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by ultra-low-energy ion beam synthesis
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Hybrid systems based on silicon and silver nanocrystals (Si-NCs and Ag-NCs) are of considerable
interest in photon conversion solar cells. Due to their plasmonic properties, Ag-NCs strongly
increase the photoluminescence emission intensity of Si-NCs located in their vicinity, allowing, in
principle, to solve the problem of their low emission yield. In this work, we have elaborated 2D
networks of Ag-NCs and amorphous Si nanoparticles in a controlled way by using Ultra-Low-
Energy Ion-Beam-Synthesis. In the proposed synthesis scheme, a 2D layer of Si-NCs is first
obtained by implanting Si* ions at ultra low energy (from 1 to 3keV) in a SiO, layer with subse-
quent high temperature thermal annealing. Then, Ag" ions are implanted in the same matrix at
energies between 3 and 10keV and crystalline Ag-NCs are formed during the implantation step.
Several configurations with either 2D arrays or a large band of Ag-NCs have been obtained follow-
ing the Ag" implantation energy. Enhancement of the PL emission from Si nanostructures, which
is related to the presence of Ag-NCs, has been observed under specific arrangement of the two
embedded subsystems. In this type of synthesis, a combination of physical phenomena including
ion mixing, implantation damage, point defect, and thermal diffusion has been taken into account
in order to explain and thus control the structural and the optical characteristics of the system.
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I. INTRODUCTION

Hybrid systems composed of metallic (silver) and semi-
conductor (silicon) nanoparticles embedded in dielectric
matrix have been studied in recent years for photovoltaic
(PV) applications. Indeed, one of the approaches of 3rd gen-
eration PV consists in adapting the incident light on a stan-
dard solar cell with a photon converter material in order to
increase the efficiency of photovoltaic conversion.'? In these
hybrid systems, silicon nanocrystals (Si-NCs) are used as
photon converters (or down-shifters) due to their luminescent
properties in the red region of the light spectrum, while Ag
nanocrystals (Ag-NCs) are coupled to them in order to
enhance photoluminescence (PL) emission, thanks to their
plasmonics properties.®~

The optimization of the coupling in Si-NCs/Ag-NCs
systems strongly depends on the structural characteristics of
the two types of nanoparticles, and then it is essential to con-
trol their fabrication at the nanoscale.

Several approaches have been developed to fabricate
such hybrid systems. In most of the cases reported in the lit-
erature, the fabrication of the two kinds of nanoparticles is
obtained by using two different synthesis techniques. For
example, some groups obtained Si-NCs by plasma enhanced
chemical vapour deposition (PECVD), thanks to Si rich SiNy
layers deposition followed by high temperature (>900°C)
annealing, while Ag-NCs were subsequently obtained by
other methods, such as electroless deposition6 or e-beam
evaporation.” Other groups synthesized Si-NCs by ion
implantation while Ag-NCs were obtained later by electron
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lithography®'° or by magnetron sputtering.'' We could only

find one group who studied a system containing Si-NCs and
Ag-NCs both synthesized by ion implantation,'*'? but they
used very high-energy ions in the MeV range. The structural
characteristics of the obtained sample are not described in
these studies, but the observed PL emission, which is
enhanced after Ag ion implantation, was attributed to Si-
NCs. However, as the energy used by these last authors is
very high, the particle sizes and their spatial broadening are
expected to follow the Gaussian and very wide distribution
of the implanted ions.

In this paper, we present a method, which, in principle,
allows obtaining Si-NCs and Ag-NCs in a controlled way by
exclusively using ion implantation. We propose to use Ultra
Low Energy-lon Beam Synthesis (ULE-IBS) to obtain an
ideal system made of only one plane of each type of nano-
particles. Indeed, ULE-IBS is a well-known method for the
fabrication of controlled nanostructures: in the past, we have
successfully synthesized 2D arrays of Si-NCs'*!7 and more
recently of Ag-NCs'®'” with well controlled distances and
sizes distributions.

In this work, we have investigated the ability of dual
ULE-IBS to synthesize 2D arrays of Si-NCs and Ag-NCs in
the same dielectric matrix. The possibility to tune the mutual
distances of the 2D arrays of the two species of nanoparticles
should ease a systematic study of the coupling of Si-NCs and
Ag-NCs.

Our synthesis process for Si and Ag nanocrystals 2D
arrays consists in two steps ULE-IBS. The first one consists
in forming the Si-NCs that requires high temperature thermal
annealing (1050 °C). Then, Ag-NCs are obtained by subse-
quent silver ion implanting into the matrix containing

Published by AIP Publishing.
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Si-NCs. After this step, Si-NCs are amorphised and the pop-
ulation characteristics changes. Many physical phenomena
are involved in this type of synthesis including ion mixing,
damage, and diffusion. The aim of this work is to investigate
these phenomena and to clarify which are the conditions to
synthesize controlled bi-layers of Si-NCs and Ag-NCs.

