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Effect of Incorporated Nitrogen on the Band Alignment of Ultrathin
Silicon-oxynitride Films as a Function of the Plasma Nitridation Conditions
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The effects of plasma nitridation conditions, including substrate temperature (room temperature
or high temperature) and plasma source gas (N2 or NH3 ), on the energy band characteristics and
the chemical states of ultrathin SiON films was studied by using reflection electron energy loss
spectroscopy (REELS) and X-ray photoelectron spectroscopy (XPS). The depth profile of nitrogen
incorporated in the SiON films as a function of the above conditions was examined using mediumenergy ion scattering (MEIS). The decrease in the band gap caused by nitridation was enhanced
to a greater extent at high substrate temperature and by using a N2 plasma. The profile for N
incorporation indicated that the change in band gap was directly related to the quantity of N in
the SiON film. These characteristics are strongly related to the chemical state of the occupied N
2p state in SiON.
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I. INTRODUCTION

Silicon-oxynitride (SiON) films have a higher relative
dielectric constants, in the range between 4 and 7, compared with that of 3.9 for silicon-dioxide (SiO2 ) films [1].
Therefore, SiON films are a very attractive alternative
to SiO2 films for use as gate dielectrics in metal-oxidesemiconductor devices [2]. SiON layers can be formed
by using the direct nitridation of Si substrate or SiO2 /Si
by thermal annealing in an atmosphere of N2 , NO, N2 O
or NH3 or by using a nitrogen plasma source [3–6]. Reported data indicate that the chemical states and depth
structure of nitrogen atoms that are incorporated in SiO2
films depends greatly on the nitridation processes used.
A high temperature annealing process using an N2 O or
NH3 ambient at ∼1000 ◦ C is typically used for the oxynitridation of SiO2 . However, the concentration of nitrogen
that is incorporated into the SiO2 film is not high, and
large quantities of nitrogen components are exchanged
with oxygen during the post-annealing process, which
cannot prevent boron from penetrating into the SiON
layers.
The plasma nitridation process has been employed to
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increase the quantity of nitrogen in SiON layers at relatively low temperature. Plasma nitridation permits a
broader distribution of nitrogen within the SiO2 films
while, in the case of thermal nitridation, significant nitrogen accumulation occurs in the SiO2 /Si interfacial
region. Moreover, achieving high concentrations of incorporated nitrogen is possible using only plasma nitridation [5, 7]. Therefore, plasma nitridation is very attractive for achieving a reliable leakage current and for
controlling dopant diffusion. Moreover, the formation of
Si3N4 states at the interfacial layer can cause stress in
the Si substrate, resulting in the generation of interfacial trap sites. The formation of a Si3N4 layer in a gate
dielectric film increases the dielectric constant, thus increasing the physical thickness corresponding to the same
equivalent oxide thickness (EOT).
In this study, we report on an investigation of the characteristics of the band structure of SiON films on Si under various plasma nitridation conditions, such as substrate temperatures and plasma gas sources. The band
alignment of the SiON films was found to depend on the
concentration and the distribution of nitrogen incorporated within SiO2 films.
The chemical states and the band gap of SiON films
were investigated using high-resolution X-ray photoelectron spectroscopy (HR-XPS) and reflection energy electron loss spectroscopy (REELS). In addition, we em-
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ployed medium-energy ion scattering (MEIS) to confirm
the distribution of nitrogen incorporated into the SiO2
films in the depth direction because the distribution can
critically influence band alignment. REELS has been
shown to be a good tool for investigating the band gap in
ultrathin dielectric films because the low-energy electron
energy loss spectrum effectively reflects the valence and
conduction band structures of the samples [8]. REELS
analyses involved a primary electron energy of 1000 eV
at a constant pass energy mode of 20 eV. In order to investigate the valence band offset and the chemical states
for ultrathin SiON films, we evaluated the films by using
HR-XPS. The HR-XPS measurements were performed
using the AXIS-NOVA (Kratos) model with a monochromated Al Kα source at the Korea Basic Science Institute.
The stoichiometry in the depth direction was assessed by
using a medium-energy ion scattering (MEIS) analysis.
This was carried out with a 100 keV photon beam in a
double-alignment configuration, which reduced contributions from the crystalline Si substrate [9].

