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A systematic study of photoluminescence~PL! behavior of Si nanocrystals in SiO2 obtained by ion
implantation in a large range of temperatures~2200 up to 800 °C!, and subsequent furnace
annealing in N2 ambient was performed. A PL signal in the wavelength range 650–1000 nm was
observed. The PL peak wavelength and intensity are dependent on the fluence, implantation and
annealing temperatures. It was found that after annealing at 1100 °C, both implantations of
1.531017 Si/cm2 at room temperature or 0.531017 Si/cm2 at 400 °C result in the same PL peak
intensity. By varying the implantation temperature we can achieve the same PL efficiency with
lower fluences showing that hot implantations play an important role for initial formation of the
nanocrystals. The PL intensity evolution as a function of the annealing time was also studied. As the
implantation temperature was increased, larger mean size Si nanocrystals were observed by means
of dark-field transmission electron microscopy analysis. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1691182#

I. INTRODUCTION

Silicon nanocrystals~NCs! have been extensively stud-
ied in recent years due their potential applications in opto-
electronic and photonic devices. Most researchers have
sought an understanding of the light-emission process, and
the enhancement of the emission efficiency of these systems.
In spite of a great amount of publications, there is still no
consensus about the luminescence mechanism. The discus-
sions are basically centered on whether light emission occurs
via quantum confinement or via interface states localized in
the NC surface. More recently, the so-called reactive model
of nanoclusters has been proposed.1 The authors have con-
sidered that the bandgap widening due to the quantum con-
finement effect plays a role in the photoabsorption process,
and that the Si-NC/SiO2 interface energy states plays an es-
sential role in the luminescence process. The nonexistence of
a well-accepted model to explain the luminescence from Si
NC is strictly associated with the wide range of sometimes
conflicting experimental results available in the literature.
For instance, intense light emission from as-deposited SiOx

films has been reported,2 although the results of most of the
experiments agree that high-temperature thermal treatment
of the films (T.1000 °C) is necessary in order to observe

significative light emission.3,4 Some authors report a depen-
dence of the photoluminescence~PL! peak wavelength on
the annealing temperature and/or the films composition,
while others do not observe any dependence.1,2,5 Some pub-
lications have shown that long annealing times~about hours!
produce an increase in the PL intensity,6 while others have
reported a decrease in the PL intensity peak7 and some au-
thors have observed saturation in Si NC PL.8 In most of the
published papers, the emission spectra shape is not related to
the wavelength excitation source.

A variety of techniques has been employed to produce
nanometer-sized crystallites.9–20 By modifying the way that
the initial silicon excess is generated~usually! in a SiO2

matrix by different annealing ambient conditions, one can
obtain different structural and optical characteristics. Ion im-
plantation can be considered one of the best ways to generate
this silicon excess, due to the excellent repeatability and
compatibility with conventional microelectronic technology.
Ion implantation at keV energies is routine for microelec-
tronic applications, and it has the advantage that a given
concentration of ions can be placed in a controlled depth
distribution by changing the ion fluence and the implantation
energy.

Si NCs embedded in a SiO2 matrix are usually studied as
a function of the implantation fluence and the annealing pa-
rameters such as time and temperature.4,3,6,13 In the present
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work, we focus on the influence of the implantation tempera-
ture on the nanocrystal’s structural and emission characteris-
tics, an issue that has never been systematically studied.

II. EXPERIMENTAL DETAILS

Silicon ions with energy of 170 keV were implanted in
480-nm-thick SiO2 layers thermally grown on~100! Si wa-
fers. These implantations were carried out in a range of target
temperatures, between2200 and 800 °C, in a vacuum better
than 131026 mbar. We have used fluences of 0.5, 1, and
1.531017 cm22, providing Si concentration profiles with a
peak at around 240 nm and initial silicon excess concentra-
tions of about 5%, 10%, and 15%, respectively. Some few
samples were implanted with lower fluences. The as-
implanted samples were annealed at 1100, 1150, and 1200 °C
under N2 atmosphere in a conventional furnace for 1 h in
order to nucleate and grow the Si precipitates. To study the
time evolution of the process, a set of samples was annealed
at 1150 °C for times ranging from 10 up to 240 min. PL
measurements were performed at RT using the 488 nm~2.54
eV! line of an Ar-ion laser as the excitation source, with
power density of 15 W/cm2. The emission was dispersed by
a 0.5 m single spectrometer and detected by a cooled photo-
multiplier detector. All spectra presented here were obtained
under the same conditions. Dark-field cross-sectional trans-
mission electron microscopy~TEM! analyses were carried
out with a 200 kV JEOL 2010 microscope in order to deter-
mine the NC size distribution in the annealed samples. The
specimens were first mechanically thinned, and at a final
stage they were ion-milled up to electron transparency
through 5 keV Ar1 bombardment.

