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In this work we present a study of photoluminescence �PL� on Si nanocrystals �NC� produced by ion
implantation on SiO2 targets at temperatures ranging between room temperature and 800 °C and
subsequently annealed in N2 atmosphere. The PL measurements were performed at low excitation
power density �20 mW/cm2� in order to avoid nonlinear effects. Broad PL spectra were obtained,
presenting a line-shape structure that can be reproduced by two superimposed peaks at around 780
and 950 nm. We have observed that both PL intensity and line-shape change by varying the
annealing as well as the implantation temperatures. Implantations performed at 400 °C or higher
produce a remarkable effect in the PL line shape, evidenced by a strong redshift, and a striking
intensity increase of the peak located at the long-wavelength side of the PL spectrum. In addition we
have studied the PL dependence on the excitation power density �from 0.002 to 15 W/cm2�. The
samples with broad NC size distribution containing large grains, as revealed by transmission
electron microscopy observations presented a PL spectrum whose line shape was strongly dependent
on the excitation power density. While high excitation power densities �saturation regime� induce
only the short-wavelength part of the PL spectrum, low excitation power densities bring out the
appearance of the hidden long-wavelength part of the emission. The present results are explained by
current models. © 2005 American Institute of Physics. �DOI: 10.1063/1.1989437�

I. INTRODUCTION

Since the discovery of intense visible-light emission in
porous Si and in Si nanocrystallites an ongoing research ac-
tivity has been devoted in studying Si nanostructures due to
their promising applications in optoelectronic and photonic
devices.1–3 The investigation of structures consisting of Si
nanocrystals �NC� has mostly been aimed at improving their
quantum efficiency for photoluminescence �PL� as well as
understanding their light absorption and emission mecha-
nisms. In spite of a great number of publications, there is no
a consensus about the luminescence mechanisms yet. The
discussions are basically centered on whether light emission
occurs via quantum confinement or via interface states lo-
cated at the nanocrystals surface.4–8 It is known that several
parameters can contribute to the Si NC PL properties, such as
the number and size of crystallites, their surrounding and/or
competitive nonradiative processes. For instance, it is well

known that passivation of nonradiative interface states en-
hances the photoluminescence properties of the Si NC with-
out changing the crystallite size.5,6 On the other hand, an
increase in the NC dimension makes their light absorption
characteristics approach to bulk Si, which means, smaller
absorption cross sections. Although large grains have higher
electronic density of states, their oscillator strength is
smaller9,10 and consequently, the radiative recombination rate
is lower.10,11

Si NC embedded in SiO2 matrix have been often pro-
duced by using the ion implantation technique. The PL in-
duced by these NC have been usually studied as a function of
the implantation fluence, annealing temperature, and anneal-
ing time.4–6,12 However, up to the moment, the influence of
the implantation temperature has scarcely been explored.

On the other hand, it is already known that the PL pro-
duced in Si NC is sensitive to the excitation intensity. The
previous works11,13,14 have shown that a blueshift of the PL
spectrum occurs whenever the excitation intensity is in-
creased, but no change in the PL shape was ever observed.

As was previously reported, the PL intensity is a func-
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tion of the excitation intensity and has two regimes.11,13,15 A
linear one, at lower power densities, where the PL intensity
increases for all emitting wavelengths with the pump power
and a saturation wavelength-dependent regime that starts to
manifest by a further increase in the excitation power den-
sity. However, as mentioned above when the normalized
spectra obtained at different pump powers are compared in
the saturation regime, one observes only a blueshift in the PL
peak without spectral line shape modification, as the excita-
tion power density is increased.

The present work was undertaken with two major pur-
poses: First, to study the effect of high-temperature Si im-
plantations on the nucleation process of the Si NC and con-
sequently on the PL emission. Second, to investigate the
influence of the excitation power density on the PL emission
obtained from hot implanted samples. With this aim we have
produced Si NC by implanting Si in SiO2 on a wide range of
target temperatures, and we have studied the PL emission on
a wide range of excitation power densities.