Il. EXPERIMENTAL DETAILS

The investigated samples have been fabricated by using
by the following method: 240 nm thick SiO, layers thermally
grown on (100) Si wafers have been implanted in a modified
Varian 200-A2F ion implanter with®® Si* with energies from
1 to 3keV and fluences of 5 x 10" up to 2x 10"cm 2.
After the implantation step, the samples were RTA (Rapid
Thermal Annealing) annealed for 1min at 1050 °C under
inert (N,) ambient. Then, these samples were implanted with
974" jons with energies from 3 up to 10keV and fluences
between 4.7 x 10" and 7.15 x 10" em 2.

Specimens from all samples were prepared for cross-
sectional TEM observations using a Zeiss/OrsayPhysics
XB1540 dual beam Focused Ion Beam (FIB) equipment.

The double layers were observed by High Resolution
Transmission Electron Microscopy (HREM) and by Energy
Filtered Transmission Electron Microscopy (EFTEM).
EFTEM is the most appropriate technique to image Si-NCs in
a silicon oxide matrix, independently of their amorphous or
crystallized state and orientation. This method associates elec-
tron energy-loss spectroscopy (EELS) to TEM in order to
achieve chemical mapping; energy-filtered images are
recorded using a selection slit positioned at an energy of
17eV (corresponding to the Si plasmon energy) and a width
equivalent to an energy window of 4 eV. The contrast between
Silicon and Silica can be obtained, thanks to the difference in
their plasmon energies (17 and 23 eV respectively). However,
due to the partial overlap of their plasmon profiles, Si-NCs
appear bright as the silica matrix is grey in this kind of
images. Even if Ag-NCs can be observed in silica with con-
ventional Bright Field TEM, we have chosen to show only
EFTEM images of the samples because, in this case, both Si-
and Ag-NCs can be simultaneously seen. Indeed, Ag-NCs
contrast appears dark because no Ag signal is present in the
EELS spectra at the energy used to obtain the filtered images.

EFTEM and HREM observations were taken on cross-
sectional specimens using a FEI Tecnai'™ F20 field emission
TEM, operating at 200kV, equipped with a spherical aberra-
tion corrector and a TRIDIEM Gatan Imaging Filter (GIF).

In order to predict the target stoichiometry after Si and Ag
implantation, two Monte Carlo simulation programs based on
the binary collision approximation have been used. The SRIM
software (Stopping and Range of Ions in Matter) based on the
TRIM code, was used to calculate, mainly, the damage distribu-
tion. Compared to SRIM, the code TRYDIN includes dynamic
target changes for high fluences during ion implantation and
was used to predict the ion sputtering, and ion beam mixing.

Finally, the PL spectra were recorded at room tempera-
ture using a Jobin-Yvon XploRA set-up using the 532nm
laser line excitation.

J. Appl. Phys. 122, 103101 (2017)

lll. RESULTS AND DISCUSSION

The aim of this work is to investigate the ability to fabri-
cate double 2D layers of Si- and Ag-NCs by ULE-IBS and to
finely control their characteristics. The study of double layers
of nanocrystals finds its roots in our past experience on the
synthesis by ULE-IBS of either Si-NCs or Ag-NCs in a silica
matrix. Thanks to our previous works we are able to control
the characteristics of the nanocrystals which are disposed on
a plane (position with respect to the surface, sizes, and densi-
ties) and this, for both the species separately. Concerning the
implantation energy E, for example, we know that in order to
obtain 2D arrays of nanocrystals (distribution on a plane par-
allel to the sample surface), it is necessary to limit this
energy E < 3keV in the case of Si-NCs'* and to E < 10keV
for Ag-NCs.19 For higher energies, the ion concentration
profile is larger, and the nanocrystals are distributed in a
wider band. Additionally, previous works on Ag-NCs have
also shown that the nanoparticles obtained at the lowest ener-
gies available in our implanter, about 1 keV, are formed very
close to the surface, but their size and densities are very low
due to sputtering effects.'” Moreover, small particles are
known to absorb the incident light, thus making the coupling
with Si-NCs inefficient. For these reasons, very low energy
for Ag-NCs synthesis (E < 1keV) is not suitable for opti-
mised double layers synthesis and will not be investigated
here.

