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A systematic study of photoluminescen &) behavior of Si nanocrystals in Sj@btained by ion
implantation in a large range of temperatures200 up to 800 °¢ and subsequent furnace
annealing in N 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
1.5x 10" Si/cn? at room temperature or 0510 Sifen? 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. 2@4 American Institute of Physics.
[DOI: 10.1063/1.1691182

I. INTRODUCTION significative light emissior* Some authors report a depen-

3 _ dence of the photoluminescen¢eL) peak wavelength on
Silicon nanocrystal¢NCs) have been extensively stud- the annealing temperature and/or the films composition,

ied in recent years due their potential applications in optowhile others do not observe any dependehc@Some pub-

electronic and photonic devices. Most researchers havg:ations have shown that long annealing tinfaout hours

sought an understanding of the light-emission process, angoqyce an increase in the PL intengityhile others have

the enhancement of the emission efficiency of these SyStemFeported a decrease in the PL intensity peakd some au-

In spite of a great amount of publications, there is still NOw ors have observed saturation in Si NC Pln. most of the

CcONSensus apout the luminescence meghanlsm. The OIISClIﬁ]blished papers, the emission spectra shape is not related to
sions are basically centered on whether light emission occu 2 -
the wavelength excitation source.

Vi ntum confinement or via interf localized in . .
a guantum confinement or via interface states localized A variety of techniques has been employed to produce

the NC surface. More recently, the so-called reactive mOderllanometer sized crvstallitds® By modifving the wav that
of nanoclusters has been proposéthe authors have con- 2 ystalltes. =By ifying way

sidered that the bandgap widening due to the quantum coﬂibe |.n|t|al S'_I'Con excess ',S generz'atédsuallyb. 'm a SiG,
finement effect plays a role in the photoabsorption procesdnatrix by different annealing ambient conditions, one can
and that the Si-NC/SiQinterface energy states plays an es-obtain Filﬁerent structural and optical characteristics. lon im-
sential role in the luminescence process. The nonexistence Bfantation can be considered one of the best ways to generate
a well-accepted model to explain the luminescence from sthis silicon excess, due to the excellent repeatability and
NC is strictly associated with the wide range of sometimescompatibility with conventional microelectronic technology.
conflicting experimental results available in the literature.lon implantation at keV energies is routine for microelec-
For instance, intense light emission from as-deposited, Siotronic applications, and it has the advantage that a given
films has been reportédalthough the results of most of the concentration of ions can be placed in a controlled depth
experiments agree that high-temperature thermal treatmedistribution by changing the ion fluence and the implantation
of the films (T>1000 °C) is necessary in order to observeenergy.
SiNCs embedded in a SjOnatrix are usually studied as

dAuthor to whom correspondence should be addressed; electronic maift function of the implantation fluence and the annealing pa-
behar@if.ufrgs.br rameters such as time and temperaftt&23In the present
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work, we focus on the influence of the implantation tempera- % — T T T T T
ture on the nanocrystal’s structural and emission characteris: 1 .
tics, an issue that has never been systematically studied. 25 et TALIS0C
,f —&—RT
[ ]S o
sa] TR parcs
Il. EXPERIMENTAL DETAILS s g h —e—700°C
o . _ & s e o, —a—800°C
Silicon ions with energy of 170 keV were implanted in § %
480-nm-thick SiQ layers thermally grown 01100 Si wa- =
fers. These implantations were carried out in a range of targeig
temperatures, between200 and 800 °C, in a vacuum better .
than 1x10 © mbar. We have used fluences of 0.5, 1, and
1.5x 10" cm™?, providing Si concentration profiles with a