II. EXPERIMENTAL PROCEDURE

A 480 nm-thick SiO2 layer thermally grown on �100� Si
wafer was implanted with 170 keV Si+ ions at a fluence of
1�1017 Si/cm2 providing a peak concentration profile at
around 240 nm depth and an initial Si excess of about 10%.
The samples were implanted in a range between room tem-
perature �RT� and 800 °C. The as-implanted samples were
further annealed at 1100, 1150, and 1200 °C under N2 atmo-
sphere in a conventional furnace for 1 h in order to nucleate
and grow the Si precipitates. The PL measurements were
performed at RT using a xenon lamp and monochromator in
order to get a wavelength of 488 nm �2.54 eV� as an excita-
tion source. The resulting power density on the samples was
about 20 mW/cm2. The emission was dispersed by a 0.3 m
single spectrometer and detected with a visible-near-infrared
silicon detector �wavelength range from 400 to 1080 nm�.

In order to study the PL dependence on the excitation
power density we have used an Ar-ion laser source focused
on a circular area with a diameter of about 300 �m, being
the emission detected by a cooled photomultiplier. To cover a
wide range of excitation power densities, we have utilized
values between 0.002 and 15 W/cm2. In all cases the spectra
were obtained under the same conditions and corrected for
the efficiency of the system.

In addition we have performed dark-field cross-sectional
transmission electron microscopy �TEM� measurements with
a JEOL 200 kV microscope in order to obtain the Si NC size
distributions.

III. RESULTS

A. PL intensity as a function of the implantation
temperature

In this series of experiments we have used as excitation
source a Xe lamp with 20 mW/cm2 of excitation power den-
sity in order to avoid nonlinear effects.

In Fig. 1 are shown typical PL spectra of samples im-
planted at different temperatures and further annealed at
1100 °C for 1 h. It can be observed that the PL spectra are

broad, ranging from 650 up to 1050 nm, showing a line-
shape structure that can be reproduced by two superimposed
peaks centered at around 780 and 950 nm, respectively. An
inspection of Fig. 1 shows two interesting features: �a� with
increasing implantation temperature the PL spectra shift to-
wards longer wavelengths �redshift� and �b� when the im-
plantations were performed at temperatures higher than
400 °C the PL shape changes considerably. In fact, the PL
peak located at the long-wavelength side of the spectrum
raises its intensity with increasing implantation temperature.

The thermal annealing temperature also modifies the PL
line shape. This behavior is illustrated in Fig. 2, where the
PL spectra of samples implanted at RT �Fig. 2�a�� and at
600 °C �Fig. 2�b�� are displayed for three thermal treatments
�1100, 1150, and 1200 °C�. Here we can verify that, an in-
crease in the annealing temperature induces a redshift of the
whole PL spectrum. Besides, the two-peak structure become
less evident for thermal treatments performed at 1200 °C.

All spectra have been fitted with two Gaussians. With
this procedure we have determined the wavelength positions
��1 and �2�, and the respective intensities �I1 and I2� of the
PL peaks—see inset in Fig. 3. The intensities of both PL
peaks as a function of the implantation temperature are rep-
resented in Fig. 3. The intensity of the peak located at the
short-wavelength side �I1� slightly increases from RT up to
400 °C and then strongly decreases for higher implantation
temperatures, being this behavior independent of the anneal-
ing temperature. Conversely, the intensity of the second peak
�I2� increases with the implantation temperature. Exception
is the point which belongs to the sample implanted at 800 °C
and annealed at 1150 °C, whose intensity decreases at the
same value of the sample implanted at 600 °C. The samples
annealed at 1200 °C show the same behavior �not displayed
here� as those annealed at 1150 °C, however, the intensities
I1 and I2 are about 30% lower.

In Fig. 4 are summarized the peak positions �1 and �2 as
a function of the implantation temperature for the three ther-
mal treatments. Here we can observe two redshifts; one re-
lated to the increasing in the annealing temperature and the
second due to the increasing in the implantation temperature.

FIG. 1. PL spectra of samples implanted at different temperatures and post-
annealed at 1100 °C for 1 h.
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In all the cases increasing annealing temperatures produce a
PL redshift for both peaks ��1 and �2�. On the other hand, for
a given annealing temperature, the first PL peak almost does
not change its wavelength; the exceptions are the samples
annealed at 1200 °C where the redshift starts at 600 °C. For

the samples annealed at 1200 °C, the difference in wave-
length between the two peaks diminishes when compared
with the other annealing temperatures, becoming the struc-
ture of two peaks less evident, as already illustrated by
Fig. 2.