Figure 1 shows the Si and Ag ion concentration distribu-
tions obtained by TRIM simulations for Ultra Low Energy
Ton Implantation in a SiO, matrix with various energies.
These calculated profiles show that for the same kinetic
energy, Si atoms projected range (Rp) is lower than Ag one,
suggesting that it will be easier to obtain double layers with
Si-NCs closer to the sample surface, while Ag-NCs should
be synthesized deeper in the layer. However, the order in
which the nanocrystals are synthesized is imposed by the
thermal budget necessary for their nucleation and growth. In
our system, due a very low diffusion coefficient of Si in sil-
ica, Si-NCs have to be synthesized first as the annealing tem-
perature is very high (T > 900 °C) while Ag-NCs are formed
and well crystallized during the implantation step. For these
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FIG. 1. Si (in red) and Ag (in blue) ion concentration distributions obtained
by TRIM simulations for Ultra-Low-Energy Ion Implantation in a SiO,
matrix, with energies between 1 and 3 keV for Si and 1 and 10keV for Ag.



103101-3 Carrada et al.

reasons, the synthesis of double layers is much more compli-
cated than a single layer one. In fact, as Si-NCs, which are
formed close to the sample surface, have to be synthetized
first, it is necessary to implant the silver through the already
formed Si-NCs, which will induce some ion mixing in the
Si-NCs layers.

Our primary approach for double layers synthesis con-
sists of three stages: first, Si ions are implanted with energy
<3keV, then the samples are RTA annealed at 1050°C
under N, ambient for 60s to obtain Si-NCs. The third stage
consists in implanting Ag ™ ions to synthesize Ag-NCs.

In this work, we have investigated the synthesis of 2D
arrays of Si and Ag nanocrystals by ULE-IBS, by taking into
account the limitations due to the different thermal budgets
for nucleation and growth for the two implanted species and
the complex physical phenomena that takes place. Among
these phenomena, special attention should be paid to under-
stand and control the mixing process occurring when Ag-
NCs are formed in the SiO, matrix containing Si-NCs. This
ion-mixing might also play a role in the Ag-NCs synthesis
through the host matrix modification.

In order to evaluate the impact of Ag-NCs synthesis on
the Si-NCs previously formed in the matrix, we have per-
formed two steps TRIDYN simulations in which Si, then Ag,
are implanted into SiO, containing a Si excess distributed
following the previous calculated profile. According to the
Silicon very low diffusivity in silica, using the implanted Si
profile instead of Si nanocrystals is a suitable approximation.
In addition, as our samples are annealed and contain Si-NCs
and not a distribution of Si atoms profile when Ag is
implanted, we have also simulated an Ag implantation
through a Si thin layer within the silica matrix. However, we
have to mention that preliminary results have shown that no
difference is observed for Ag-NCs populations (position and
size) for the same Si previously implanted conditions in the
case of annealed and not annealed samples, i.e., for samples
containing Si-NCs or only Si excess in the matrix. The aim
of these TRIDYN simulations is to predict the final distribu-
tion of Si ions after Ag implantation, and at the same time to
estimate the effect of the presence of Si-NCs on the Ag ions
distribution.

J. Appl. Phys. 122, 103101 (2017)

A. The case of Ag-NCs synthesized at E =10 keV

As we would like to obtain separated layers of Si-NCs
and Ag-NCs, we started to investigate samples in which Ag
has been implanted with £=10keV corresponding to the
deepest position for a 2D array of Ag-NCs.

The TRIDYN results have been reported in Fig. 2 in the
case of (a) SiO, implanted with Si at 1keV and with a flu-
ence of 5x 10" cm™2, (b) SiO, implanted with Si at 3keV
and with a fluence of 2 x 10'®cm ™2 and (c) SiO; containing
a 4nm thick Si continuous layer situated at 3nm from the
sample surface. In all cases Ag" ions are implanted at E =
10keV with a fluence of 7.15 x 10'> cm ™2, corresponding to
15at. % in excess in the SiO, matrix. The Si layer used for
the simulation in Fig. 2(c) represents a limited case in which
a high density of Si-NCs forms a continuous layer. For each
condition we have plotted the Si profile before (in blue, up
triangles) and after (in black, down triangles) Ag™ implanta-
tion, and Ag distribution obtained in the presence of Si in the
layer (in red, full squares). The Ag profile when implanted in
pure silica is also plotted (in green, empty squares) for com-
parison. As it can be noticed, the Si profile is strongly modi-
fied by the Ag implantation; the Si atoms concentration
decreases monotonically for both the Si implanted profile
and Si thin layer due to collisions and mixing phenomena.
On the contrary, Ag atoms distribution in the matrix is the
same if the ions are implanted in pure silica, in the presence
of either implanted Si ions or a Si thin layer, as predicted by
TRIDYN the implanted Ag profile does not appear to
depend on the matrix history. However, we expect that
Ag-NCs distribution will be strongly dependent on the pres-
ence of Si-NCs in the matrix and on their density. The
experimental results could be different as TRIDYN simula-
tions do not take into account neither the heterogeneous
nucleation nor diffusion phenomena that take place during
the Ag* implantation.

