Influence of the implantation and annealing parameters on
the photoluminescence produced by Si hot implantation
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Abstract

We report an investigation on the effect of the fluence and annealing time on the photoluminescence (PL) from Si nanocrystals pro-
duced by hot implantation of Siinto a 810, matnx followed by thermal treatment in nitrogen. We have varied the implantation fluence in
a wide range, from .35 x 10" to 4 10'7 Sifem?. In addition, the PL evolution with the annealing time (1 up to 15 h) was studied for the
samples implanted with fluences between 1 x 10'7 and 4 x 10'7 Sifem?. After annealing the spectra present two PL bands: one centered at
T80 nm and a second one around 1000 nm. The influence of the studied parameters on the PL behavior of both bands suggests different
origins for their emission. The results are discussed In terms of current models.
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1. Introduction

Since the discovery of intense light emission in porous Si
[1]and in Si nanocrystallytes [2,3] an intense research activ-
ity has been developed in studying Si nanostructures due to
their promising applications in optoelectronics and pho-
tonic devices [4-6]. The investigation of structures consist-
ing of 8i nanocrystals (8i NCs) has mostly devoted to
improve their quantum efficiency for photoluminescence
(PL) as well to understand their light absorption and emis-
sion processes. Although the exact mechanism for light
emission remains controversial, nowadays it is well estab-
lished that basically the emission energy is dependent on
cither the NCs size [7-9] or radiative processes at the Si
NCs/matrix interface [9-12].
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Si NCs embedded in 8i0s matrix have been extensively
studied as a function of the implantation fluence, annealing
temperature and annealing time [10,13-15]. However, in all
the previous works the implantations were performed at
room temperature (RT) and only one PL band centered
at around A4 = 780 nm was observed. More recently, we
have taken another experimental approach [16]. The Si
implantations into Si0, matrix were performed at high
temperatures (basically between 400 and 800 °C), at a flu-
ence of 1x 10" Sifem”, being the spectra obtained in a lin-
ear excitation regime (power density of 20 mW/cm?). As a
consequence two PL bands were observed, one with lower
intensity at A = 780 nm and the other with higher intensity
at A around 1000 nm. Transmission electron microscopy
analyses (TEM) of the hot implanted samples have
revealed that the NCs size distribution was broader with
a larger mean size as compared to RT implantations.

Since hot implantations of Si into Si0, produce a new
PL line shape composed by two bands, when measured in
a linear excitation regime, it should be interesting to study
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its origin. With this aim we have undertaken the present
experiment where we study the PL behavior as a function
of the Si implantation fluence. In addition, we have also
investigated the influence of the high-temperature anneal-
ing time on the behavior of both PL bands. It should be
mentioned that several studies have given contradictory
results concerning the effect of the annealing time on sam-
ples implanted at RT [17-20].

2. Experimental

A 480 nm-thick layer thermally grown onto a Si(100)
wafer was implanted, keeping the substrate at 600 °C, with
170 keV Si ions at fluences of (0.35, 0.5, 1. 2, 3 and
4)% 10" Sifem? resulting Si concentrations in a range
between 3 and 40 at.%. Samples were further annealed at
1100 °C for 1 h under N, atmosphere in a conventional
furnace in order to nucleate and grow the Si precipitates.
To investigate the effect of the annealing time on the PL
emission, samples implanted with fluences of 1 x 10" 1o
4% 10" Sifem? were annealed from 1 to 15 h. PL measure-
ments were performed at RT using a Xe lamp with a mono-
chromator, in order to get a wavelength of 488 nm (2.54 ¢V)
as an excitation source. The emission was dispersed by a
(1.3 m single-grating spectrometer and collected with a visi-
ble near-infrared Si detector and an InGaAs cooled one. All
spectra were obtained under the same conditions and cor-
rected for the system response. In order to characterize
the morphology of the samples. TEM measurements were
performed using a 200 keV JEOL microscope.

3. Results
3.1 PL as a fimction of the implantation fluence

In Fig. 1 are shown the PL spectra of samples implanted
between (.35 x 10" and 4 % 10" Sifem® and post-annealed
at 1100 °C. The inset of this figure illustrates details of the
PL region corresponding to the wavelength interval
between 650 and 950 nm. An inspection of the figure shows
several interesting features. First, for the lowest implanta-
tion fluence only the band centered at 780 nm appears. Sec-
ond, the shape of the PL spectra noticeably changes with
increasing implanted Si fluence. From 0.5 x 10"7 Sifem?, it
can be clearly distinguished two PL bands: one centered
at 780 nm and a new one at around 1000 nm. The first
band increases its intensity with the fluence up to
@ =0.5% 10" Sifem® and then decreases, without shifting
its position — see inset. On the other hand. the second PL
band (4~ 1000 nm) increases its PL signal continuously
up to @ =3 x 10" Sifem® and then decreases by almost
30%, showing a strong redshift with the increasing
implanted fluence.