III. RESULTS

Light emission from the as-implanted samples was not
detected, and TEM analyses showed no indications of crys-
tallite formation. Samples annealed at temperatures below
1100 °C~not shown here! presented a PL signal several or-
ders of magnitude lower than those coming from specimens
treated at 1100 and 1150 °C. Our PL results show a strong
RT emission at wavelengths ranging from 650 up to 1000
nm.

The PL spectra of five samples implanted to a fluence of
131017 cm22, at different temperatures~RT, 400, 600, 700,
and 800 °C!, followed by an annealing at 1150 °C for 60 min,
are shown in Fig. 1. We can observe that the samples im-
planted at RT and 400 °C present a very similar PL spectra,
peaked at about 775 nm~1.6 eV!. It is also clear from the
figure that the PL peak of the samples implanted at tempera-
tures higher than 400 °C is slightly redshifted. Moreover, the
PL spectra width becomes broader towards the longer wave-
length side, while the peak intensity decreases with increas-
ing implantation temperature. The PL peak wavelength (lp)
as a function of the implantation temperature for all the an-
nealing temperatures is represented in Fig. 2. In this plot, we
can neatly distinguish two redshifts in the emission peak.
One is related to the increasing annealing temperature, and

the other is related to the implantation temperature~from 400
to 800 °C!. The inset shows the PL spectra for samples im-
planted at 600 °C and annealed at 1100, 1150, and 1200 °C,
illustrating the wavelength peak redshift dependence on the
annealing temperature.

The PL results for samples implanted to a fluence of
131017 cm22 are summarized in Fig. 3, where the PL inten-
sity is plotted as a function of the implantation temperature
for three different annealing temperatures~1100, 1150, and
1200 °C!. We have found that after annealing at 1100 and
1150 °C, the integrated PL intensities present almost the
same behavior. Both thermal treatments show a maximum
PL intensity for implantation temperatures ranging from
2200 to 400 °C, and then exhibit a strong decrease for

FIG. 1. RT PL spectra of SiO2 samples implanted with 170 keV
(131017 Si/cm2) at RT, 400, 600, 700, and 800 °C, all thermal annealed at
1150 °C for 1 h under N2 atmosphere in a conventional furnace. The straight
line is a guide to the eyes, showing the redshift PL peak for hot implanta-
tions.

FIG. 2. PL peak wavelength (lp) versus implantation temperature for
samples implanted to a fluence of 131017 Si/cm2 and thermal annealed for
1 h at temperatures of 1100 °C~full rectangle!, 1150 °C~open circle!, and
1200 °C~asterisk!. The inset shows the PL spectra for three annealing tem-
peratures of samples implanted at 600 °C. Lines are guides to the eyes.
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higher values. For 1200 °C, the overall PL intensity drasti-
cally decreases, although the experimental curve still follows
the same qualitative behavior of those corresponding to the
other annealing temperatures.

In order to get more information about the implantation
temperature influence on the Si NC PL, we have changed the
initial silicon excess concentration in the SiO2 matrix, vary-
ing the implanted fluence from 131016 up to
1.531017 cm22. In Fig. 4, the maximum intensity PL peak
is plotted as a function of the implantation temperature for
different fluences. The graphs~a!, ~b!, and ~c! in this figure
display the results obtained for 1 h thermal treatments at
1100, 1150, and 1200 °C, respectively. Several statements
can be established from this data:~i! For a given implanta-
tion temperature, the maximum PL intensity is always
reached
for 1100 °C thermal annealed samples. The exceptions