Figure 3 shows the EFTEM images (filtered at 17eV) of
Ag-NCs obtained by implanting Ag at 10keV with a fluence
of 7.125 x 10" at-cm 2, either in (a) a pure SiO, matrix
(reference sample) or in silica containing Si-NCs with low
(b) and high (c) density obtained by ULE-IBS. Low density
Si-NCs in (b) have been obtained with E=1keV and a

T T T T T T

(a) b) 0 \f ©
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FIG. 2. TRIDYN simulations for Si and Ag distribution for (a) SiO, implanted with Si at 1 keV and 1 x 10'®cm ™2, (b) SiO, implanted with Si at 3keV and
2 x 10"°cm ™2 and (¢) SiO, containing a 4 nm thick Si continuous (100% Si) layer situated at 3 nm from the sample surface. In all the three cases Ag" ions are
implanted at E = 10keV and with a fluence of 7.15 x 10" cm™~2. Si distribution in pure silica is indicated in blue (up triangles), Si distribution after Ag implan-
tation in black (down triangles), Ag into SiO, is green (empty squares) and Ag after implantation through Si-NCs or silicon layer is plotted in red (full

squares).
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FIG. 3. EFTEM images showing the Ag-NCs distribution obtained by
implanting Ag at 10keV with a fluence of 7.125 x 10'* at-cm 2, either in (a)
a pure SiO, matrix (reference sample) or in silica containing Si-NCs synthe-
tised at E=1keV and a fluence of 5 x 10" at-cm™2 (b) and with E=3keV
and a fluence of 2 x 10'® at-em™2 (c), respectively. The (a) image is a Zero-
Loss image, while (b) and (c) are filtered at the Si plasmon (17eV).

fluence of 5 x 10" at-cm ™2 (sample called Agl0Sil), while
high density Si-NCs in (c) have been synthesized with
E=3keV and a fluence of 2 x 10'® at-cm~? (sample called
Agl0Si3).

As it can be observed on these image series, our experi-
mental results show that even if TRIDYN predict the same
distribution for Ag ions after the implantation, the resulting
Ag-NCs population is strongly dependent on the presence of
Si-NCs and on their characteristics. Indeed, as expected from
previous results, Ag-NCs synthesized in pure silica [Fig.
3(a)] form a 2D array parallel to the sample surface. The dis-
tance from the sample surface to the centre of the NCs distri-
bution, as measured on cross sectional TEM (11.6nm),
corresponds to the projected range (Rp) predicted by
TRIDYN (11.3nm) within the error bar (+0.5nm).?° The
Ag-NCs mean size is 5.1 nm. When Ag-NCs are synthesized
in presence of a low Si-NCs density [Fig. 3(b)], we observe
that a 2D plane of Ag-NCs is still present, and the distance
from the sample surface to the centre of the NCs distribution
is very close to the previous one (11.7 nm), even if the nano-
crystals mean diameter is bigger (8.8 nm). In addition, small
Ag-NCs (2.6 nm of mean diameter) located deeper in the sil-
ica matrix and widely distributed can be observed. We do
not observe any Si-NC after Ag implantation in EFTEM
images. This is probably due to the ion mixing during Ag
implantation. When Si atoms have been displaced then
mixed Si-NCs and Si atoms or Si small clusters cannot be
imaged in TEM.

For a high density of Si-NCs sample [Fig. 3(c)], the 2D
array of Ag-NCs is replaced by a broad band of small Ag-
NCs. The Si rich zone is visible at the same location as the
previous Si-NCs.

The understanding of the differences found in the Ag-
NCs distribution for these 3 cases is not trivial. As already
noticed, several phenomena can take place during Ag-NCs
synthesis. The two main routes we explored are (1) the modi-
fied diffusion of Ag into the matrix containing Si-NCs (or Si

J. Appl. Phys. 122, 103101 (2017)

excess) with respect to a pure silica matrix, and (2) the het-
erogeneous nucleation on defects such as oxygen and silicon
vacancies due to the previous Si ion implantation or in Si
excess itself.

1. Modified Ag diffusion with Si content in Si-rich silica
matrix

In order to elucidate the observed behaviour, let us first
discuss the impact of the presence of Si-NCs (or of a Si
excess) in the matrix on Ag diffusion and Ag-NCs synthesis.

Following Strobel,>' the nucleation process during ion
beam synthesis depends on the value of the diffusion length
Loy = V2Dt of the impurity ions during the implantation
(where ¢ is the implantation time and D is the diffusion coef-
ficient) compared to the width of the ion distribution profile
due to straggling ARp, and to the critical radius R for a
given implanted fluence.

e When Lpi < R thermal fluctuations cannot initiate the
nucleation and thermal annealing is needed to obtain NCs.
This is the case, for example, for Si-NCs IBS in silica.

e When Lpi; > k, nucleation starts during implantation
when the atom concentrations exceeds the nucleation
threshold. This is usually met for metal implantation into
the insulators. In addition, if Lp; &~ ARp, the NCs are
formed across the whole deposition range with a density
proportional to the impurity profile, and if Lp;; > ARp,
the NCs are formed close to the Rp. Indeed, in this last
case, the NCs formation starts close to Rp, where the high-
est concentration of impurities is present. Due to the high
mobility of the impurities, during the implantation, the
atoms diffuse from the tail of the distribution toward the
centre, where the already formed NCs act as sinks.

