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Hyperdoped Si nanocrystals embedded in silica for
infrared plasmonics¥

Meiling Zhang,? Jean-Marie Poumirol,? Nicolas Chery,? Hervé Rinnert,

b

Alaa E. Giba,”c Rémi Demoulin,® Etienne Talbot,® Fuccio Cristiano,® Teresa Hungria,’

Vincent Paillard,

@ Fabrice Gourbilleau® and Caroline Bonafos (&) *@

We present the experimental realization of plasmonic hyperdoped Si nanocrystals embedded in silica via a

combination of sequential low energy ion implantation and rapid thermal annealing. We show that phos-

phorus dopants are incorporated into the nanocrystal cores at concentrations up to six times higher than
P solid solubility in bulk Si by combining 3D mapping with atom probe tomography and analytical trans-
mission electron microscopy. We shed light on the origin of nanocrystal growth at high P doses, which

we attribute to Si recoiling atoms generated in the matrix by P implantation, which likely increase Si diffu-

sivity and feed the Si nanocrystals. We show that dopant activation enables partial nanocrystal surface pas-
sivation that can be completed by forming gas annealing. Such surface passivation is a critical step in the

DOI: 10.1039/d3nr00035d

formation of plasmon resonance, especially for small nanocrystals. We find that the activation rate in

these small doped Si nanocrystals is the same as in bulk Si under the same doping conditions.

Introduction

Localized surface plasmon resonances (LSPR) caused by collec-
tive oscillations of free carriers on metal surfaces have been
studied for decades because of their ability to fundamentally
alter light-matter interactions with remarkable applications in
enhanced spectroscopy, sensing, optical devices, and
photovoltaics."™ Because of their strong LSPR in the visible
range, nanostructures of noble metals such as gold or silver
have long been used in plasmonics-based technology.'®
However, large structures must be considered to achieve reso-
nances in the infrared (IR) range,” which presents a challenge
for integration into electronic semiconductor-based devices.
This has recently begun to change with the discovery of LSPR
in doped semiconductors, which has resulted in mid-infrared
(MIR) plasmon resonance.®? In this case, the dopant concen-
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tration becomes a new parameter for adjusting the resonance
position.® However, doping nanostructures remains a chal-
lenge that is far from being mastered. Indeed, doping at the
nanoscale is difficult due to mechanisms such as thermo-
dynamic stability and self-purification.’® Among semi-
conductors, silicon (Si) is of particular interest due to its low
production cost, abundance, and non-toxicity. Furthermore,
with available carrier concentrations of up to a few 10" cm™
after doping, massively doped Si nanostructures are excellent
candidates for mass production of highly integrated low-cost
MIR plasmonic devices.’

Using top down and non-equilibrium approaches, ordered
arrays of large (100 nm) hyperdoped Si nanodisks with a
tunable LSPR in the MIR up to the near infrared (NIR) range
were recently realized from the nanostructuration of heavily
doped silicon-on-insulator (SOI) layers."™? In terms of nano-
scale doping, freestanding small (10 nm) plasmonics Si nano-
crystals (SiNCs) fabricated by non-equilibrium methods and
randomly doped with phosphorus or boron at the nanoscale
have been successfully achieved."®™*® However, their plasmonic
properties remain extremely sensitive to oxidation, raising con-
cerns about reproducibility, stability, and aging. Our group
recently synthesized massively doped small (10 nm) SiNCs
embedded in a silica matrix using a combination of sequential
low energy ion implantation and rapid thermal annealing
(RTA). We showed that such embedded nanostructures can
support LSPR with only about 10 free electrons per nanocrys-
tal, confirming theoretical predictions and probing the collec-
tive nature of plasmons.’® Such small hyperdoped SiNCs raise

This journal is © The Royal Society of Chemistry 2023
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fundamental questions such as dopant localization inside the
NCs (volume/surface), the effect of doping on the NC growth
mechanism, the effect of NC size on the dopant solubility limit
and the resulting activation rate, or the impact of the NC surface
defective state on the plasmonic propetties, all of which must be
addressed in order to optimize their plasmonic properties.

In this paper, we investigate the two-way interactions
between phosphorus (P) doping impurities and their host SiNCs
embedded in a silica matrix, with one side focusing on the effect
of hyperdoping on the structural properties of the NCs and the
inverse effect of nanoscale on doping efficiency. Doping impuri-
ties were incorporated in the SiNC core at concentrations well
above the bulk solubility limit. Low activation rates of less than
5% were measured, which are comparable to bulk Si under iden-
tical annealing conditions and sufficient to induce a plasmon
resonance. High P doses cause an increase in the SiNCs size,
which is attributed to the presence of Si recoiling atoms in the
matrix as a result of P implantation. The light emission pro-
perties of SiNCs were investigated to determine their surface
quality, revealing the passivation of Si dangling bonds at the NC
surface with electron charges provided by activated impurities, as
well as further improvement by forming gas (FG) annealing. We
demonstrate that this surface passivation is a critical step in the
appearance of LSPR in the case of small NCs.

