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Optical properties of implanted Si in a silicon nitride �Si3N4� thin film have been determined with
spectroscopic ellipsometry based on the Tauc–Lorentz �TL� model and the Bruggeman effective
medium approximation. It is shown that the suppressed dielectric functions of the implanted Si are
dominated by the energy transitions related to the critical point E2. The effect of thermal annealing
on the dielectric functions of the implanted Si has been investigated. The analysis of the dielectric
functions based on the evolution of the TL parameters can provide an insight into the structural
changes in the implanted Si embedded in the Si3N4 matrix caused by the annealing. © 2008
American Institute of Physics. �DOI: 10.1063/1.2962989�

Recently, the silicon-rich silicon nitride �Si3N4� systems
that offer advantages of stronger light emission and lower
barrier height for carrier injection compared with those of
SiO2,1–3 have attracted a lot of attentions. One of the tech-
niques that can be used to synthesize the silicon-rich Si3N4 is
Si ion implantation into a Si3N4 thin film. In the present
work, spectroscopic ellipsometry �SE� is used to determine
the optical properties of the silicon implanted in the Si3N4
matrix, and the effect of postimplant thermal annealing on
the optical properties is studied. Such a study is obviously
important to the fundamental physics and the technological
applications as well.

A multilayer optical model4,5 together with the Brugge-
man effective medium approximation6 �BEMA� has been
employed to analyze the SE response of the Si3N4 thin film
implanted with Si. The dielectric functions of the implanted
Si subjected to a postimplant annealing were retrieved by
fitting the SE spectra in the photon energy range of
1.1–4.6 eV with the Tauc–Lorentz �TL� parameterization.7

The analysis of the dielectric functions of the implanted Si
based on the evolution of the TL model parameters has pro-
vided us an insight into the possible structural changes of the
implanted silicon caused by the annealing.

A Si3N4 thin film with thickness of about 120 nm was
deposited by low-pressure chemical vapor deposition onto a
30 nm SiO2 thin film �i.e., a stress-relief oxide layer� ther-
mally grown on a Si �100� substrate. The Si3N4 film was
subsequently implanted with Si ions with a dose of 3.5
�1016 atoms /cm2 at the energy of 30 KeV. According to the
stopping and range of ion in matter calculation, the im-
planted Si distributes from the surface to the depth of about
75 nm following a Gaussian distribution, as shown in Fig.
1�a�. The maximum volume fraction of the implanted Si is
�21%. This volume fraction peak is located at the depth of
33 nm. Afterwards, thermal annealing was carried out in ni-
trogen ambient at different temperatures �i.e., 800, 900,

1000, and 1100 °C� for 1 h. Transmission electron micros-
copy �TEM� measurement was conducted to investigate the
structural properties of the Si-implanted Si3N4 thin films af-
ter an annealing. Si nanoparticles or nanoclusters with sizes
in the order of 2 nm can be observed in the TEM images.
Figure 1�b� shows a typical TEM image. The SE measure-
ment was performed in the wavelength range of
270–1100 nm with a step of 5 nm at three incident angles
�i.e., 65°, 70°, and 75°�.

As shown in Fig. 1�a�, the multilayer model is employed
to approximate the distribution of the implanted Si. The top
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FIG. 1. �a� Multilayer model used in the SE analysis; and �b� TEM image of
the Si nanoparticles or nanoclusters embedded in the Si3N4 thin film for the
sample annealed at 1100 °C.
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75-nm-thick layer containing the implanted Si distributed in
the Si3N4 matrix is divided into 15 sublayers with equal
thickness of 5 nm. For each of the sublayers, its dielectric
function is modeled with the BEMA. The underneath re-
maining Si3N4 layer without the implanted Si is treated as a
pure Si3N4 layer, whose dielectric functions are measured
from the pure Si3N4 thin films of the control samples �i.e.,
without the Si ion implantation� by the SE method. Thus, the
dielectric functions of the implanted Si can be determined
through a spectral fitting to the experimental SE data by
minimizing the mean square error.5

It has been shown that a Kramers–Kronig-consistent TL
model is suitable to parameterize the dielectric functions of
Si nanostructure.8,9 Therefore, in the spectral fittings of the
present study, such a TL model is used. In the TL model, the
imaginary part ��2� of dielectric function is written as

�2�E� = �0, for 0 � E � Eg

� AE0C�E − Eg�2

�E2 − E0
2�2 + C2E2 ·

1

E
� , for E � Eg, 	

�1�

where A is the amplitude of a Lorentz oscillator, E0 is the
peak transition energy, C is the broadening term, and Eg is
the bandgap energy. The real part ��1� of dielectric function
is obtained by Kramers–Kronig integration of �2 with a fit-
ting constant �1���.7 Note that �1��� was initially set to 1 in
the spectral fitting. In the spectral fitting, A, E0, C, Eg, and
the thicknesses �dSi3N4 and dSiO2� of both the Si3N4 layer and
the SiO2 layer are the fitting parameters. The spectral fittings
were carried out for three incident angles �i.e., 65°, 70°, and
75°� simultaneously. As an example, Fig. 2 shows the spec-
tral fittings for the sample annealed at 1100 °C. The values
of the dSi3N4 and dSiO2 yielded from the fittings are 129 and
28 nm, respectively, which agree well with the TEM mea-
surement. The swell effect due to the implanted Si can be
observed by comparing dSi3N4 with the thickness of Si3N4
layer obtained from the control sample.