are both lower fluences implanted at 600 °C~0.1 and 0.25
31017 cm22), for which higher PL intensities are obtained
for 1150 °C thermal treatment.~ii ! Thermal annealing at
1200 °C@Fig. 4~c!# produces a very low PL signal, which is
independent of the fluence and implantation temperature.
~iii ! For annealing at 1100 °C@Fig. 4~a!#, the enhancement
in the PL intensity can be obtained adjusting fluence and
implantation temperature. That means we can achieve the
maximum PL by implanting 1.531017 Si/cm2 at RT or
0.531017 Si/cm2 at 400 °C,~iv! It is important to note that
there is an inversion in the PL intensity curves as a function
of the fluence when we compare samples implanted at RT
with hot implanted ones. There are no apparent relationships
among the PL intensity, implantation fluence, and tempera-
ture. The tendencies change according to the implantation
and annealing temperatures. This behavior can be observed
in Fig. 4~a! as well as in Fig. 4~b!.

The evolution of PL intensity as a function of the anneal-
ing time at 1150 °C is shown in Fig. 5. We present results
corresponding to three different implantation temperatures:
RT, 400, and 600 °C. This study has been made with samples
implanted to a fluence of 131017 cm22. After 10 min of
thermal treatment, the PL signal is intense and shows almost
the same value for the three annealing temperatures. By in-
creasing the annealing time to 20 min, the PL intensity pre-
sents a new tendency:~i! at 600 °C, it almost does not
change, but at RT and 400 °C it increases by 30% and 44%,
respectively; and~ii ! for 30 min of annealing time and im-
plantation temperature at 400 °C, we observe the strongest
PL signal. By further increasing the annealing time, all
samples show a slow decrease in their PL intensities after 60
min of thermal treatment.

Structural information about Si NC size was obtained
through the dark-field TEM analysis. The TEM micrographs
have shown that larger mean size Si NCs have been formed
when the samples were implanted at the same temperature,
but annealed at higher temperatures. The same effect is

FIG. 3. PL intensity peak versus implantation temperature of samples im-
planted to a fluence of 131017 Si/cm2 and annealed for 1 h at temperatures
of 1100 °C ~full rectangle!, 1150 °C~open circle!, and 1200 °C~asterisk!.
Lines are guides to the eyes.

FIG. 4. PL intensity peak versus implantation temperature for different flu-
ences: 1.531017 ~full square!, 131017 ~open circle!, 0.531017 ~full tri-
angle!, 0.2531017 ~open triangle!, and 0.131017 Si/cm2 ~asterisk!. Samples
were thermal annealed at~a! 1100, ~b! 1150, and~c! 1200 °C. Lines are
guides to the eyes.

FIG. 5. PL intensity peak versus annealing time, from 10 to 240 min, for
samples implanted with 131017 Si/cm2 at RT ~open square!, 400 °C ~full
triangle!, and 600 °C~full circle!, and thermal annealed at 1150 °C. Lines
are guides to the eyes.
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observed varying only the implantation temperature. The Si
NC size distributions of three samples implanted at RT, 400,
and 700 °C and annealed at 1150 °C are shown in Fig. 6~the
corresponding dark-field TEM images are shown!. It is clear

from these results that the Si NC mean diameter increases
with the implantation temperature. The same behavior was
found when we compared samples implanted at 400 and at
700 °C, and annealed at 1100 °C.

FIG. 6. Silicon size distributions obtained by dark-field TEM analysis from samples implanted at~a! RT, ~b! 400 °C, and~c! 700 °C and thermal annealed at
1150 °C for 1 h. Corresponding TEM images are displayed at the right-hand side of each Si NC size histogram.
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IV. DISCUSSION

A. PL measurements

The very weak PL signals obtained from specimens an-
nealed at temperatures below 1100 °C are probably due to
the fact that in our system the Si phase begins to separate
from SiOx around this annealing temperature.

It is important to recall that any PL comparison with
other reports should be made only if the laser excitation en-
ergy is the same, because higher excitation energies would
excite energy levels in particles of smaller size. Hence, the
PL peak energy should appear at higher energies as com-
pared to lower excitation energies.21 In addition, different
excitation intensities produce different PL intensities, a fea-
ture that is related to the saturation of some energy levels in
the NCs.22,23

Our data show two different PL wavelength peak (lmax)
redshifts~see Fig. 2!. One is related to the annealing tem-
perature and the other is related to the implantation tempera-
ture. The PL redshift due to the annealing temperature had
already been reported by other authors,4,24 and is basically
related to the size of Si NCs. The higher the annealing tem-
perature, the larger the silicon grains. In agreement with the
quantum confinement theory, the progressive redshift of the
PL peaks with increasing crystal size is due to the reduction
of the bandgap of the Si NCs approaching that of bulk crys-
talline silicon.