Experimental

Undoped and P-doped SiNCs embedded in SiO, were syn-
thesized by sequential low energy ion implantation. A 200 nm
thick thermal silica layer on top of a silicon substrate was
implanted with Si* ions at 8 keV and a dose of 2 x 10" ions
per cm®. Embedding the SiNCs in a silica matrix is expected to
provide a passivation route that reduces surface defect states,
to protect the NCs from aging, and thus contribute to the
stability of their plasmonic properties. An intermediate RTA
was performed for 60 seconds at 1050 °C in N, dedicated to
the nucleation of SiNCs. This thermal budget was optimized
for the nucleation and crystallization of SiNCs in Si0,.>° To

match the projected Si range, P was implanted at 7 keV with 5
doses ranging from 10" to 3 x 10" ions per cm”. The nominal
P/Si dose ratio ranges from 5 to 15%. After P implantation, the
samples were annealed again at 1050 °C for 60 seconds in N,.
Half of each sample was annealed at 500 °C for 900 seconds
under forming gas (90% N, + 10% H,) to improve the surface
passivation of SiNCs. The implantation and annealing con-
ditions are summarized in Table 1.

A TECNAI F20 SACTEM was used to obtain high resolution
electron microscopy (HREM) and energy filtered transmission
electron microscopy (EFTEM) images. It is equipped with a
spherical aberration corrector located below the objective lens,
leading to a spatial resolution of 1.2 A. Scanning TEM-energy
dispersive X-ray spectroscopy (STEM-EDX) measurement was
carried out using a JEOL ARM cold FEG microscope equipped
with a probe spherical aberration corrector at 200 kV with a
STEM resolution of 78 pm. For EDX measurements, a
CENTURIO-X detector with an elevation angle of 24.3 degrees
and a collection angle of 0.98 steradians was used. The probe
size used for our experiment is 0.8 A and the detection limit is
between 0.2 and 0.5 at%. Measuring the P content inside the
SiNCs embedded in a SiO, matrix is a critical issue that
requires a specific methodology for distinguishing between
the part that belongs to the NCs and the part that belongs to
their matrix shell for both Si and P elements. On a reference
sample of bulk Si implanted with P at high doses, the Cliff-
Lorimer coefficient was determined.'” Considering that SiNCs
contain no oxygen, the total number of P, Si, and O atoms in
the NCs region can be expressed as a function of SiNC volume
fraction, this later being easily deduced from the O atom ratio
in the NC region and the matrix. Finally, the P content inside
the SINCs (% Pg,p) can be simply expressed as a function of
the Si (% Sincregions % Sisio,), P (% Pcregions % Psio,) and O (%
Oncregions % Osio,) raw atomic compositions measured in the
NCs region and in the matrix, respectively:

JoONGregion 07
W %PNCregion - %Osio, A)PSiOz
oPaop =
dop %Si . __ %Oncregion %Sisio. + %P, . _ 7Oncregion %Ps:
09INCregion %Osio, 031510, O0FNCregion %Osio, 0Fsio,

Table 1 Implantation conditions for P dopants and annealing treatments. Si has been previously implanted at 8 keV for 2 x 106 ions per cm?. FG

stands for forming gas.

Nominal P implanted P/Si nominal

Nucleation Activation FG

dose (ions per cm?) ratio (%) annealing (N,) annealing (N,) annealing
PO 0 0 1050 °C 60 s — —
POFG 0 0 1050 °C 60 s — 500 °C 900 s
P1 1.0 x 10*° 5.0 1050 °C 60 s 1050 °C 60 s —
P1FG 1.0 x 10*° 5.0 1050 °C 60 s 1050 °C 60 s 500 °C 900 s
P2 1.5 x 10" 7.5 1050 °C 60 s 1050 °C 60 s —
P2FG 1.5 x 10*° 7.5 1050 °C 60 s 1050 °C 60 s 500 °C 900 s
P3 2.0 x 10 10.0 1050 °C 60 s 1050 °C 60 s —
P3FG 2.0 x 10*° 10.0 1050 °C 60 s 1050 °C 60 s 500 °C 900 s
P4 2.5 x 10" 12.5 1050 °C 60 s 1050 °C 60 s —
PAFG 2.5 x 10 12.5 1050 °C 60 s 1050 °C 60 s 500 °C 900 s
P5 3.0 x 10 15.0 1050 °C 60 s 1050 °C 60 s —
P5FG 3.0 x 10*° 15.0 1050 °C 60 s 1050 °C 60 s 500 °C 900 s
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For TEM observation and STEM-EDX analysis, lamellas
thinned up to ¢/4 < 0.3 (ratio between the thickness ¢ and the
electron mean free path 1) were prepared by focused ion beam
(FIB) using a FEI Helios Nanolab 600i dual beam microscope.
Cross-sectional lamellas were prepared with a decreasing
voltage from 16 kV-50 pA to 5 kV-15 pA. A thin (1-2 pm) plati-
num (Pt) protective layer was deposited on the region of inter-
est. A very thin (100 nm) carbon layer was deposited between
the sample surface and the platinum protective layer to
prevent Pt diffusion into the SiO, matrix.

