higher for low electric fields. Sam-
ples 2 and 3, implanted at 100 W and 200 W of rf power
exhibit the highest leakage currents.
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Fig. 4. The I-V curves of NMOS test structures; gate dielectric
layers were produced with different process parameters (varied
rf power and oxidation type — see Table 1).

In all studied samples breakdown events were well defined,
thus the Weibull plots could be created for each sample
(see Fig. 5). Oxynitride layer formed by means of implan-

tation from NH3 at 300 W and subsequent thermal oxida-
tion (sample 4) was the best in terms of critical electric
field with Epr as high as 19 MV/cm. Epg values of other
samples vary between 11 MV/cm and 14 MV/cm (see Ta-
ble 2). This means that in each case, the breakdown prop-
erties of the obtained SiON layers are superior to the defect
free thermal oxides (10 MV/cm). It is interesting to realize
that the plots for samples that underwent plasma oxidation
are almost identical, whether they were or not subjected to
nitrogen implantation.
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Fig. 5. Weibull plots of NMOS test structures; gate dielectric
layers were produced with different process parameters (varied
rf power and oxidation type — see Table 1).

Another interesting feature of the presented Weibull plots
is their abruptness indicating that for each layer type all
breakdowns took place under similar stressing voltage con-
ditions. Therefore, it may be concluded, that we are dealing
with intrinsic breakdown (characteristic of layers with al-
most no defects) or with one caused by one type of defects
only (in the case where the intrinsic breakdown field is even
higher for this type of material).

4. Summary

The experiments performed indicate that dual gate oxide
technology based on ultrashallow implantation of nitrogen
is feasible. From the two approaches to dual gate oxide
technology studied in this work, the combination of nitro-
gen implantation with thermal oxidation is definitely more
promising, because significant reduction of the final oxyni-
tride layer thickness due to plasma implantation was ob-
served.

Variation of rf power indicates that the highest investigated
value of this parameter (300 W) results in a superior quality
of the ultra-thin gate dielectric layer, comparable with that
of non-implanted samples (trapping and effective charge
density) and in certain aspects — leakage currents and crit-
ical electric field — even much better.
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Although the plasma implantation does not degrade the
properties in plasma oxidized samples (leakage currents,
critical electric field, trapping) except for the effective
charge density, the observed decrease in EOT seems to
eliminate this method from the list of candidates for im-
plementation for dual gate oxide technology in the future.
On the basis of the results obtained in this study, it may
be concluded that effective plasma implantation reduces
the leakage current, especially at medium and high elec-
tric field, leading to significant improvement in breakdown
properties (Epg reaching 19 MV/cm). This effect may be
of great value for future CMOS technologies, which suffer
a lot from the leakage and reliability issues.
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