In our study, the ULE implantation in a silica matrix of
Ag ions and with the corresponding ions fluencies generate
systems which behaviour is well described by the case in
which Lp;e > ARp > R . Indeed, Ag-NCs are formed during
the implantation and are distributed in a 2D array in the zone
close to the Rp.

On the other side, when Si-NCs where previously syn-
thesised in the same matrix, the system behaviour for the
same implantation conditions changes and the 2D array of
Ag-NCs close to Rp is no more formed. The formation of
Ag-NCs in the whole deposition range seems to suggest a
shorter diffusion length for Ag ions in the Si-rich matrix. We
have calculated L by using the values of D at 300 °C from
McBrayer et al.* for the diffusion of Ag in silica (Dagsioz
=10""cm?/s) and from Coffa et al.** for Ag in amorphous
silicon (Dagsi =4.5 X 107" cm?/s) respectively. As the
time t for implantation in this case is around 3 h, we have
obtained for Lp;s = v/2Dt in silica and in amorphous silicon,
500nm and 33nm, respectively. This rough calculation
shows that the diffusion length in silica is 15 times higher
than in amorphous silicon. Of course, the D value can in
principle be lower if the real temperature during ion implan-
tation is less than 300 °C, and in this case, Lp;y would be
shorter too. The value of AR, calculated by TRIM in our
implantation conditions is about 3 nm.
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These values are in agreement with the observed behav-
iour in our system, in fact, Ag-NCs nucleation in silica
(Lpirr=500nm > ARp=3nm) takes place in a region
restricted close to the Rp, in agreement with the observed
distribution of nanocrystals [Fig. 3(a)].

On the other hand, when a high Si excess is present in
silica, the diffusion length of the host material changes and
decreases towards the one found in amorphous silicon
(33 nm). This decrease of the diffusion length with respect to
pure silica, when a high density of Si-NCs is present in the
matrix could in principle be responsible for a change in the
nucleation regime. In fact, Ag-NCs distribution is larger
[Fig. 3(c)] and the nucleation takes place in the entire
implantation region. An intermediate situation is found for
the sample with low Si excess [Fig 3(b)].

However, this modified diffusion cannot be responsible
only for differences observed in the synthesis of Ag-NCs fol-
lowing the Si content in the matrix. In fact, when the Si con-
tent in the matrix is high (sample Ag10Si3) the nanocrystals
are not formed with a density roughly proportional to the
impurity profile, as it is expected in case of Lp;; =~ ARp, but
Ag-NCs [Fig. 3(c)] are uniformly distributed in a broad
band.

Consequently, other phenomena should be co-
responsible for the final distribution of Ag-NCs in double
layers synthesis by ULE-IBS.

2. Heterogeneous nucleation

In order to better understand the evolution of our system
when increasing the implanted Si content, the heterogeneous
nucleation has to be taken into account. Indeed, it is well
known that the heterogeneities present in the matrix, such as
grain boundaries, impurities or defects can also catalyse the
phase transition and that the effective nucleation rate can dif-
fer from the homogeneous nucleation.

Let us now discuss the possible origin of these nucle-
ation centres.

First of all, the defects induced by Si ion implantation
can still be present in the matrix even after a 1050 °C RTA
annealing and induce Ag clustering. However, if heteroge-
neous nucleation due to implantation defects has a major
influence, the final Ag-NCs distribution should be correlated
to the damage profile, which is not found in our case. Indeed,
if we superimpose TEM images of our samples and the
defects profile calculated by SRIM, we can notice that sili-
con and oxygen vacancies due to Si ion implantation are
located in the zone between the surface and the Rp of the
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implanted Si (corresponding to Si-NCs position after anneal-
ing). An example is shown in Fig. 4 for the sample Ag10Si3.
Consequently, we can conclude that this kind of defect plays
no role on the Ag-NCs nucleation.

Other defects such as the matrix porosity could be
responsible for the loss of the 2D distribution in ULE-IBS.
Indeed, previous studies have shown that humidity from the
ambient air can penetrate the damaged or porous layers after
implantation.24 We have also observed (not shown here) that
the Ag ions distribution is wider in a porous layer (porosity
due to ion implantation or to the matrix deposition method)
than in a pure thermal silica and results in a broader distribu-
tion of nanocrystals. In our case, we can neglect the effect of
the matrix porosity due to the damage of Si* implantation as
a high temperature annealing has been performed before Ag-
NCs synthesis, which induces a good recovering of the
matrix integrity.