A careful examination of the atomically resolved 3D images
obtained by laser-assisted wide-angle atom probe tomography
(APT) equipped with a femtosecond pulsed UV laser (4 =
343 nm, 350 fs, 33 nJ).>' The analyzes were performed in a
high vacuum chamber at 10~'° mbar and at a temperature of
80 K. Sample tips were prepared using a Helios G4 CXe FIB
from ThermoScientific. The processing of the APT data was
carried out using GPM3Dsoft software. The detection limit is
around 10" at per cm®.

Photoluminescence (PL) measurements have been per-
formed by using a 325 nm He-Cd laser as an excitation source.
The PL signal was collected using a monochromator equipped
with a 600 grooves per mm grating and measured with a
cooled photomultiplier tube operating in the visible-NIR
range. The obtained spectra were corrected for the system
response.

Fourier transform infrared (FTIR) spectroscopy was used to
study the plasmon resonances in the infrared range of doped
SiNCs embedded in silica. The setup is a Bruker Vertex 70
spectrometer coupled to a Cassegrain microscope.

Results and discussion

Doping of Si nanostructures via physical routes such as ion
implantation is typically accomplished by introducing dopant
impurities into the matrix concurrently with Si supersatura-
tion, prior to NC formation.”’ > The subsequent high temp-
erature thermal treatment causes dopant incorporation and
the formation of SiNCs. This method does not allow for the
experimental decoupling of system equilibrium properties
from Kkinetic effects. Significant efforts have recently been
made to develop alternative approaches for doping SiNCs after
their formation.?> We used the same approach here, but separ-
ated the NC nucleation and dopant activation steps using
sequential low energy ion implantation of Si and P.

Before doping, the Si nanocrystals are distributed along a
20 nm thick band (see Fig. 1(a) and (b)). The spatial distri-
bution is bimodal (Fig. 1(d)) with large Si nanocrystals having
a mean diameter of 4.5 nm and smaller ones having a mean
diameter of 2.5 nm. The former are located at the implantation
profile’s projected range, while the latter are located deeper in
the implantation profile tail. This spatial distribution is
related to the Gaussian shape of the implantation profile.
During the nucleation process, a higher volume density of
SiNCs is formed in the projected range (R, = 15 nm) of the

o
0]
T
(=
=
=
2

(@]
H
o
(o))
o
o]
(]
[
(=]
o

0

%] =
Concentration
(10?! at./cm®)

ey
(9]

IR 00 e

o1 2 3 4 5 & 7
Diameter (nm)

I‘sé)

(wu) yadag
00T 08 09 OV 0C

0

(wu)
ST 0T S

(%3] =
(=]

=
- 192]
Concentration

(10% at./cm?)

(AU

15 2

5 10
Diameter (nm)

Fig. 1 (a) and (e) EFTEM cross-sectional images displaying the spatial
distribution of undoped (PO) and doped (P4FG) SiNCs with associated
SRIM profiles for Si (red line) and P (blue line). Zoom-in on the NC
region for (b) the undoped and (f) doped samples, with associated EDX
profiles for Si (red line), O (green line) and P (blue line). (c) and (g) HREM
images of a large SiNC in the (110) zone axis. NC average shifted histo-
grams (ASH)?> showing the bimodal size distributions for the undoped
(d) and doped (h) samples.

implantation profile, where the reservoir of Si atoms is greater
than in the profile tail. Because the residual supersaturation in
the matrix remains higher at R, than in the tail regions, these
NCs are likely to grow faster during the subsequent pure
growth process. Finally, during the Ostwald ripening, competi-
tive growth differs between Si nanocrystals at the implanted
profile’s peak and those in the tails. The overlapping of
diffusion fields between close neighboring NCs causes
enhanced Ostwald ripening at the profile maximum, where the
NC density is high.** In comparison, the low volume density of
SiNCs in the profile tails grows in accordance with a classical
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Ostwald ripening process (mean field approximation), result-
ing in smaller SiNCs. It is worth noting that a low density of
small SiNCs was expected to form on the surface, but oxygen
diffusion from moisture most likely reduced the supersatura-
tion available for their formation.>*

High resolution TEM observations of single NCs show that
they are indeed crystalline, with the expected lattice parameter
of Si (0.543 nm). Most of the observed NCs are in the [110]
zone axis as the one shown in Fig. 1(c), with interatomic dis-
tances of 0.31 nm corresponding to the (111) planes.