peak at around 240 nm and initial silicon excess concentra- °6g0 " .0 780 8o 8t 900 950 1000
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 . 1. RT PL spectra of SiD samples implanted with 170 keV
under N, atmosphere in a conventional furnace for 1 h in(1x10" Si/cn?) at RT, 400, 600, 700, and 800 °C, all thermal annealed at
order to nucleate and grow the Si precipitates. To study thé&150°C for_l h under Edatmosphe‘re in aconverjtional furnace. The_ straight
time evolution of the process, a set of samples was anneal(%'@f]s's a guide to the eyes, showing the redshift PL peak for hot implanta-
at 1150 °C for times ranging from 10 up to 240 min. PL
measurements were performed at RT using the 48854
eV) line of an Ar-ion laser as the excitation source, with
power density of 15 W/cfa The emission was dispersed by the other is related to the implantation temperatén@m 400
a 0.5 m single spectrometer and detected by a cooled photte 800 °Q. The inset shows the PL spectra for samples im-
multiplier detector. All spectra presented here were obtaineglanted at 600 °C and annealed at 1100, 1150, and 1200 °C,
under the same conditions. Dark-field cross-sectional transHustrating the wavelength peak redshift dependence on the
mission electron microscopyTEM) analyses were carried annealing temperature.
out with a 200 kV JEOL 2010 microscope in order to deter-  The PL results for samples implanted to a fluence of
mine the NC size distribution in the annealed samples. Thd x 10*” cm™2 are summarized in Fig. 3, where the PL inten-
specimens were first mechanically thinned, and at a finasity is plotted as a function of the implantation temperature
stage they were ion-milled up to electron transparencyor three different annealing temperaturt@400, 1150, and
through 5 keV AF bombardment. 1200°Q. 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
Ill. RESULTS PL intensity for implantation temperatures ranging from

) o . —200 to 400°C, and then exhibit a strong decrease for
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

Wavelength (nm)

1100 °C(not shown herepresented a PL signal several or- s00 LU L A S LA B
ders of magnitude lower than those coming from specimens 1 | i tmp 600°C | —-T—A11120°c -
treated at 1100 and 1150 °C. Our PL results show a strong 13 p \ --0— 1150°C
RT emission at wavelengths ranging from 650 up to 1000  sso- % o L J,,Sn: ““%Q% % 1200°C .
nm. 15 ¥ o 2
The PL spectra of five samples implanted to a fluence of 8404 i N ogag, -
1x 107 cm™?, at different temperaturd®RT, 400, 600, 700, E 1= |.e=" ] j
and 800 °@, followed by an annealing at 1150 °C for 60 min, £ 820__ T % |
are shown in Fig. 1. We can observe that the samples im< 8004 s wav:eng;h(m;) .............. Hormemoneeeas X' o
planted at RT and 400 °C present a very similar PL spectra, : /o/ .
peaked at about 775 nif1.6 eV). It is also clear from the [ I oo /o/ T
figure that the PL peak of the samples implanted at tempera ] ° "
tures higher than 400 °C is slightly redshifted. Moreover, the e — " ]
PL spectra width becomes broader towards the longer wave 20 0 200 400 600 800
length side, while the peak intensity decreases with increas: Implantation Temperature (°C)

ing implantation temperature. The PL peak wavelengtk) (
as a function of the implantation temperature for all the anf!G. 2. PL peak wavelength\) versus implantation temperature for

; ; ; ; ; amples implanted to a fluence ok10'” Si/cn? and thermal annealed for
nealing temperatures is represented in Fig. 2. In this plot, w h at temperatures of 1100 @l rectangle, 1150 °C(open circle, and

can r_]eatly diStingUiSh_ two re_dShiftS in _the emission peakjyqg °C(asterisk. The inset shows the PL spectra for three annealing tem-
One is related to the increasing annealing temperature, arn@ratures of samples implanted at 600 °C. Lines are guides to the eyes.
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FIG. 3. PL intensity peak versus implantation temperature of samples img|G, 5. PL intensity peak versus annealing time, from 10 to 240 min, for
planted to a fluence of 110" Si/cn? and annealed for 1 h at temperatures samples implanted with X 10'7 Si/cn? at RT (open squarg 400 °C (full

of 1100 °C (full rectangle, 1150 °C(open circlg, and 1200 °Clasterisk.  triangle), and 600 °C(full circle), and thermal annealed at 1150 °C. Lines
Lines are guides to the eyes. are guides to the eyes.