A second interesting feature displayed in Fig. 4 is the
effect of the implantation temperature. One can observe a
strong PL redshift of the second peak in those samples which
have been implanted at temperatures higher than 400 °C. It
increases from 400 up to 700 °C and then remains stable.

B. PL results as a function of the excitation
power density

In this set of measurements we have employed an Ar-ion
laser as excitation source, and we have investigated one
sample implanted at 600 °C and another one implanted at
RT, both annealed at 1150 °C.

Figure 5 shows the normalized PL spectra �at 780 nm�
obtained with different laser power densities. In Fig. 5�a� are
shown the PL spectra from the sample implanted at RT for
the highest and the lowest excitation power densities. One
can observe that the PL peak is blueshifted by 20 nm from
0.015 to 15 W/cm2. In this power excitation range the spec-
tra did not show any significative change in shape. On the
other hand, the PL from the sample implanted at 600 °C
presents a very different behavior as a function of the laser
intensity. An inspection of the Fig. 5�b� clearly shows that as
the laser power density decreases from 15 to 0.15 W/cm2

the spectra shape changes significantly from one to two-peak
structure. In fact, the emission at longer wavelengths, which
was hidden at higher-power densities, starts to appear. Con-
sequently from 0.15 to 0.015 W/cm2 the spectral structure
peaked at 990 nm shows up indicating a strong emission
contribution from the larger nanocrystals. In addition, from
0.015 to 0.15 W/cm2, the long-wavelength part of the spec-
trum is blueshifted for about 35 nm. Decreasing the excita-
tion power density beyond 0.015 W/cm2 �not shown here�

FIG. 2. PL spectra of samples annealed at 1100 �asterisks�, 1150 �open
circles�, and 1200 °C �full squares� after implantations at �a� RT and �b�
600 °C.

FIG. 3. Intensity of the PL peaks �I1 and I2� as a function of the implantation
temperature obtained by fitting the spectra with two Gaussian curves for the
samples annealed at 1100 �squares� and 1150 °C �triangles�. The full and
open symbols indicate, respectively, the I1 and I2 PL peak intensities. The
inset illustrates the fitting procedure used to obtain the intensities and posi-
tions of the peaks.

FIG. 4. Wavelength of the PL peaks ��1 and �2� as a function of the im-
plantation temperature, obtained by fitting the spectra with two Gaussian
curves for the samples annealed at 1100 �squares�, 1150 �triangles�, and
1200 °C �circles�. The full and open symbols indicate, respectively, the �1

and �2 peak positions.

034312-3 Sias et al. J. Appl. Phys. 98, 034312 �2005�

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

200.130.19.173 On: Fri, 21 Mar 2014 13:54:59



does not produce additional modification in the spectral
shape indicating that the linear regime was achieved before.
This statement becomes more clear if we observe the graph
in Fig. 6 where is shown the PL intensity as a function of the
excitation power density for three different wavelengths. It is
visible from the figure that by increasing the excitation
power density the PL intensity tends to saturate first to longer
wavelengths. However, at low excitation densities �enlarged

region of the figure� the PL intensity at the three wavelengths
increases linearly with the laser excitation density up to
0.015 W/cm2. Then, a transition from the linear regime to
the saturation one occurs between 0.015 and 0.15 W/cm2,
being more pronounced for the NC size distribution emitting
at longer wavelengths.

C. TEM observations

To obtain structural information of our samples we have
performed cross-sectional TEM measurements in a dark-field
configuration. In order to image the Si NC with high con-
trast, the diffraction plane aperture was placed at a radius
from the center of the diffraction pattern where a Si poly-
crystalline ring is originated. Under these conditions no
amorphous ring and no Si substrate reflection are found, as
indicated in Fig. 7�a�. In Fig. 7�b� we show the correspond-
ing image in dark field where we can see the 480 nm-thick
SiO2 layer defined by the arrow and the central region where
are located the Si NC visible as bright points. We have ob-
tained the NC size distributions in the SiO2 layers by mea-
suring each nanocrystal diameter in a selected transversal
region of the micrograph taken on the whole layer width.