Bimodal spatial (Fig. 1(e) and (f)) and size (Fig. 1(h)) distri-
butions were also found in the case of P-doped SiNCs, regard-
less of the dopant doses, as shown for the example of PAFG
and for different implanted doses (Fig. S3 of the ESI}). The
HREM image (Fig. 1(g)) shows that the NCs are still crystalline
after P implantation and activation annealing with lattice dis-
tances of 0.31 nm corresponding to the (111) planes. Strain
measurement has been performed on the HREM images of
single P-doped SiNCs using the method developed in ref. 26
and 27. Maps of strain components inside the nanocrystal
have been extracted with respect to the Bravais lattice of Si.

Very low contraction values have been found for the in plane
(exx), out of plane (e,,) and shear (g,,) strain components.
Hence, for the highest implanted dose (P5FG) average values
as low as —0.05%, —0.03% and —0.02% for respectively (e,y),
(¢yy), and (gyy) have been measured (see Fig. S1 of the ESIf).
This result is consistent with the fact that P and Si atoms have
almost the same covalent radius (1.07 A and 1.11 A, respect-
ively),?® resulting in a very low contraction coefficient of the
lattice parameter when incorporating P in Si, even at a high
content (Aa/a = —0.009 for 10 at% P).>* Note that we observed
the behavior of all implanted doses, and that no Si,P, alloy
(neither SiP nor SiP,)*° was found even at the highest investi-
gated dose.

A careful examination of the atomically resolved 3D
mapping obtained by laser-assisted APT (Fig. 2(a)) can reveal
the precise location of the dopant. In Fig. 2(b) and (c), an
example of atomic spatial distribution is shown for P4, reveal-
ing that the majority of P atoms (black dots) are well located
inside the large SiNCs (Fig. 2(b)); meanwhile, almost no P
atom has been detected inside the small ones at the profile
tail (Fig. 2(c)) and only a few ones in the matrix.
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(a) APT 3D mapping with Si atoms in red for P4 demonstrating the spatial distribution of impurities. (b) Atomic distribution in the large SiNCs

in the projected range (volume of the observed region is 16 x 16 x 4 nm®) and (c) in the small SiNCs located in the Si implantation profile tail (volume
of the observed region is 17 x 17 x 4 nm®); black and red dots correspond to P and Si atoms, respectively. Erosion profiles displaying the spatial distri-
bution of Si (red), O (green), and P (black) for large nanocrystals (d) and small nanocrystals (e), where the zero corresponds to the SiNCs/SiO,

interface.
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The precise location of dopants around the SiNCs was
investigated by computing the erosion profile, as shown in
Fig. 2(d) and (e). These profiles have been deduced by consid-
ering all the SiNCs present in the analyzed volumes. The
oxygen (O) profile reveals the measurement of almost 20 at%
of O in the core of SiNCs. This apparent O level is a well-
known artifact that results in a local magnification effect®
between the Si and SiO, phases caused by the artificial intro-
duction of atoms from the surrounding matrix into the clus-
ters, which consequently artificially lowers the measured con-
centration of P in the cluster core. From previous APT studies
of P-doped SiNCs prepared using the same technique,”*> we
can state unequivocally that SiNCs do not contain any oxygen
atoms. These profiles confirm that the dopants are incorpor-
ated in the core of SiNCs for the large nanocrystals (Fig. 2(d));
meanwhile, the P concentration in the core of SiNCs is zero for
small nanocrystals (Fig. 2(e)) and the P atoms are mostly
found at the interface. These erosion profiles also confirm that
the matrix is SiO, containing a slight Si excess. This result is
consistent with the literature for P-doped SiNCs embedded in
Si0, 21?733 and with theoretical calculations that are presented
in ref. 34 and 35. The position of P in the core of SiNCs contra-
dicts self-purification theories'®***” but is in line with the
well-known macroscopic behavior of these dopants at bulk Si/
SiO, interfaces, where phosphorus segregates in favor of Si at
thermal equilibrium.?®°

The P content of few individual SiNCs was measured on the
APT images for P2 and P4 (Fig. 3). This content is negligible in
the majority of the small SiNCs (diameter <3 nm) in the profile
tail. The absolute number of P atoms inside SiNCs increases
with NC size, with values exceeding 100 P atoms for diameters
greater than 7 nm. The remaining P content in the matrix can
be deduced from the depth profile in Fig. 2(d) and (e) and is
approximately 0.5 at% (3.3 x 10%*° at per cm®). This value is
higher than the detection limit of the technique (around 10"°
at per cm®). However, due to the small size of the volume ana-
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Fig. 3 Number of P atoms inside the SiNCs as a function of the NC dia-
meter for P2 (1.5 x 10° ions per cm?) and P4 (2.5 x 10*° jons per cm?).

lyzed here, the low statistics on the images does not allow us
to extract a reliable average value for the P concentration
inside the SiNCs. A systematic and quantitative study of the
evolution of P content inside the SiNCs as a function of
implanted dose has been performed by STEM-EDX.

