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Optimizing plasmon enhanced luminescence
in silicon nanocrystals by gold nanorods†
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The great application potential of photoluminescent silicon nanocrystals, especially in biomedicine, is signifi-

cantly reduced due to their limited radiative rate. One of the possible ways to overcome this limitation is

enhancing the luminescence by localized plasmons of metallic nanostructures. We report an optimized fab-

rication of gold nanorod – silicon nanocrystal core–shell nanoparticles with the silica shell as a tunable

spacer. The unprecedented structural quality and homogeneity of our hybrid nanoparticles allows for

detailed analysis of their luminescence. A strong correlation between dark field scattering and luminescence

spectra is shown on a single particle level, indicating a dominant role of the longitudinal plasmonic band in

luminescence enhancement. The spacer thickness dependence of photoluminescence intensity enhance-

ment is investigated using a combination of experimental measurements and numerical simulations. An

optimal separation distance of 5 nm is found, yielding a 7.2× enhancement of the luminescence intensity.

This result is mainly attributed to an increased quantum yield resulting from the Purcell enhanced radiative

rate in the nanocrystals. The ease of fabrication, low cost, long-term stability and great emission properties

of the hybrid nanoparticles make them a great candidate for bio-imaging or even targeted cancer treatment.

Introduction

Luminescent silicon nanocrystals (SiNCs) represent an impor-
tant alternative to the conventional II–IV and III–V semi-
conductor quantum dots,1 especially for biological appli-
cations. The natural abundance of silicon combined with low
toxicity,2 biocompatibility3 and photostability4 of SiNCs makes
them a promising candidate for bio-imaging and related appli-
cations such as targeted cancer treatment.5–8 A number of fab-
rication methods have been established for SiNCs in the past
few decades, which ensure good control over the structural
and optical properties of SiNCs.9–12 The widely tunable emis-
sion band of SiNCs can span from visible (VIS) to near infrared
(NIR) depending on the size and surface properties of the

nanocrystals.13 For biological imaging, mainly NIR emitting
NCs are desirable as the tissue transparency window lies in
this region. However, the indirect bandgap nature of silicon
and relatively high number of surface traps limits the radiative
rate of NIR emitting SiNCs.14,15

A commonly used strategy for emission enhancement of
various photoluminescent quantum dots and organic dyes is a
combination with metallic nanostructures (nanoparticles) sup-
porting localized surface plasmon resonance (LSPR).16 It is
generally accepted that surface plasmons can influence the
luminescence of nearby emitters in two ways – by increasing
the absorption cross section of the fluorophores and by accel-
erating their emission rate due to increased local density of
states (LDOS). The interaction depends on many parameters
including size of the plasmonic particle, quantum yield of the
fluorophore, distance between the two objects, spectral overlap
of the particle’s plasmonic resonance with absorption/emis-
sion band of the emitter, relative orientation of the emitter
and particle dipole or even number of emitters coupled to a
single particle.16–18 The experimental observations range from
significant enhancement19,20 to strong quenching21,22 of the
luminescence depending on the particular situation. In many
cases, however, a transition from enhancement to quenching
with decreasing separation distance between the fluorophore
and plasmonic particle has been theoretically predicted17 and
experimentally confirmed.23,24
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In our study, gold nanorods (AuNRs) were chosen for plas-
monic enhancement of luminescence in SiNCs for their stabi-
lity, biocompatibility and ease of fabrication by means of col-
loidal chemistry.25,26 Compared to spherical particles, nano-
rods exhibit higher scattering cross section and possess an
additional widely tunable (longitudinal) plasmonic band
which enables spectral overlap with the emission band of
SiNCs. Plasmonic enhancement of SiNCs luminescence has
been reported previously,14,24,27,28 but none of the studies was
able to achieve sufficiently high precision in the composite
nanoparticle design while preserving low cost and application
potential of the nanostructures. These reports show either
theoretically27 or experimentally24 that an optimal separation
distance between SiNCs and gold nanoparticles exists and is
expected to be roughly 8–10 nm. However, due to difficultness
of achieving the desired control in solution-based samples, a
convincing evidence of the optimal distance for free standing
particles is still lacking.

In this work, we aim at optimizing the fabrication process
of colloidal AuNR-SiNC core–shell particles with controllable
distance between the core nanorods and surrounding nano-
crystals. We use amino-functionalized (APTS) silica (SiO2) shell
on AuNRs as an optically transparent tunable spacer to which
the SiNCs are attached. The resultant colloidal solutions
contain large quantity of nanoparticles with very well-defined
design and can be produced at relatively low cost. The great
precision of structural parameters enables us to perform
optical measurements at single particle level which gives us an
insight into the plasmon–luminescence coupling mechanism.
Furthermore, the role of spacer thickness in emission rate
enhancement is studied. Here, a combination of photo-
luminescence (PL) lifetime measurements and numerical
(boundary element method; BEM) simulations was used yield-
ing an optimum silica shell thickness of 5 nm. The origin of
the PL intensity enhancement is discussed within the applied
theoretical model and is mainly attributed to the quantum
yield enhancement of SiNCs due to presence of AuNRs.