The most probable heterogeneous nucleation centres are
Si atoms in excess in the matrix that can play the role of cat-
alyser for Ag-NCs nucleation. Indeed, small Ag-NCs
observed in the AglOSi3 and AglOSil samples can be
formed by the heterogeneous nucleation in Si excess or in
small Si clusters that are present in the matrix after the Si-
NCs mixing due to the Ag implantation. Fig. 4 also shows
the Si distribution after Ag implantation according to
TRIDYN simulations in the case of the sample Agl0Si3,
superposed to the EFTEM image of this sample.

As a summary following these considerations, we can
explain the Ag-NCs distribution in the samples implanted
with Ag™ at 10keV in samples containing small (Ag10Sil)
or high (Agl0Si3) amount of Si-NCs, respectively, with
respect to the reference sample containing Ag-NCs in silica
in the following way: in the first case Si is implanted at
1keV, very close to the surface sample (distance of Si-NCs
to surface =2.8 nm) and a low density of Si-NCs is formed
after annealing. Subsequent Ag implantation mixes the Si-
NCs layer and Si atoms are redistributed. As Si concentration
is low, the Ag-NCs nucleation regime remains very similar
to the case of Ag-NCs in pure silica, but Si atoms distributed
in the matrix can play the role of sparse nucleation sites for
heterogeneous nucleation in the region where the Si excess
is distributed after the Ag-NCs principle plane, producing
the small Ag-NCs population. In the second case (Agl10Si3),
Si is implanted with a higher fluence and Si-NCs form a
dense array of percolated Si-NCs and after ion mixing due to
Ag implantation the matrix is rich in Silicon, which modify
the diffusion regime on the one side, and on the other side

FIG. 4. Cross sectional EFTEM image
of the sample Ag10Si3, superposed to
the distribution of Si knock-ons, Si and
O vacancies (left scale) as calculated
by TRIM, as well as to the Si ions dis-
tributions after Ag+ implantation cal-
culated by TRIDYN (right scale).
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allows heterogeneous nucleation of Ag-NCs in the whole
region of Si excess distribution.

Another parameter, which has to be taken into account,
is the nitrogen diffusion in the matrix during the RTA
annealing at 1050 °C under N, atmosphere for the Si-NCs
nucleation. Indeed, the presence of N atoms in the matrix
can either modify the Ag diffusion in the matrix (SiNx
matrix is known to be a barrier for Ag diffusion®>?®) or act
as heterogeneous nucleation centres. At the moment we do
not have any evidence of the presence of nitrogen in our
matrix, as the Fourier Transform Infra Red spectroscopy
(FTIR) analysis of the layers did not show any nitrogen pres-
ence. However, very small amounts of nitrogen atoms, unde-
tectable with this method could be present in the layers. For
this reason, further experiments with thermal annealing
under Ar instead of N, have been planned, in order to eluci-
date the role of nitrogen in the Ag-NCs nucleation in Si rich
silica.

Unhappily, these results shows that due to the necessity
to synthesize Si-NC:s first, it is impossible to obtain two sepa-
rated layers of nanocrystals by using 1 to 3keV Si ions and
10keV Ag ions.

Our strategy to obtain double 2D-layers is to reduce the
Si-NCs ion mixing, which seems to be mainly responsible
for the lack of the planar distribution of Ag-NCs. For this,
the the method of exploration in this work has been to reduce
Ag implantation energy to 3keV.

B. The case of Ag-NCs synthesized at E= 3 keV

In this case, TRIDYN simulations (Fig. 5) give a Si pro-
file in the region of Si-NCs, which is nearly Gaussian after a
3keV Ag implantation, indicating that the ion mixing phe-
nomenon is reduced.

As the silver implantation energy is decreased, the
implanted fluence is also reduced in order to maintain the
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FIG. 5. TRIDYN simulations for Si and Ag distribution in the conditions
used for the sample Ag3Si3: SiO, is implanted with Si at 3keV and
2% 10" cm ™2, then Ag" ions are implanted at E =3 keV and with a fluence
of 4.7 x 10" cm 2. Si distribution in pure silica is indicated in blue (up tri-
angles), Si distribution after Ag implantation in black (down triangles), Ag
into SiO, is green (empty circles), and Ag after implantation through Si-NCs
or silicon layer is plotted in red (full squares).
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FIG. 6. EFTEM images of the sample Ag3Si3 obtained by filtering around
the Si plasmon, in cross section (a) and in plain view (b), respectively. The
inset corresponds to an HREM image in plain view. The synthesis conditions
are indicated in the caption of the Fig. 5.