The Si excess and O depletion in the NCs region are visible
in the EDX profiles superimposed on the TEM picture in
Fig. 1(f), as well as the presence of a P peak that coincides
with the large SiNCs. The P concentration in the large SiNCs
before and after FG annealing as a function of the implanted P
dose is plotted in Fig. 4. The P concentration inside these
SiNCs increases with P implanted dose, ranging from 2.7 x
10%! + 8.1 x 10%° at per cm® (5.4 + 1.6 at%) for P1 to 6.6 x 10*!
+ 2.0 x 10°" at per cm® (13.1 + 3.9 at%) for P5. As we will see
further, this increased P amount with the implanted dose has
also an effect on the size of the large NCs. The P concentration
in the matrix region measured by STEM-EDX is of around 0.5
at% independently of the implanted dose, in good agreement
with the APT measurements.

Such concentrations of some at% are consistent with pre-
vious studies in the literature, which conclude that doping
SiNCs in SiO, corresponds to a thermodynamically favorable
configuration.”"**?*%° The measured P concentrations are
indeed up to six times higher than the solid solubility of P in
bulk Si at the same temperature (1.8 at%).*" However, it is
impossible to conclude that the observed increase in the incor-
porated dopant concentration is due to an equilibrium prop-
erty of SiNCs embedded in SiO, described in ref. 22 or a
kinetic effect. The dopants are introduced into the SiNCs from
a spatially separated dopant source, the SiNCs being already
formed before doping, which keeps the system in theory very
close to thermodynamic equilibrium. Ion implantation is an
out-of-equilibrium process that allows for the introduction of
impurity concentrations far above the solubility limit in a
matrix. Furthermore, the short annealing duration for dopant
activation (60 seconds only) prevents the system from return-
ing to thermodynamic equilibrium.

Concerning now the small SiNCs formed in the profile tail,
where the implanted P concentration is low, the raw P concen-
tration measured by STEM-EDX is similar to that measured in
the matrix far from the SiNCs (around 0.5 at%) and this what-
ever the implanted dose. As a result, we can conclude that the
P content inside these small SiNCs is negligible, which is con-
sistent with APT analyses. This is an expected result because
the P projected range coincides with the large SiNC location.
In addition, FG annealing has no effect on the P content
measured inside the NCs (see Fig. 4). This result is consistent
with the low diffusion coefficient of P in SiO, at 500 °C
(diffusion length <0.5 nm for 900 seconds annealing).**
Finally, as will be discussed later, the P concentration
measured by STEM-EDX inside the SiNCs is significantly
higher than the active dopant concentration (carrier density)
extracted from the LPSR signatures measured by FTIR
spectroscopy."’

Fig. 5(a) depicts the evolution of SINC average diameter as a
function of the P dose with and without FG annealing. At
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small (black triangles) NCs for samples with FG annealing and (c) associated volume fraction of the whole NC population. (d) Activation rate as a
function of the P/Si nominal ratio of samples P1FG to P5FG (red stars), compared to the one measured in bulk Si annealed at 1050 °C for 60 s (blue
circle).
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doses up to 1.5 x 10" ions per cm?, the average size remains
constant for both small (diameter 2.8 nm) NCs in the profile
tail and large (diameter 5 nm) NCs in the projected range. At
higher doses, on the other hand, the average diameter of the
large NCs increases with P dose, reaching up to twice the size
of the low dose regime. The increase in P content has no effect
on the size of the small SiNCs, which remains approximately
2.8 nm.

The FG process has no effect on the NC size in both
undoped and doped samples, and the same evolution as a
function of dose is observed (Fig. 5(a), plain symbols). This
last result is not surprising given the low Si diffusion coeffi-
cient in silica,***> which implies that there is no diffusion
and thus no growth process at 500 °C.

For both populations, the number of SiNCs per cm® (NC
volume density) is shrinking (see Fig. 5(b)). The increase in
size and decrease in volume density with increasing P doses
are consistent with an enhanced Ostwald ripening process.
Meanwhile, the total NCs volume fraction in the NC region
increases with P dose from 5% to 14% (Fig. 5(c)), indicating
that the process is not conservative and that more atoms feed
the SiNCs.