FIG. 5. �a� PL spectra of a sample implanted at RT obtained at 15 and at
0.015 W/cm2. �b� PL spectra of a sample implanted at 600 °C, measured at
different excitation power densities. Both samples were annealed at 1150 °C
for 1 h and the PL spectra were normalized at 780 nm.

FIG. 6. PL intensity vs excitation power density for three different wave-
lengths �detection energies� from PL spectra of the sample implanted at
600 °C and annealed at 1150 °C. The region of low excitation power den-
sities is enlarged in the figure.

FIG. 7. �a� Diffraction pattern from Si NC embedded in an amorphous SiO2

layer. �b� Dark-field TEM image of Si NC in a 480 nm-thick SiO2 layer.
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In Fig. 8 are shown the respective NC size histograms of
the RT and 600 °C implanted samples. For the sample im-
planted at RT �Fig. 8�a�� we have a NC size distribution with
a mean diameter of 3.0 nm and a full width at half maximum
�FWHM� ��� of 1.6 nm, while for the sample implanted at
600 °C �Fig. 8�b�� these values are 3.8 and 2.2 nm, respec-
tively.

Our TEM observations show that the Si NC mean diam-
eters as well as the width of the size distribution �FWHM�
increase with the implantation temperature and also with the
annealing temperature �not shown here�.

IV. DISCUSSION

A. High-temperature implants

The first point to discuss is the relation between the PL
line-shape behavior and the implantation temperature. For a
given postannealing treatment the strong effect of the im-
plantation temperature starts, in most cases, at around
400 °C—see Figs. 3 and 4. The peak located at the short-
wavelength side reduces its intensity while the second one is
enhanced. This is a consequence of the grain-size distribu-
tion obtained at each implantation temperature as illustrated
by the TEM observations shown in Fig. 8. As can be ob-
served, the higher the implantation temperature, the larger
and broader is the Si NC size distribution. The exception is
the point corresponding to the I2 intensity of the sample im-
planted at 800 °C and annealed at 1150 °C—see Fig. 3. This
behavior can be explained by the fact that the optimal NC

size has already been achieved at the implantation tempera-
ture of 700 °C. The redshift presented by the second peak
��2� in Fig. 4 is linked to the NC growth. However, for all
annealing temperatures is observed a tendency to saturation
at around 700 °C. This feature could indicate that at 700 and
800 °C the NC size distributions are quite similar.

The prenucleation of the nanocrystals occurs during the
high-temperature implantation process. As proposed
elsewhere4,16 the hot implanted samples contain more nucle-
ation centers �silicon aggregates� formed during the implan-
tation process than those implanted at RT. For a given an-
nealing temperature, an increase in the implantation
temperature raises the number of Si NC that will be grown in
the SiO2 matrix reducing the interparticle spacing. Besides, it
is known that the stability of small crystals depends on the
balance between their volume and surface free energies, and
as a result their melting point may be much lower than the
usual melting temperature.17,18 Thus, the interparticle spac-
ing reduction can contribute to concentrate the silicon ex-
cess, growing larger crystallites subsequent to the annealing
when the samples are hot implanted. Hence, implantations at
high temperatures should facilitate the growth process during
annealing as well.

As already reported, larger crystallites are formed by in-
creasing the annealing temperature.19 This explains the red-
shift of both peaks, as can be observed in Fig. 4. In agree-
ment with the quantum confinement theory, the progressive
redshift of the PL peaks with increasing crystal size is due to
the reduction of the band gap of the Si NC, approaching to
that of the bulk crystalline silicon.

The PL line shape and intensity depend on the density of
crystallites in the SiO2 matrix and their size. The Si NC
absorption cross section is basically related to its oscillator
strength and the electronic density of states. While the first
decreases, the second one increases with increasing grain
size. Then, there is a critical size for which the luminescence
signal reaches its maximum. In addition, depending on the
distance between nanocrystals, a decrease in the PL intensity
can be related to a partial annihilation of quantum confine-
ment by tunnel effects and/or other nanocrystals
interactions.19,20 Thus, by observing the data shown in Fig. 3,
we see that both peaks �I1 and I2� typically present higher PL
intensity for the samples annealed at 1100 °C. In this way,
we can assume that the optimal crystallite size was achieved
at this annealing temperature, independent of the implanta-
tion temperature.