In order to understand the effect of annealing on the
structure of the implanted Si, the evolution of the dielectric
functions of the implanted Si with annealing temperature has
been investigated. The real parts and imaginary parts of the
dielectric functions yielded from the spectral fittings for the

implanted Si of the as-implanted sample as well as the
samples annealed at different temperatures are shown in Fig.
3. The obtained TL model parameters describing the dielec-
tric functions are plotted in Fig. 4. It is observed that the
dielectric functions for all the samples are generally similar.
The spectral features of the dielectric functions are also simi-
lar to that of amorphous Si.10 The broadened peak structures,
particularly, the broad peaks of the as-implanted sample, sug-
gest that the implanted Si is in amorphous or disorder state to
a certain extent. The implanted Si shows a significant reduc-
tion in the dielectric functions as compared with bulk crys-
talline silicon �c-Si�.11 This suppression in dielectric func-
tions is often attributed to the bandgap expansion,4 while
some argued that it results from the breaking of polarizable
bonds.12

As can be seen in Fig. 3�b�, the implanted Si exhibits a
peak structure in the �2 spectra located near the transition
energy E2 �4.27 eV� of bulk c-Si.11 Due to the single-term
TL model employed in the spectral fittings, fine features such
as the two-peak structure in the dielectric-function spectra
reported in Ref. 5 cannot be revealed in the present study.
However, from the second derivative of the �2 with respect
to the photon energy,13 one critical point is clearly identified
for all the samples. The critical point is close to the transition
energy E2 of c-Si, indicating that the energy transitions re-
lated to the critical point E2 dominate the dielectric functions
of the implanted Si. No significant blueshift of E2 is ob-
served in this study, being consistent with the study in Ref.
14. Interestingly, the transition energy E2 for the implanted
Si without annealing redshifts slightly and the E2 for the
annealing below 1100 °C blueshifts slightly relative to the

FIG. 2. Spectral fittings for the sample annealed at 1100 °C �for a clear
presentation only the fittings for the incident angles of 75° and 70° are
shown�.

FIG. 3. Annealing effect on the dielectric functions of the implanted Si. �a�
Real part ��1� and �b� imaginary part ��2� of the dielectric functions.
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E2 of c-Si, while the E2 of the implanted Si annealed at
1100 °C is closest to the value of c-Si. In addition, as shown
in Fig. 3�b�, the �2 for the 1100 °C annealing is enhanced
with the peak shifting toward the c-Si �2 main peak. These
results could suggest that the annealing at 1100 °C leads to
the formation of stable Si nanoclusters.

As shown in Fig. 4, the TL parameters including A, C,
and Eg experience a large change after the annealing at
800 °C as compared to the situation of the as-implanted
sample. They do not show a further large change for a higher
annealing temperature up to 1000 °C, but they change
largely again for the annealing temperature of 1100 °C. This
can be accordingly translated to the changes in the structural
properties of the implanted Si caused by the annealing. The
decrease in the parameter C that describes the broadening of
the �2 peak and is related to the disorder in material indicates
that the annealing causes the implanted Si evolve toward an
ordered state. In particular, the further reduction in the C
value after the annealing at 1100 °C could suggest the for-

mation of stable Si nanoclusters at 1100 °C. In the tempera-
ture range of up to 900 °C, the A value increases with an-
nealing temperature, which could be due to the increase in
the density of the implanted Si. However, an annealing at a
higher temperature ��900 °C� leads to a decrease in the A
value, which could be attributed to the phase separation be-
tween the implanted Si and the Si3N4 matrix as the Si–Si
dipoles have a larger effective mass than the Si–N dipoles
�note that A is smaller for a larger effective mass in the TL
model�.7 It is interesting to note that the annealing at 800 °C
causes a drastic increase in the Eg while a large decrease in
the C value. This could be explained by the structural change
in the implanted Si from an amorphous state to an ordered
state and/or the diminishment in the absorption associated
with the defects. However, the Eg decreases with annealing
temperature when the temperature is higher than 900 °C,
which could be due to the quantum size effect on the band-
gap as a result of the Si nanocluster growth at a higher tem-
perature. On the other hand, as can be observed in Fig. 4,
annealing does not cause a large change in the peak transi-
tion energy E0, indicating that E0 is not very sensitive to the
changes in the structural properties.
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FIG. 4. Evolution of the TL parameters �i.e., A, E0, C and Eg� with anneal-
ing temperature.
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