higher values. For 1200 °C, the overall PL intensity drasti-are both lower fluences implanted at 600(€1 and 0.25
cally decreases, although the experimental curve still follows, 101 cm2), for which higher PL intensities are obtained

the same qualitative behavior of those corresponding to th{aOr 1150°C thermal treatmentii) Thermal annealing at
other annealing temperatures. _ . 1200 °C[Fig. 4(c)] produces a very low PL signal, which is
In order to get more information about the implantation;jenendent of the fluence and implantation temperature.
temperature influence on the Si NC PL, we have changed th&i) For annealing at 1100 °CFig. 4@)], the enhancement
initial silicon excess concentration in the Si@atrix, vary- in the PL intensity can be obtained adjusting fluence and

Ing th? |szlanteq fluence f.rom ?11016_ up to implantation temperature. That means we can achieve the
1.5x10' cm~2. In Fig. 4, the maximum intensity PL peak maximum PL by implanting 1.810 Silcn? at RT or
is plotted as a function of the implantation temperature f°r0.5>< 107 Si/en? at 400°C,(iv) It is important to note that
different fluences. The grapfia), (b), and(c) in this figure o6 is an inversion in the PL intensity curves as a function
display the results obtained rfd h _thermal treatments at ¢ 4o fluence when we compare samples implanted at RT
1100, 1150, and 1200°C, respectively. Several statemenfSy, not implanted ones. There are no apparent relationships
can be established from this daf@: For a given implanta-  55,4ng the PL intensity, implantation fluence, and tempera-
tion temperature, the maximum PL intensity is alwaySy,e The tendencies change according to the implantation
reached _and annealing temperatures. This behavior can be observed
for 1100°C thermal annealed samples. The exceptiong, Fig. 4@ as well as in Fig. &).
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
1% implanted to a fluence of 10" cm 2. After 10 min of
thermal treatment, the PL signal is intense and shows almost
the same value for the three annealing temperatures. By in-

30

254

20+ 20

= N
i (@ 1100°C/1h “m (b) 1150°C/1h creasing the annealing time to 20 min, the PL intensity pre-
E " ) 1 sents a new tendencyi) at 600°C, it almost does not
E ] Fluences (Sifem ) i |, change, but at RT and 400 °C it increases by 30% and 44%,
2 * 0.1x10" » respectively; andii) for 30 min of annealing time and im-
0.25x10 T T T .
. e 050" 78\4 1. plant§t|on temperature at 400 °C, we observe_ the strongest
—o—1.0u10" » . - PL signal. By further increasing the annealing time, all
, = L0 © Lweim * ], samples show a slow decrease in their PL intensities after 60

T T T T T
0 200 400 800 0 200 400 600

Implantation temperature ('C) min of thermal treatment.

Structural information about Si NC size was obtained
FIG. 4. PL intensity peak versus implantation temperature for different ﬂ“'through the dark-field TEM analysis. The TEM micrographs
ences: 15107 (full square, 1x 1077 (open circlg, 0.5<10°7 (full tri- o6 shown that larger mean size Si NCs have been formed
angle, 0.25x 10" (open triangly, and 0.1x 1017 Sifcn? (asterisk. Samples .
were thermal annealed &) 1100, (b) 1150, and(c) 1200 °C. Lines are when the samples were implanted at the same temperature,

guides to the eyes. but annealed at higher temperatures. The same effect is
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FIG. 6. Silicon size distributions obtained by dark-field TEM analysis from samples implantadRi, (b) 400 °C, andc) 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.