According to our results, the influence of the ion implan-
tation temperature starts at about 400 °C, where the change
in the lmax PL to higher wavelengths becomes evident. This
fact can also be explained in terms of the Si NC growth, a
feature that was confirmed by TEM analysis.

We have found~Fig. 3! that the PL intensity decreases
with increasing annealing temperature~1100–1200 °C!. In
the same way, by fixing the annealing temperature, one ob-
serves that hot implanted samples at temperatures higher
than 400 °C also present a decrease in the PL intensity with
increasing implantation temperature. This can be explained
on the following basis. It is known that different parameters
determine the Si NC luminescence intensity, such as the
number and size of the crystallites and/or competitive non-
radiative processes. It has been reported that large NCs have
smaller absorption cross section.8,25 Although larger grains
~;4.5 nm! have higher electronic density of states, the tran-
sition rate~oscillator strength! becomes smaller.8,25 This is
due to the fact that increasing the NC size, the absorption
characteristics becomes similar to bulk Si, approximating the
NC band structure to the Si indirect configuration. On the
other hand, some authors have reported thatPb centers~Si
dangling bonds located at the Si-NC/SiO2 interfaces! or cen-
ters intimately related to them annihilate the radiative recom-
bination in the Si NCs. The concentration of these centers
and the PL intensity are inversely correlated.8 It has been
shown that in order to improve the Si-NC/SiO2 interface, the
defects related to suchPb centers must be annealed out.8

Thus, even if the Si NCs have already reached an optimal
size, an additional annealing time can be necessary. Increas-
ing the PL emission intensity after annealing in forming gas
ambient at temperatures 450–500 °C~not shown here! con-

firms this trend. For thermal treatments at 1200 °C, we verify
that the PL intensity saturation is independent of the fluence
and the implantation temperature, and the PL signal is weak
when compared to that obtained from lower annealing tem-
peratures. As was mentioned earlier, larger NCs have smaller
cross sections for absorption; therefore, if the particles are
larger, the less intense the luminescence will be. Of course,
that is true after a certain critical size is achieved. For distri-
butions with larger NCs, the energy may be transferred from
small grains to larger ones more easily, depending on the
distance between them.4,26

Next, we would like to discuss more specifically the re-
sults observed in the Fig. 4~a!. It has been shown a clear
inversion in the PL intensities as a function of implantation
temperature for samples annealed at 1100 °C. In other words,
the implantations at RT present higher PL signals as the flu-
ence is increased, while hot implantations~400 °C or higher!
present better results for decreasing fluences. An important
result that we should point out here again is that
0.531017 Si/cm2 implanted at 400 °C produces the same PL
signal as 1.531017 Si/cm2 at RT.

Iwayamaet al. have reported that hot implanted samples
contain more nucleation centers~silicon aggregates! formed
during the implantation process than those implanted at RT.22

When the implanted fluence and the annealing temperature
are fixed, an increasing in the implantation temperature in-
creases the number of Si NCs that will be grown in the SiO2

matrix and, consequently, the interparticle spacing is re-
duced. It is known that the stability of small crystals depends
on the balance between their volume and surface free ener-
gies and, consequently, their melting point may be much
lower than the usual melting temperature.27–29Additionally,
the reduced interparticle spacing can contribute to concen-
trate the silicon excess into larger crystallites after annealing
at high temperature for ion implantation temperatures higher
than RT. In this way, hot implantation facilitates the growth
processes during annealing. The trend shown in Fig. 4~a!
becomes clear if we admit that an optimal sized Si NC is
achieved with lower silicon excesses due to the increase in
the implantation temperature. The PL intensity peak obtained
for 0.531017 Si/cm2 is lower for implantations at 600 than
400 °C, probably because the optimal Si NC size was already
achieved at 400 °C. For implantations at 600 °C@Fig. 4~a!#,
we can observe that at fluences increasing from 0.531017 up
to 1.531017 Si/cm2, the PL decreases. Thus it was expected
that lower fluences would give a better PL intensity after
annealing at 1100 °C. For this reason, we have implanted
0.2531017 and 0.131017 Si/cm2 at 600 °C, but the measured
luminescence intensity was lower. At these fluences, the
grains formed after annealing are too small, presenting a
higher surface/volume ratio. Consequently, the nonradiative
defects on the Si-NC/SiO2 interface can play a more intense
role, decreasing the luminescence. This behavior has already
discussed by Delerueet al.,30 where they showed that the
probability of nonradiative capture of a carrier by a single
dangling bond is inversely proportional to the crystallite vol-
ume.