II. EXPERIMENT AND DISCUSSION
A (100) orientated p-type Si substrate with a resistivity of 2 ∼ 5 Ω·cm was cleaned using the Radio Corporation of America (RCA) method, and surface oxides
were removed by using a treatment with a dilute HF
(1%) solution. Thermal SiO2 films with a thickness of 2
nm were grown on the cleaned Si wafers. Nitrogen was
incorporated using the direct plasma nitridation (DPN)
process with either a N2 plasma or an NH3 plasma at
low (room temperature) and high (∼400 ◦ C) substrate
temperatures (RT-SiON and HT-SiON, respectively).
In order to investigate the changes in the band gap of
the nitrided SiON films as a function of plasma conditions, we measured the band gap by using REELS with
a primary electron energy of 1000 eV, as shown in Figs.
1(a) and (b). Using REELS analysis data, we were able
to extract the band gap (Eg ) of the SiON films at the
interfacial region by controlling the incident electron energy. The inelastic mean-free-path values for SiO2 films,
which depend on the primary electron energy, were found
to be ∼2.9 nm at 1000 eV [9]. Finally, the band gap
was obtained by extrapolating the linear fit line with the
maximal negative slope of the loss signal spectrum and
background level, as shown in Fig. 1. The band gaps
of the SiON films prepared using NH3 and N2 plasmas
at a low substrate temperature (RT-SiON) were 7.3 ±
0.1 eV and 6.8 ± 0.1 eV, respectively, as shown in Fig.
1(a). These band gap values were effectively reduced,
compared to the reported band gap of SiON films prepared by using thermal annealing in a NO (8.9 ± 0.1 eV)
or NH3 (7.8 ± 0.1 eV) ambient [6]. The band gap of the
nitrided SiON film prepared using the N2 plasma was
decreased significantly compared with that of the NH3
plasma nitrided SiON film. At a high substrate temper-

Fig. 1. (Color online) REELS spectra using a primary electron energy of 1000 eV in SiON films at (a) room temperature
and (b) high temperature for two plasma sources.

ate (HT-SiON), the band gaps of the SiON films using
the NH3 plasma and the N2 plasma were 6.9 ± 0.1 eV
and 6.6 ± 0.1 eV, respectively, as shown in Fig. 1(b).
The band gap of the HT-SiON films had a lower value
compared with that of the RT-SiON films.
The valence band offset for the nitrided SiON films
was extracted as a function of the plasma conditions, as
shown in Figs. 2(a) and (b). The electronic structure
near the valence band was dominated by the N 2p states
compared to the O 2p states, because the N 2p state
is at a higher energy level than the O 2p state by approximately 1 eV [6, 9]. The valence band offset of the
nitrided SiON films prepared using the NH3 plasma at a
low substrate temperature was ∼3.4 eV and that for the
films prepared using the N2 plasma was ∼3.7 eV. At a
high substrate temperature, the valence band offset for
the sample prepared using NH3 was ∼3.6 eV and that
for the sample prepared using N2 plasma was ∼3.7 eV.
Clearly, there was only a slight difference in the valence
band offset values in terms of the function of the plasma
nitride conditions. However, the valence band offset values for samples prepared using a plasma were decreased
to ∼1 eV compared with the reported values for thermally nitrided films (∼4.6 eV using NH3 and ∼4.2 eV
using NO gas) [6]. Because the electronic structure near
the valence band is dominated by the N 2p states in SiON
films, the change in the electronic structure due to the
highly incorporated N under using a plasma increases the
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Table 1. Band gap and valence band offset values for
plasma-nitrided SiON films as a function of the plasma conditions.
Room Temperature
High Temperature
NH3 Plasma N2 Plasma NH3 Plasma N2 Plasma
Eg (eV)
7.3 ± 0.1
6.8 ± 0.1
6.9 ± 0.1
6.6 ± 0.1
∆Ev (eV) 3.4 ± 0.1
3.7 ± 0.1
3.6 ± 0.1
3.7 ± 0.1
∆Ec (eV) 2.8 ± 0.1
2.0 ± 0.1
2.2 ± 0.1
1.8 ± 0.1

Fig. 2. Valence band spectra of nitrided films prepared at
(a) room temperature and (b) at high temperature for two
plasma sources.

effect of the N 2p states, resulting in a greater decrease in
the valence band offset. We also calculated the conduction band offset (∆Ec ) from the band gap (Eg ) and the
valence band offset (∆Ev ) by using the following equation: ∆Ec = Eg (oxide) - Eg (Si) - ∆Ev . The change
in the band gap of plasma-nitrided SiON films fully contributes to the decreased band offset in the conduction
band, but not in valance band. The band alignments as a
function of the plasma nitride conditions are summarized
in Table 1.
To investigate changes in the chemical states associated with the band structure, we collected HR-XPS Si
2p and N 1s spectra for SiON films that had been nitrided
using a plasma for various plasma conditions, and these
data are shown in Fig. 3. Experimentally, the Fermi energy level was determined by measuring the position of
the Si 2p3/2 peak and referencing the peak position of
the Si core-level state. The calculated core-level state
of the nitrided SiON films prepared using a plasma was
∼98.4 ± 0.1 eV, which is less than the reported state
of p-type Si with a resistivity of 2 ∼ 5 Ω·cm (98.9 ±
0.1 eV) [10, 11]. The shift of the Si 2p peak to a lower
binding energy can be caused by nitrogen that has been
incorporated into the surface of the Si substrate [9].
The Si 2p and N 1s spectra were deconvoluted into
various chemical states by using a more detailed analysis. Spectra of the Si 2p states for various plasma conditions, are shown in Figs. 3(a) and (b). The Si 2p spectra were deconvoluted into Si0 for the bulk Si substrate,
Si1 for the interfacial sub-state, Si2 for Si3 N4 , Si3 for