NC growth with P content has previously been reported in
the literature for SiNCs prepared in a silica matrix using
various techniques.*>*®™*® The size of SiNCs in phosphosili-
cate glasses is almost independent of the impurity concen-
tration at low P concentrations. The average size of SiNCs in
pure SiO, with the same Si concentration becomes larger at
high P concentrations (e.g., >1 mol percentage). The concept of
“softening” of silica matrices induced by P doping has been
proposed, resulting in longer Si atom diffusion lengths during
annealing, favoring larger particle growth.’® Enhanced Si
diffusion by phosphorus atoms has also been proposed as a
possible explanation for the favored SiNC phase separation in
the presence of P.*” However, both hypotheses, either P
induced matrix softening or enhanced Si diffusion were not
supported by experimental evidence.

To understand why SiNCs grow faster in the presence of
high P concentrations, we first consider the simple addition of
P atoms inside the undoped NCs. If we assume that the Si
interstitials created by substitutional P atoms easily diffuse to
the surface and that the sizes of the P and Si covalent radii are
very close, adding P atoms inside the SiNCs will not result in a
significant change in the atomic density. The average volume
will increase proportionally to the number of atoms and will
not exceed 13% (Pqop) for the highest dose. As a result, adding
P atoms inside the SiNCs cannot account for a size increase
that is twice as large for the highest dose compared to the
undoped sample. Actually, the increase of SiNC size and a sim-
ultaneous decrease of the SINC density plaid for a faster ripen-
ing process in the presence of P, which is likely due to the
increased Si diffusivity in silica.

Phosphorus has been shown to increase Si diffusivity in
Si,” but no evidence of this phenomenon has been found in
silica. Takahashi et al.°®° demonstrated, on the other hand,
that the self-diffusion coefficients of Si in thermally grown

SiO, measured under equilibrium conditions are more than
two orders of magnitude lower than the values measured in
the presence of excess silicon. As a result, the presence of a Si
excess in the matrix caused by P implantation could be at the
root of SINC growth enhancement via increased Si diffusivity
and additional atoms that can feed the SiNCs. SRIM calcu-
lations® were used to evaluate the recoiling target atoms gen-
erated by P implantation in the SiNC region using detailed cal-
culations that consider full damage cascades. These target
recoiling atoms in the NC region, caused by displacements
that transfer more energy to a target atom than the displace-
ment energy, are accompanied by the formation of target
vacancies. The Si excess is simply the difference between the Si
recoiling atoms and the Si vacancies after accounting for
thermal recombination at the start of the annealing process.

Fig. 6(a) depicts the Si excess profile and the P implanted
profile for sample P4. We assumed for this calculation that the
matrix prior to P implantation is made up of a multilayer of
5 nm thick SiO, on top of a 20 nm thick Si rich silica SiO,
layer that mimics the NC region on top of an infinite stoichio-
metric SiO, layer. The EDX measurements provide the SiO,
matrix stoichiometry in the NC region for each P dose.
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Fig. 6 (a) Profiles of the P range (black line) and Si excess (red line) for
sample P4, calculated by SRIM. (b) Evolution with the dose of Si supersa-
turation remaining in the matrix after annealing in the NC region as
measured by STEM-EDX (open circles) compared to the Si excess in the
NC region associated with the recoiling atoms, as predicted by SRIM
after the P implantation (black squares).
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According to SRIM calculations, the Si excess generated by
P implantation ranges from 2.5 x 10" at per cm® for the lowest
dose to 7.5 x 10> at per cm® for the highest dose (Fig. 6(b),
black squares). After annealing, a Si supersaturation remains
in the matrix as measured by STEM-EDX, with values ranging
from 4 at% (2 x 10*! at per cm?) for the lowest dose to 2 at% (1
x 10" at per cm®) for the highest dose (Fig. 6(b), open circles).

The predicted Si excess due to recoiling atoms is of the
order of magnitude of the remaining Si supersaturation in the
matrix for the lowest doses and much higher for the highest
doses, where enhanced growth occurs. Hence, when high P
doses are implanted, the presence of Si excess in the matrix as
a result of Si recoiling atoms caused by P implantation is likely
to increase Si diffusivity and feed the SiNCs during annealing,
resulting in their enhanced growth.

Because of the low Si diffusion coefficient in Si0O,,"*™*° the
average diameter of undoped SiNCs embedded in this matrix
rarely exceeds 5 nm, even when the thermal budget is high.>
This P-induced SiNC growth enables them to overcome the
critical size allowing to observe plasmonic properties. Indeed,
electrons collide with the spherical NC surface at an inversely
proportional rate as the radius of the NC decreases.’® The elec-
tronic scattering time increases as the SINC size increases,
resulting in a more intense and less damped plasmon
resonance."®

The quality of the SiNC/SiO, interface is another critical
factor for the appearance and stability of LSPR in small doped
SiNCs,"* but it has never been experimentally investigated,
despite the fact that it can influence electron mobility and
thus plasmon lifetime and damping as much as the NC size.”®
The dangling bonds at the NC/SiO, interface, as well as the
defects introduced during the implantation process, are identi-
fied as charge carrier trapping centers.”>*® These dangling
bonds (P, centers) are non-radiative recombination centers
that influence the light emission properties of SiNCs that can
be investigated by photoluminescence experiments.