Diameter (nm)
and 700 °C and annealed at 1150 °C are shown in Fithés found when we compared samples implanted at 400 and at

NC size distributions of three samples implanted at RT, 400with the implantation temperature. The same behavior was
corresponding dark-field TEM images are showhis clear 700 °C, and annealed at 1100 °C.

observed varying only the implantation temperature. The Sfrom these results that the Si NC mean diameter increases
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IV. DISCUSSION 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

The very weak PL signals obtained from specimens anwhen compared to that obtained from lower annealing tem-
nealed at temperatures below 1100 °C are probably due tgeratures. As was mentioned earlier, larger NCs have smaller
the fact that in our system the Si phase begins to separatgoss sections for absorption; therefore, if the particles are
from SiQ, around this annealing temperature. larger, the less intense the luminescence will be. Of course,

It is important to recall that any PL comparison with that is true after a certain critical size is achieved. For distri-
other reports should be made only if the laser excitation enputions with larger NCs, the energy may be transferred from
ergy is the same, because higher excitation energies woukshall grains to larger ones more easily, depending on the
excite energy levels in particles of smaller size. Hence, thejistance between theh?®
PL peak energy should appear at higher energies as com- Next, we would like to discuss more specifically the re-
pared to lower excitation energi€sin addition, different  sults observed in the Fig.(@. It has been shown a clear
excitation intensities produce different PL intensities, a feainversion in the PL intensities as a function of implantation
ture that is related to the saturation of some energy levels ifemperature for samples annealed at 1100 °C. In other words,
the NCs?%?° the implantations at RT present higher PL signals as the flu-

Our data show two different PL wavelength peak.t)  ence is increased, while hot implantatiq#€0 °C or higher
redshifts(see Fig. 2 One is related to the annealing tem- present better results for decreasing fluences. An important
perature and the other is related to the implantation tempergesult that we should point out here again is that
ture. The PL redshift due to the annealing temperature hag 5x 10'7 Si/cn? implanted at 400 °C produces the same PL
already been reported by other authbt$and is basically signal as 1.5 10" Si/cn? at RT.
related to the size of Si NCs. The higher the annealing tem-  |wayamaet al. have reported that hot implanted samples
perature, the larger the silicon grains. In agreement with theontain more nucleation cente(silicon aggregatésformed
quantum confinement theory, the progressive redshift of theluring the implantation process than those implanted &°RT.
PL peaks with increasing crystal size is due to the reductioiwhen the implanted fluence and the annealing temperature
of the bandgap of the Si NCs approaching that of bulk crysare fixed, an increasing in the implantation temperature in-
talline silicon. creases the number of Si NCs that will be grown in the,SiO

According to our results, the influence of the ion implan-matrix and, consequently, the interparticle spacing is re-
tation temperature starts at about 400 °C, where the changficed. It is known that the stability of small crystals depends
in the N max PL to higher wavelengths becomes evident. Thison the balance between their volume and surface free ener-
fact can also be explained in terms of the Si NC growth, ajies and, consequently, their melting point may be much
feature that was confirmed by TEM analysis. lower than the usual melting temperatéfe?® Additionally,