Fig. 3. (Color online) HR-XPS spectra of Si 2p for SiON
films prepared at (a) room temperature and (b) high temperature for two plasma sources. HR-XPS spectra of N 1s at (c)
room temperature and (d) high temperature for two plasma
sources.

SiOx Ny , and Si4 for SiO2 . It was difficult to distinguish
the minute interfacial state (S1) due to the higher relative intensities of the Si bulk state (Si0) and the SiO2
state (Si4). The nitrided SiON films prepared using a
NH3 plasma at room temperature had a high peak intensity for the SiOx Ny state (S3) relative to that of the
other films because of the increased nitrided layer during
the plasma nitridation process. The spectra of the N 1s
states for various plasma conditions are shown in Figs.
3(c) and (d). The N 1s spectra were deconvoluted into
N1, N2, and N3. Each component was represented by
the Si3 N4 , N-[Si3 O]x , and Si2 ON state based on a consideration of the nearest N, the second nearest N, and
the neighbors of N, based on previously reported theoretical values [6,9]. Bouvet et al. ascribed the Gaussian
component centered on a binding energy of 397 - 398
eV, prevailing at the interface, to nitrogen bonded to
unoxidized Si, (≡Si)3 N (denoted by N1 state), and the
Gaussian component centered on 398 - 399 eV, prevailing
in the oxide close to the interface, to nitrogen bonded to
otherwise fully oxidized Si, N[Si(O-)3 ]3 (denoted by N2
state) [12]. In addition, the higher peak position can
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medium-energy ion scattering (MEIS) energy profile for
the SiON films, and Figs. 4(c) and (d) show the depth
profile data calculated from the energy profile data.
The incorporated N quantity is increased by using a N2
plasma compared with that obtained by using an NH3
plasma. Moreover, the quantity is increased in the film
prepared at a high substrate temperature compared with
the film prepared at room temperature: ∼13.33 at.% using an NH3 plasma at room temperature, ∼17.05 at.%
using an NH3 plasma at high temperature, 17.78 at.% using an N2 plasma at room temperature, and 18.81 at.%
using an N2 plasma at a high temperature. In particular, the depth profile information provides information
on the dependence of the interfacial layer on the plasma
source; i.e., the nitrided SiON films prepared using an
NH3 plasma at room temperature had a thicker interfacial layer.

III. CONCLUSION

Fig. 4. (Color online) MEIS energy spectra shows the
change in the concentration in the depth direction as a function of plasma nitride conditions: (a) room temperature and
(b) high temperature. The fitted depth profiles data can be
extracted from the raw data: (c) room temperature and (d)
high temperature.

be attributed to nitrogen-oxygen (N-O) bonds (denoted
by N3 state). The N3 state (N-O) is not exactly consistent with the reported data because of the charging
effect is affected by direct contact of the plasma with
the film [13]. During the plasma nitirdation process, a
moderate change at the interface caused by a negatively
charged state contributes to the downward band bending, which is reflected by the peak shift in the XPS spectra [14,15]. Changes in the nitrogen peak as a function
of the plasma nitridation conditions show the relationship for the quantity of nitrogen incorporated within the
films. The intensities of the N1 and the N2 chemical
states at a high substrate temperature increased relatively compared with those at room temperature. On
the other hand, the intensities of the N3 state in the
film prepared using an NH3 plasma were increased [5].
Thus, these results demonstrate differences in the chemical states and the quantities of incorporated nitrogen,
which are affected by the band structure of the SiON
films for various plasma conditions.
Finally, we investigated the depth profile of stoichiometry in the nitrided SiON films for various plasma conditions. Figures 4(a) and (b) show the change in the

In conclusion, we report herein on changes in the band
gap and the band offset of plasma nitrided SiON films as
a function of the substrate temperature (room temperature or high temperature) and the plasma gas source
(N2 or NH3 ). The band gap and the band offset changed
significantly along with the quantities of incorporated nitrogen and the depth distribution in the SiON films. The
band gap of nitrided SiON films prepared using the NH3
plasma at room temperature were significantly increased
due to the lower nitrogen concentration and thicker interfacial layer. On the other hand, the band gap of nitrided SiON films prepared using the N2 plasma at a
high temperature was significantly decreased due to the
high concentration of nitrogen.
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