Another point to discuss is the PL intensity behavior by
changing the annealing temperature@Figs. 4~a! and 4~b!#. We
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observe that for annealing at 1150 °C, the PL intensity is
lower than at 1100 °C because larger Si grains are formed.
For most of the hot implanted fluences, the grain size became
large enough so they can start to communicate with each
other. The exceptions are the two lowest fluences, where for
increasing NC size, we have found an increasing PL inten-
sity.

On the other hand, implantations with fluences of
0.2531017 and 0.531017 cm22 and annealed at 1150 °C
@Fig. 4~b!# produce practically the same signal. For the
higher fluence the effect of the surface/volume ratio is less
pronounced; the grains have already exceeded their optimal
size for emission.

For the time evolution of PL intensity~Fig. 5!, the maxi-
mum PL has been obtained for about 30 min of annealing
time. This is a sufficient time to grow the Si NCs to an
appropriate size and to anneal out some of the interface de-
fects. Longer annealing times yield crystallite sizes larger
than the ideal. The slow decrease in the PL maximum after 1
h annealing may be related to the fact that the excess silicon
amount in the SiO2 matrix has already been consumed by
forming the NC. Thus, the grains increase their sizes at lower
rates.

B. TEM analysis

The dark-field TEM micrographs shown in Fig. 6 help to
clarify the discussion of Sec. A. TEM analyses have shown
that samples implanted at the same temperature have large
grains as the annealing temperature is increased~not shown!,
as expected. In addition, the higher the implantation tem-
perature,~keeping the annealing temperature constant! the
larger the Si NCs. As we mentioned in Sec. A, an increase in
the implantation temperature produces a large number of
nucleation centers in the SiO2 matrix. However, if we ob-
serve the micrographs~see Fig. 6!, we can verify that the
number of NCs is reduced, and that the spacing between
them is larger as the implantation temperature increases. This
occurs because the initial nucleation centers are easily con-
verted into larger ones, since they are closer each other and
then coalesce.

In the PL measurements, the absorption cross sections
for the different Si NCs depend on their size. The energy
may be transferred from smaller to larger NCs which may
reduce the PL intensity and produce some PL peak shift. The
light energy source is fundamental to select the NCs that will
emit. As we have stated above higher energies can excite
small crystallites, which could be luminescent but not ob-
servable by TEM analysis. So, we would like to mention
here the inconsistent method commonly accepted in the lit-
erature, which is to correlate directly the mean diameter of
the NCs obtained from the silicon size distributions by TEM
observations and the maximum PL peak energy obtained
from PL measurements.

V. CONCLUSIONS

We have investigated the influence of the implantation
temperature on the photoluminescence of Si NCs embedded
in SiO2 matrix. This study was made systematically by

changing the implantation~temperature and fluence! and an-
nealing~temperature and time! parameters. We have shown
that the shape and intensity PL peak are dependent on the
implantation temperature. A PL peak redshift was observed
for higher implantation temperatures and was related to the
Si NC growth. TEM analyses have demonstrated that the
mean size of the Si NCs has a direct dependence on the
annealing and implantation temperatures. Hot implantations
facilitate the Si NC growth processes during the high anneal-
ing temperature. We have observed that there are no apparent
relationships among the PL intensity, implantation fluence,
and temperature. The maximum PL intensity was achieved
by adjusting fluence and implantation temperature when the
annealing temperature was of 1100 °C. Interestingly, we have
achieved the same PL intensity with a three times lower flu-
ence implanted at 400 °C than at RT.
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