Prior to FG annealing, the PL spectra of the undoped and
doped samples implanted with various P doses are shown in
Fig. 7(a). The undoped sample exhibits the well-known near
IR-red PL emission (around 1.5 eV), which is attributed to the
exciton quantum confinement in SiNCs.*>”” For this sample,
both contributions of the bimodal distribution (large and
small SiNCs) are expected to emit light. The evolution of PL
intensity with P dose exhibits a complex behavior. A first
increase in the PL intensity (Ip.) is observed for doses up to 2 x
10" ions per cm® when compared to the undoped sample. The
intensity of the light emission then decreases as the dose is
increased further, up to 2.5 x 10'® ions per cm?, before increas-
ing again for the highest implanted dose. Different competing
phenomena have contributed in this complex evolution. The
PL intensity can be improved by the doping-induced electron
charges that are likely to passivate Si dangling bonds at the NC
surface.”’° In contrast, the introduction of P atoms in the
core of SiNCs can give rise to a non-radiative mechanism, in
particular if these atoms are located in substitutional states.
Indeed, in that case they can induce free carriers and quench
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Fig. 7 (a) PL spectra of the of the undoped and doped samples
implanted with various P doses prior to FG annealing (excitation with a
xenon lamp filtered at 325 nm). (b) Ratio of the PL intensity (measured at
the peak maximum) before and after FG annealing (ratio = PLgg/PL). The
inset shows the PL spectra of P4 before (black) and after (red) FG
annealing. (c) Position of the PL peak before and after FG annealing.

the PL by the Auger effect.”®®® Another detrimental effect on
the PL is the size increase of large SiNCs with P dose
(Fig. 5(a)), resulting in a decrease in the PL quantum
efficiency, particularly for sizes greater than the Bohr radius
(ag = 5 nm). Finally, a reduction in the emission intensity,
induced by a reduction in the SiNC density (Fig. 5(b)) cannot
be excluded. The PL behavior can then be separated according
to two P content ranges. In the low dose regime, from the
undoped sample to sample P3 (up to 2 x 10" ions per cm?),
both contributions of the bimodal size distribution emit light
because of their size lower than the exciton Bohr radius (mean
diameter lower than 10 nm). A slight PL redshift from sample
P1 to P3 can be explained by the P induced size increase of the
large SiNCs. This size effect is rather limited, which can be
explained by the constant size of the small SiNCs with respect
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to P doping content. The significant evolution of the PL in this
P content range is the increase of the PL intensity, which is
well explained by the P induced passivation of defects located
at the Si/SiO, interface.

From sample P3 to P4, the P-induced SiNC size increase
plays a strong role on the PL behavior. Indeed, the mean SiNC
diameter reaches 10 nm and the electron hole pairs do not feel
the confinement effect anymore. For samples P4 and P5, only
the small SiNCs from the bimodal distribution is expected to
emit light. This then explains a significant decrease in the PL
intensity and a PL blueshift from samples P3 to P4 (Fig. 7(a)
and (c)). The PL intensity decrease induced by the Auger effect
cannot be excluded. It is however difficult to demonstrate this
effect because both the Auger effect and the loss of quantum
confinement play a significant role in the large SiNCs. For
higher P content, the PL intensity increase (from P4 to P5) is
induced by the passivation effect of P atoms whose size is com-
patible with the confinement effect, mainly the small SiNCs
from the bimodal distribution. It must be noticed here that
the remaining PL from small SiNCs agrees with the almost
absence of P atoms inside these small SiNCs and of the related
P-induced PL quenching.

The PL spectra before and after the FG annealing of P4 are
shown in the inset in Fig. 7(b). The SiNCs/SiO, interface is suc-
cessfully passivated using FG annealing, resulting in a sys-
tematic increase in the PL intensity due to the passivation with
the H of the Si dangling bonds, as widely reported in the
literature.®’™® As previously stated, the intermediate tempera-
ture (500 °C) annealing has no effect on the measured P
content inside the large and small NCs (see Fig. 4) or the size
of the NCs in either population (see Fig. 5(a)). Fig. 7(b) shows
the PL intensity ratio (measured at the peak maximum) before
and after FG annealing. Doped SiNCs reduce the effect of
forming gas by more than a factor of three when compared to
the undoped reference. This is most likely because the doping
has already passivated some of the non-radiative defects. The
effect of annealing does not stand out more for either dose
because the factor remains in the 4-11 range with no specific
increase/decrease with P dose. Finally, after FG annealing, the
PL peak maxima are redshifted by about 50 meV (Fig. 7(c)),
while the SiNC size remains constant (Fig. 5(a)). In fact, the PL
intensity increases more in the IR, while the full width at half
maximum (FWHM) falls slightly (50 meV). This could be due
to the fact that large SINCs are more likely to be passivated
due to their larger surface area and thus higher number of
surface defects.