We have foundFig. 3) that the PL intensity decreases the reduced interparticle spacing can contribute to concen-
with increasing annealing temperatuf®00-1200°C In  trate the silicon excess into larger crystallites after annealing
the same way, by fixing the annealing temperature, one okt high temperature for ion implantation temperatures higher
serves that hot implanted samples at temperatures highefan RT. In this way, hot implantation facilitates the growth
than 400 °C also present a decrease in the PL intensity Witbrocesses during annealing. The trend shown in Fig) 4
increasing implantation temperature. This can be explainegecomes clear if we admit that an optimal sized Si NC is
on the following basis. It is known that different parametersachieved with lower silicon excesses due to the increase in
determine the Si NC luminescence intensity, such as thehe implantation temperature. The PL intensity peak obtained
number and size of the crystallites and/or competitive nonfor 0.5x 10’ Si/cn? is lower for implantations at 600 than
radiative processes. It has been reported that large NCs ha4e0 °C, probably because the optimal Si NC size was already
smaller absorption cross sectidfr Although larger grains achieved at 400 °C. For implantations at 600[Fly. 4a@)],
(~4.5 nm have higher electronic density of states, the tranwe can observe that at fluences increasing fronx@®’ up
sition rate (oscillator strengthbecomes smallér® This is  to 1.5x< 10 Si/cn?, the PL decreases. Thus it was expected
due to the fact that increasing the NC size, the absorptiothat lower fluences would give a better PL intensity after
characteristics becomes similar to bulk Si, approximating theinnealing at 1100 °C. For this reason, we have implanted
NC band structure to the Si indirect configuration. On the0.25x 10*” and 0.2x 10 Si/cn? at 600 °C, but the measured
other hand, some authors have reported Biatenters(Si  luminescence intensity was lower. At these fluences, the
dangling bonds located at the Si-NC/SiDterface$ or cen-  grains formed after annealing are too small, presenting a
ters intimately related to them annihilate the radiative recomhigher surface/volume ratio. Consequently, the nonradiative
bination in the Si NCs. The concentration of these centerglefects on the Si-NC/SiQinterface can play a more intense
and the PL intensity are inversely correlafett. has been role, decreasing the luminescence. This behavior has already
shown that in order to improve the Si-NC/Si@terface, the discussed by Deleruet al.,*® where they showed that the
defects related to sucR, centers must be annealed 8ut. probability of nonradiative capture of a carrier by a single
Thus, even if the Si NCs have already reached an optimadangling bond is inversely proportional to the crystallite vol-
size, an additional annealing time can be necessary. Increagme.
ing the PL emission intensity after annealing in forming gas  Another point to discuss is the PL intensity behavior by
ambient at temperatures 450-500(@{®t shown herecon-  changing the annealing temperat{ifégs. 4a) and 4b)]. We

A. PL measurements
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observe that for annealing at 1150 °C, the PL intensity ischanging the implantatiottemperature and fluencand an-
lower than at 1100 °C because larger Si grains are formediealing(temperature and timgarameters. We have shown
For most of the hot implanted fluences, the grain size becamibat the shape and intensity PL peak are dependent on the
large enough so they can start to communicate with eachmplantation temperature. A PL peak redshift was observed
other. The exceptions are the two lowest fluences, where fdor higher implantation temperatures and was related to the
increasing NC size, we have found an increasing PL intenSi NC growth. TEM analyses have demonstrated that the
sity. mean size of the Si NCs has a direct dependence on the
On the other hand, implantations with fluences ofannealing and implantation temperatures. Hot implantations
0.25x10'7 and 0.5<10'" cm 2 and annealed at 1150°C facilitate the Si NC growth processes during the high anneal-
[Fig. 4b)] produce practically the same signal. For theing temperature. We have observed that there are no apparent
higher fluence the effect of the surface/volume ratio is lesselationships among the PL intensity, implantation fluence,
pronounced; the grains have already exceeded their optimahd temperature. The maximum PL intensity was achieved
size for emission. by adjusting fluence and implantation temperature when the
For the time evolution of PL intensitfFig. 5), the maxi- annealing temperature was of 1100 °C. Interestingly, we have
mum PL has been obtained for about 30 min of annealin@chieved the same PL intensity with a three times lower flu-
time. This is a sufficient time to grow the Si NCs to an ence implanted at 400 °C than at RT.
appropriate size and to anneal out some of the interface de-
fects. Longer annealing times vyield crystallite sizes larger
than the ideal. The slow decrease in the PL maximum after ACKNOWLEDGMENTS
h annealing may be related to the fact that the excess silicon
amount in the Si© matrix has already been consumed by
forming the NC. Thus, the grains increase their sizes at lowe
rates.
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