In order to quantify the intensities of both PL bands and
their positions. we have fitted the PL spectra with two
Gaussians, following the same procedure applied in [16].
The results presented in Fig. 2 show that the peak centered
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Fig. 1. (a} Typical PL spectra of samples mplanted at 600 °C with
different fluences and subsequently anmealed at 1100 °C for 1h and (b)
imsert corresponds to the spectra shown in (a) expanded in the wavelength
region of 650-950 nm.
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Fig. 2. (a) PL peak intensities and (b) positions as a function of the fluence
for sumples implanted at 600 *C and annealed at 1100°C for | h. [, and I,
represent the peak intensities for the short and the long wavelength PL
bands centered at the positions 4; and 1., respectively.

at 4= 780 am, slightly changes the intensity ({,) with its
position (4;) remaining almost constant with the implanta-

tion fluence. Therefore. in what follows, we will concen-
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Fig. 3. (2} Second peak PL miensiy and (b} position 2% 2 fimction of the annealng time performed at 11009 far samples mplanted at 8007 with

different fluences.

trate our attention on the behavior of the long wavelength
bhand In Fig a) iz displayed the svnlotion of the PL peak
intensity (42) of this band as a furction of the implinted
fluence. As quoted above it increaszs its intensity with the
fluence reaching a maximum at @ = 3 107 Si/an®. Con-
cerning the PL peak position (4z), it suffers a noticeable
redshift with the fluence, changing from 530 to | 100 nm -
e Fig. 2h.

32 PL as afunction of the annealiag time

In this section we report the results of the PL evolution
with the annealing time for sampl= implanted at 600 *C
with different Auences from @ = | <107 o 4= 107 5if
em® and post-amnealed at 1100°C In Fig. 3a) one can
ohserve that for the sumple implanted at 110" 8fem®
the PL intensity increases with the snnealing time, but after
6 h it shows a tendency to saturation. On the other hand,
the sample implanted with 2= 10" Sijem® presents an ini-
tially more intense PL signal, which after 2h of post-
annealing decreases and remains almost constant for
longer annealing times. The same behavior & observed
for the two other implanted fuences, but with a lower PL
signal (@ = 2 10" §{fem® is not s1own). In Fig. 3b) are
plotted the respective peak positims as a function of the
annealing time, For the 12107 %ifem® fuence, the PL
peak position evolution shows a recshift followed by a ten-
dency of saturation after 6 h, which is the same kind of
behavior as the one observed 1n Fig, 3a). However, for
the other fluences one can ohserve a shightly redshift up
to 4 h followed by a Auctuation in the PL peak position
for the longer annealing times,

Fegarding the TEM analyses, the as-implanted samples
have shown no indication of NCs formation, even for
implantation temperatures as high as 800 *C, In agreement

with TEM ohservations, no PL signal was obtained in this
CHS

In Fig. #a) and (b are displayed the results of histo-
grams obtained from TEM analyses corresponding to BT
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Fig. 4 TEM amalyses results for ssmples mplmted a2t BT (&) and at
&0 5T (W), annealed at 1150 20, (2} Mean dmeter of the 5 W05 and (b)
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and 600 *C implantations for samples ammealed for 1 h. In
this figure are represented the mean size diameter and the
MCs size distribution as a function of the implantation Au-
ence, It iz observed that hot implanted samples present lar-
ger nanocrystalk with a broader =size distribution as
compared with those produced by BT implantations.