The plasmonic properties of these hyperdoped SiNCs have
been studied via FTIR spectroscopy by recording the normal-
ized extinction spectra (1-transmission) of different implanted
doses for the samples annealed with and without FG. For
samples that do not include any FG annealing the extinction
signal is weak, and no clear plasmonic-like signature is
measured, except for the highest dose (P5) where the NCs are
the largest (Fig. 8, black dashed line). For the samples
annealed with FG, a broad peak is observed in the MIR range,
which maximum is related to the excitation of a localized

0.04 A
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Wavenumber (cm)
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Fig. 8 Normalized extinction (i.e., 1-transmission) curves measured for
five different P doses with forming gas annealing, and for sample P5 (3 X
10%® jons per cm?) without FG annealing.

surface plasmon in the doped SiNCs. The peak shifts progress-
ively to higher frequencies with P dose, which is induced by an
increase in the free carrier density. We can conclude
that the number of defects on the NC surface, which can easily
trap doped carriers, is the limiting parameter for the appear-
ance of LSPR. This is especially important for small SiNCs
(<10 nm), where the LSPR is generated by only a few elec-
trons.'® As a result, in the case of small NCs, efficient passiva-
tion of the SiNC surface is a critical step for the appearance of
a LSPR.

The carrier density in the SiINCs associated with the active
dopant concentration was evaluated by combining FTIR
measurements coupled with numerical simulations based on
the Green dyadic method (GDM) for various implanted P
doses.'® The active dopant concentration varies from 10>°
em? for the lowest dose to 4 x 10°° em™ for the highest dose.
The activation rate is defined as the ratio of this active dopant
concentration to the total number of P atoms inserted inside
the SiNCs as measured by STEM-EDX in this work and plotted
in Fig. 4. Fig. 5(d) shows the activation rate as a function of the
implanted P atomic concentration (P/Si nominal ratio), which
ranges between 3 and 5%. Unlike in bulk Si, where the fraction
of active dopants decreases due to dopant cluster formation,'?
this activation rate remains almost independent of the
implanted dose. This activation rate is much greater than that
previously measured on freestanding (~1 to 0.01%)°* or silica
embedded P-doped SiNCs (0.12%) of the same size.®> More
importantly, our activation rates are higher than those
reported by Zhou et al.™ on freestanding SiNCs (1%) who used
the same methodology as this study, coupling FTIR and
STEM-EDX measurements. Our values are of the order of mag-
nitude of the ones recently deduced from FTIR measurements
on freestanding Si/SiO, core/shell SiNCs elaborated via high
temperature annealing in phosphorus vapor that show acti-
vation efficiency in the range of 0.8-7%.°® The activation
efficiency of our small embedded doped SiNCs is one order of
magnitude lower than that we have measured in a previous
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work on Si nanostructures produced by the top-down proces-
sing of hyperdoped Si overlayers. In this case, the activation
process was performed in the bulk state by melt laser anneal-
ing, allowing active dopant concentrations above 10** cm™,
close to the best state-of-the-art values."'* In Fig. 5(d), we
have compared our activation rate in SiNCs to the one
measured on bulk Si implanted with the same P/Si ratio as
sample P4FG and annealed under the same conditions
(1050 °C for 60 s). Surprisingly, both the bulk sample and the
doped SiNCs have the same activation rate of 5%. As a result,
we can conclude that there is likely no size effect on the acti-
vation rate, which is solely dependent on annealing
conditions.

Conclusions

We achieved the bottom up synthesis of SiNCs massively
doped at the nanoscale and embedded in a silica matrix by
combining sequential low energy ion implantation and rapid
thermal annealing processes. Doping silica-embedded SiNCs
results in a thermodynamically favorable configuration, with P
doping impurities incorporated into the NC cores at concen-
trations up to six times higher than P solid solubility in bulk
Si. We proposed a new mechanism to explain the growth of
SiNCs at high P doses based on the presence of Si supersatura-
tion in the matrix caused by Si recoiling atoms generated
during the P implantation process, which favors the increase
of Si diffusivity and feeds the SiNCs. Doping enhances their
surface passivation, which can be further improved by FG
annealing. We showed that surface defect healing is an impor-
tant step in the emergence of plasmon resonance, especially
for small NCs. Finally, despite introducing P concentrations
far above the solubility limit into the SiNC core, activation
rates as low as 5% were measured. These values are however
comparable to those obtained in bulk Si under the same
doping conditions, indicating that the clustering effects,
which limit the activation rate at these high doping concen-
trations, are unaffected at the nanoscale.
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