same Ag concentration at Rp. Having a lower fluence leads
to less damage and ion mixing. In this case, the implanted
Ag fluence is reduced to 4.7 x 10'° cm 2, corresponding to
20at. % at Rp. Concerning Si-NCs synthesis, we have used
the same conditions as for previous sample with a high den-
sity Si-NCs, i.e., 3keV energy and 2 X 10'6 cm_z, with a
1050°C RTA annealing during 60s under N, ambience.
Figure 6(a) shows a cross section EFTEM image of this sam-
ple, called Ag3Si3. Two distinct thin layers can be observed
in the image: Ag-NCs, with a dark contrast, are easily distin-
guishable. Another zone with white contrast indicates that
pure silicon is present and forms a 2.3 nm thick layer in the
SiO, very close to Ag-NCs. Due to the projection of several
particles in the observed zone, this kind of image does not
allow saying if this layer is composed of Si nanoparticles or
if the white zone corresponds to an amorphous silicon layer.
For this, we have performed plain view EFTEM experi-
ments, which are shown in Fig. 6(b). As we can notice, Ag-
NCs are well separated, crystallized (see inset) and their
mean size is 2.6 nm. On the other hand, after Ag implanta-
tion, silicon does not form a continuous layer but forms sepa-
rated Si clusters with a mean size of 2.3 nm. These clusters
are amorphous; no Si crystalline plane has been observed in
HREM.

In order to compare the Si nanoclusters evolution due to
Ag* ion implantation, the Fig. 7 shows EFTEM images in
cross section (a) and in plain view (b) of the sample before
Ag-NCs synthesis. It can be noticed that Si-NCs synthesised
in the first step of the double layers fabrication (Si* 3keV, 2
x 10'® jons/cm?) form a 2D array of crystallized and coa-
lesced nanocrystals, with a surface coverage of 83%. This
means that Ag-NCs synthesis modifies the Si-NCs popula-
tion even if we have limited the amount of ion mixing.

FIG. 7. EFTEM images of the Si-NCs obtaining by implanting Si* at 3keV
and with a dose of 2 x 10'® ions/cmz, in cross section (a) and in plain view
(b), respectively. In the plain view image, we can notice that Si nanostruc-
tures are crystallized.



103101-7 Carrada et al.

Indeed, the high-density array of coalesced and crystalline
Si-NCs is changed in a 2D array of separated and amorphous
nanoparticles due to Ag" ion implantation and subsequent
ion mixing.

The results shown in the Fig. 6 demonstrate that using
lower energy for Ag implantation, it is possible to synthesize
two arrays of Si nanoparticles and Ag-NCs. This is a major
result because it shows for the first time that the elaboration
of 2D arrays of different nanoparticles species only by ULE-
IBS is possible by minimizing the ion-mixing phenomena
and by taking into account the differences on thermal budg-
ets for nanocrystals synthesis. At the moment, both obtained
nanoparticles layers are very close, as it was expected fol-
lowing the TRIDYN simulation, which is not an ideal config-
uration for Si-NCs PL enhancement. Indeed, Anger et al”’
have shown that PL enhancement due to plasmonic nanopar-
ticles has a maximum for an optimum distance to the emitter,
but fluorescence is quenched for shorter distances. Several
parameters might be explored to control the bi-layers synthe-
sis and to find optimum configurations. Indeed, work is in
progress in order to control the distance of both layers
through the study of annealing treatments before and after
the synthesis of Ag-NCs. Concerning the amorphous state of
the Si nanoclusters after the synthesis of Ag-NCs, some pre-
liminary experience have shown that in such hors equilib-
rium systems, it is possible to obtain the recrystallization of
Si nanoparticles by annealing the whole system at 600 °C for
a short time (60 s) and this, without reducing the Ag content
in the Ag-NCs. However, even if the obtained bi-layers are
not yet optimised, the first results obtained for PL emission
are encouraging.

1. PL emission properties of the sample Ag3Si3

Figure 8 shows the PL properties of Si nanocrystals with
or without the presence of Ag-NCs. In order to distinguish the
two cases and directly compare the effect of Ag-NCs on PL
efficiency, a zone of the sample Ag3Si3 has been covered with
a stencil mask before Ag ion implantation. The zone B in Fig.
8 is located in a part of the sample masked after Si-NCs