4. Discussion amd cone lusions

The results of the present study, performed by S
mmplantations with the 510z substrate kept at 00 °C, are
at variance with was previously published i the hterature
for BT implantations. For the lowest implantation Aluence,
we have observed mainly one PL band centered at 780 nm.
This feature could be attributed to the low excess 51 in the
matriz (3.5 at%). However, for fluences higher than
@ = 0.5 10" atjen”, clearly appears a second PL band,
with higher intensity and centered at around 1000 nm
which was never observed before, Regarding the behavior
af the 780 nm PL band, 1t was observed that 11z mtensity
changes with the implantation fluence, but its position is
almost independent of the 51 exoess concentration. In gen-
eral, previous works on 51 NCs produced by BT Siimplan-
tations in 510 matrx have only observed one PL band
around TE) nm. The absence of a PL redshift for this band
with increasing fluences was reported m [ 2] in contrast with
the resultz of [10,13], which demonstrate a PL redshift with
the fluence, Owr results are clearly in agreement with those
af (3], since no change 1 the 780 mm PL position was
observed. These contradictory results could be dus 1o
non-lmear effects in the PL emission produced by the use
af high laser exdtation power densities on the samples as
demonstrated in [16]. Thus, concerning the 750 nm
{~16eV) band, 1tz origin can be attributed to radiabve
states at the S50 mterface, This assumption 15 dug 1o
the fact its PL peak position i1z not affected by changes m
the 51 ™= size produced by the different hot implantad flu-
ences or annealing times,

The 780 nm PL band behavior can be explained on the
following basis, There are in the lterature ab initio calou-
lations [21,22] indicating that oxygen atoms at the inter-
face S54/800- can act as charge trapping centers by
shrmking the band gap below the 51 WCs one. Then, radi-
ative recombination of electrons, holes and exatons could
take place in this region. This effect has been shown maore
proncunced for $1 NCs with smaller dismeters (<2 nm)
(23], All carriers that could recombine radiatively with
emilting energies above LbeV are captured in these oen-
ters and their emission appears at the same energy of the
mterface state. We assume that the PL intensity reduction
af this short wavelength band with the implantation fu-
ence starts to oour when the recombimation energies of
carriers are Jower than the energy of the radiabnve interface
slate.

Concerning the PL band located at the long wavelength
side, the PL peak redshift by increasing the mplantation
fluence indicates that 1ts origin & related to quantum con-

finement effects. In fact, by TEM analyses we have
ohserved that the mean size and the dispersion of the 51
NCs tnerease with the implintaton fluence as well as the
annealing time. Hot implantations create precursors | pre-
nucleation centers) for the nanocrystals allowing them,
when submitted at higher temperatures, to nuckate form-
ing, consequently, lirger and more dispersed NCs when
compared to BT implantations, as illustrated by Fig. 4.

The PL intensity reduction observed for the highest
implantation Auence, Fig. 2a), and for the Auences higher
than 1 = 10" S/em® after 2 h of annealing time, Fig. %a),
could be explained by the following argument. The PL
eross section for absorption came from the product of
the oscillator strength of the transitions and the electronk
density of states [24]. This product 15 a function of the size
of the NCs and both terms works in opposite dirsction as
the nanoparticles siwe changes, Consequently, there & an
optimum size for which the emitted FL has a maximum.
Then, it is very likely that after certain fluence or ammealing
time the optimum size of the distribution overcomes and,
consequently, the resolting PL intensity decreases. In addi-
tion, we cannot disregard the influence of the 51 NCs radi-
ative lifeime, which depends on the nanoparticle size and
its interface quality. Larger 51 NCs having longer radintive
lifetirnes [24] are also more hikely to contain non-radiive
recombination centers [14].

Concerning the shift with the armealing time of this PL
band, as shown in Fig. X b) the only case where it can be
ohserved a clear trend & for the sample mplanted at
I 10" Sifem” which shows a significant PL peak redshift
with increasing annealing timme up to 6 h, followed by satu-
ration. According to quantum confinement effects this
behavior 1= m agreement to the 51 NCs growth with the
annealing time. However, For the higher fuences the PL
peak evolution shows fluctuations without a definite ten-
dency. We can assume that the nanopartcles placed in the
center of the matr, where is the 51 highest excess, could rse
above a critical size for which there 15 the possihility for
non-assisted phonon transitions. Stmuoltaneously, smaller
nanopartcles will grow amd will et at different wave-
lengths, remuining optically actives, Since the size distribu-
tion of the nanoparticles is not umiform (Gaussian), the PL
emission spectrum will change ks maximum and this behay-
1or could be responsible for the fluctuatons in the second
PL peak imtensity and position after the first hours of
annealing for the higher fuences as observed in Fig, 3.

In summary, we have investigated the fAuence and
anneling tme efzet on the %1 NCs PL produced by hot
implantations into 510 ;. Such approach induces the forma-
tion of larger S ™Cs with broader size distributions as
compared to those formed by BT implants. We have
shown the PL spectra are composed by two PL bands,
which are stromgly influenced by the studiesd parameters.
The main conclusion of this work 1= that whik the short
wavelength PL band has itz ongin related to radiaive mter-
face states, the longer one & due to recombination via
quantum confinement efects.
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