B. Influence of the excitation power density

PL spectra from Si NC produced by RT implantation do
not show any significative change in their shapes with the
excitation power density as illustrated by Fig. 5�a�. On the
other hand, the 600 °C implantation originates a PL spec-
trum strongly dependent on the excitation power density—
see Fig. 5�b�. This feature is closely related to the NC size
distribution, produced in each implantation, as revealed by
the TEM observations. The corresponding grain-size histo-
grams displayed on Fig. 8 confirm that hot implantation gen-
erates broader Si NC distributions with a larger mean diam-

FIG. 8. Size histograms from TEM analyses of a sample implanted at �a� RT
and �b� 600 °C and thermal annealed at 1150 °C.
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eter as compared with RT implantation. We have also
obtained a broad Si NC distribution with larger grains for
samples implanted at RT but annealed at 1200 °C �not
shown here�. Consequently, a similar PL emission behavior
was found as compared with that observed for the 600 °C
implanted sample.

The present results can be explained by a nanoparticle
model, which assumes independent absorption and lumines-
cence process of the different particles. It is well known that
Si nanostructures, whose emission mechanism is strongly re-
lated to the quantum confinement, present different PL decay
dynamics depending on the nanoparticles size.11,14,21,22 The
time decay of the PL is faster with decreasing emission
wavelength. It means that nanocrystals which emit at longer
wavelengths decay at a slower rate as compared with those
which emit at shorter wavelengths. The size-dependent radia-
tive decay rate can be correlated to the electron-hole ex-
change energy �, which also depends on the nanocrystal
size. According to the Calcott et al.23 model, applied by
Brongersma et al.24 to Si NC produced by ion implantation,
the exchange electron-hole interaction splits the excitonic
levels by an energy �. The lowest level in this splitting is a
triplet state and the upper level is a singlet one. The triplet
state has a radiative decay rate RT much smaller than the
radiative decay rate RS of the singlet. The splitting � as
shown in Ref. 24 increases with the emission energy, raising
consequently the ratio RS /RT. Hence, if the excitation power
density is increased, the low-energy part of the PL spectrum
reaches first its saturation level, while the high-energy part of
the spectrum continues in the linear range. Thus, the larger
grains emission gets hidden behind the smaller nanoparticles
emission, which remains proportional to the increasing of the
excitation power density. In addition, in the saturation regime
the Auger process has a large contribution on the nonradia-
tive recombination, quenching the PL. This effect, discussed
in details by Kovalev et al.,15 is stronger for larger nanocrys-
tals which have larger absorption cross section and longer
radiative lifetime.

V. CONCLUSIONS

We have investigated the photoluminescence behavior of
Si NC produced by Si implantations at high temperature in a
SiO2 matrix. By using low excitation power density �far from
saturation regime for all NC sizes� it was possible to obtain
the PL spectrum without nonlinear effects. We have observed
a PL line structure that can be reproduced by two superim-
posed peaks which are strongly dependent of the implanta-
tion temperature. As the annealing temperature was in-
creased both PL peaks shifted towards the long wavelengths
�redshift�. The influence of the implantation temperature is
remarkable for T�400 °C, where the intensity of the peak
located at the short-wavelength side decreases considerably,
while the other one, at longer wavelengths, increases. This
second peak also presents a continuous redshift as the im-
plantation temperature is raised. In addition it was shown

that the implantation temperature enhances the grow process
of the Si NC during the postannealing treatment performed at
high temperatures.

On the other hand, we have shown that whenever a
broad size distribution of nanoparticles is produced with the
presence of large grains, special attention should be paid to
the excitation power density. In this case low excitation in-
tensity should be used in order to get the full PL spectrum.
Otherwise, high excitation power density will produce a par-
tial PL spectrum with only the high-energy emission compo-
nents from the smaller nanoparticles. It is important to con-
sider the excitation regime that the experiment has been done
before making any correlations between optical and struc-
tural properties, as well as when tailoring the system for
eventual device applications.
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