A Zone

B Zone

Intensity (counts/s)
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synthesis, while the zone A has been implanted with Ag™ ions
in order to obtain Ag-NCs. The image in Fig. 8(a) has been
obtained by integrating the light emission between 600 and
750 nm: one clearly observes a strong exaltation of the Si-NCs
PL induced by the presence of silver. Figure 8(b) shows the
spectra obtained by averaging the signal from zones A and B.
As we can notice, a typical PL emission from Si nanoparticles,
centred at 670 nm, is only observed in the A zone, containing
both Si nanostructures and Ag nanoparticles. This behaviour
can be explained if we consider that in the zone B the Si-NCs
are present with a high density (83% surface covering) and
form a percolated structure (see Fig. 7) resulting in the loss of
quantum confinement and thus of PL emission. On the con-
trary, in the A zone, Si-NCs have evolved in separated Si
nanoparticles with small size (2.3nm) due to partial mixing
after Ag ion implantation, which could favour the quantum
confinement and then, the PL emission. However, as already
mentioned, we could not observe any crystalline silicon nano-
particle by HREM after Ag-NCs formation, meaning that Si
nanoparticles in the obtained bi-layers are mainly amorphous.
It is well known that PL emission from amorphous Si nanopar-
ticles with respect to the crystalline ones is very weak. Indeed,
as an example, Anthony and Kortshagen®® have shown that the
quantum yield of amorphous nanoparticles is 2%, while the
quantum yield of silicon nanocrystals exceed 40%. From the
value of the maximum of the PL (670 nm, i.e., 1.85eV), one
can deduce a corresponding average size of amorphous Si
quantum dots around 2.5 nm,* in rather good agreement with
our plain view TEM observations. Consequently, we suggest
that the Si nanoparticles photoluminescence observed in our
sample comes from small amorphous Si dots. We can guess
that the relatively high intensity of this PL emission could be
due to plasmonic effect of Ag-NCs. Indeed, even if the two
particles layers are very close, the distances between Si nano-
clusters and Ag-NCs on the plane could allow their coupling.
To conclude, the exaltation of the PL emission from zone A in
Fig. 8 is induced by the Ag-NCs synthesis process. Two rea-
sons can be put forward: the structural modification of the Si-
NCs induced by Ag" implantation and/or the plasmonic

b) ® A Zone

B B Zone

T T T T T
600 650 700
Wavelength (nm)

FIG. 8. Photoluminescence of the sample Ag3Si3 obtained at room temperature using a 532 nm laser line as excitation: (a) X-Y map of the emission intensity
obtained by integrating the signal between 600 and 750 nm and using a step scan of 0.2 um; (b) photoluminescence spectra obtained by averaging the signal
coming from Si-NCs in the presence (A Zone) or the absence (B Zone) of Ag-NCs. The peak located near 560 nm corresponds to the second order Raman sig-

nal originating from the Si substrate.
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coupling due to the presence of Ag-NCs. However, further
investigations are necessary in order to clarify this point.

The aim of this work was to investigate the ability to
fabricate double 2D layers of Si- and Ag-NCs by ULE-IBS
and to finely control their characteristics. These results show
that 2D arrays of amorphous Si nanoparticles and Ag-NCs
can be synthesised by ULE-IBS and that controlling their
size and mutual distance at the nanoscale is very promising
for Si-NCs PL enhancement. These structures are suitable
for light conversion layers application in third generation
photovoltaics. Indeed, strong Si-NCs PL enhancement
should, in principle, be achieved after the optimisation of the
design of the composite system.

For this, several routes are explored in order to obtain
two well-separated 2D layers of Si and Ag-NCs, including
the implantation through aligned stencil mask of nanometric
size, the use of silicon nitride intermediate layers, and the
optimisation of the intermediate annealing (ambient and
thermal budget) before Ag™ implantation. Some preliminary
results show that the controlled separation of the layers can
be obtained through an appropriate annealing process before
Ag-NCs synthesis, which allows obtaining Si-NCs in a
deeper position in the matrix.

IV. CONCLUSIONS

In this paper, we have explored the feasibility to obtain
2D networks of Si-NCs and Ag-NCs in a dielectric matrix by
Ultra-Low-Energy Ion-Beam-Synthesis. For this, we have
first synthesised 2D layers of Si-NCs by Si* ion implantation
at ultra low energy followed by a high temperature thermal
annealing. Then, Ag" ions have been implanted at energies
between 3 and 10keV leading to the synthesis of an array of
Ag-NCs. We have shown that several physical phenomena
are simultaneously involved in the synthesis of the double
layer hybrid system and include ion mixing, implantation
damage, point defect, and thermal diffusion.

The Ag-NCs synthesis in matrixes containing Si-NCs
has been discussed in terms of nucleation regime and thermal
diffusion, as well as heterogeneous nucleation. Our results
show that it is possible to obtain 2D arrays of Si nanopar-
ticles and Ag nanocrystals if the amount of ion mixing is
low, which is the case when implanting ions Ag™ at very low
energy (around 3keV). In these conditions, a PL enhance-
ment has been observed when Si nanoclusters are located at
the vicinity of the Ag-NCs. A stronger PL enhancement is
expected by optimizing the size, crystallinity, and mutual
distance of the embedded arrays of NCs.
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