Experimental
AuNRs and SiNCs synthesis

AuNRs were prepared by applying small modifications to the
well-established seeded growth method, first introduced by
Nikoobakht and El-Sayed.29 The protocol was customized to
allow for control of aspect ratios of the NRs beyond what is
possible by controlling silver concentration. Specifically,
AuNRs 1 and AuNRs 2 were prepared by slow (5 h) addition
(pumping) of the reducing agent (ascorbic acid) to the growth
solution upon seeds addition and low aspect ratio of AuNRs 3
was achieved by cooling the growth solution to 20 °C in the
first hour of NRs growth which causes significant changes to
the reaction (reduction of Au+) kinetics. All procedures yield
solutions of AuNRs capped by cetyltrimethylammonium
bromide (CTAB). Dimensions of the NRs were measured from
SEM images by analyzing minimum of 200 particles.

Concentration of AuNRs in the solution was estimated using
an empiric formula published by Edgar et al.30 and by assum-
ing the nanorod shape to be a cylinder with hemispherical
caps. A standard synthesis yields an ∼80 mL solution with 0.4
nM concentration of nanorods (6.8 mg of gold per batch).

SiNCs were prepared using a previously published proto-
col.31 Briefly, cosputtering Si, SiO2, B2O3 and P2O5 first yields
Si rich borophosphosilicate glass which was then peeled off
and annealed at 1100 °C in an N2 gas atmosphere. SiNCs were
then freed by etching in HF solution and dispersed in metha-
nol. The average diameter of the NCs as measured from TEM
images was ≈3.5 nm. A standard synthesis yields a ∼1 mL solu-
tion with 33 nM concentration of nanocrystals (1.15 mg of
silicon per batch).

SiO2 coating, APTS functionalization and SiNCs attachment

Silica shells were grown on AuNRs using a single step protocol
based on modified Stöber method.32 For growth of thin shells,
AuNRs were first centrifuged twice to remove excess CTAB and
reduce its concentration to 1 mM and NaOH was added to
adjust pH of the solution (final concentration of NaOH 1 mM).
Finally, 2% tetraethyl orthosilicate (TEOS; v/v in methanol)
was added so that the ratio between TEOS volume and total
surface of AuNRs in the solution was >0.4 × 10−3 μl mm−2.
Magnetic stirring (300 rpm) and water bath (29 °C) were used
for the reaction. Short centrifugation (4300g, 12 min) of the
Au@SiO2 NRs was used to stop the reaction, remove excess
reactants and transfer the nanorods to ethanol or methanol.

Another 3 rounds of centrifugation were used before
functionalization of the Au@SiO2 NRs with APTS to reduce the
residual water content in the alcohol solution. Concentration of
the particles was adjusted to ≈0.2 nM. In a typical procedure,
APTS (or APTS solution in ethanol or methanol) was then
added so that ratio between APTS volume and total surface
of Au@SiO2 NRs was ≈0.1 × 10−3 μl mm−2. The reaction
was allowed to proceed for 30 min under magnetic stirring
(400 rpm) and elevated temperature (50 °C). Two centrifugation
rounds were used for washing and the functionalized particles
were redispersed in the original solvent (ethanol/methanol).

Finally, SiNCs were added to the nanorod solution in excess
amount (total footprint of SiNCs ≥ total surface of Au@SiO2

NRs) and the mixture was kept still for at least 24 h. Two more
centrifugation rounds were used to remove unbound SiNCs
while keeping the Au@SiO2NRs@SiNCs in ethanol/methanol.
In our typical experiment, the sufficient volume of
Au@SiO2NRs@AuNCs was relatively small (1 mL of 1 nM par-
ticles), but the protocol can be readily scaled up, if needed.

Characterization

Optical absorption spectra of the solutions were recorded with
Specord 250 spectrophotometer (Analytik Jena). Zeta potentials
of particles in the solution were measured with Zetasizer Nano
ZS (Malvern Panalytical). Images of AuNRs and Au@SiO2NRs
were obtained from Auriga Compact SEM (Zeiss) operated at
7–15 kV. Images of SiNCs and Au@SiO2NRs@SiNCs were
recorded by JEOL JEM-2200FS, equipped with omega-filter,
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and operated at 200 kV. For energy filtered images (EFTEM) a 2
eV wide slit at 16 eV was used to enhance the differences
between crystalline Si and amorphous SiO2 plasmon peak.33

Solutions with particles were drop casted on a silicon wafer or
lacey carbon coated copper grids (SPI) for SEM and TEM ana-
lysis, respectively.

Photoluminescence spectra and images were collected
using a custom-built micro-spectroscopy setup based on an
inverted optical microscope with spectrometer and liquid-
nitrogen cooled CCD camera.34 CW 405 nm laser was used for
excitation. For measurement, small volume of the
Au@SiO2NRs@SiNCs solution was drop casted on a glass slide
where fast evaporation of the solvent (alcohol) made the par-
ticles randomly distributed in a single layer. At sufficiently low
nanorod concentrations this enabled us to perform measure-
ments on a single particle level and avoid difficulties caused
by emission reabsorption occurring in bulk liquid samples as
discussed elsewhere.16 The same setup was also used for dark
field scattering measurements, where the particles were illumi-
nated by an unpolarized white light source (halogen lamp)
through a dark field condenser.

An analogous experimental setup was also used for lifetime
measurements via time gated imaging. 50 μs pulses of a
405 nm laser were used for excitation. Time gate was usually
set to 1 μs and 65 000 on CCD accumulations were collected
for the given delay. At least 8 different spots on the substrate
were studied for each sample with 20–100 emission sources on
each spot. A summed signal from all the single sources was
used for average lifetime fitting and calculation.

Electromagnetic simulations

For numerical simulations, PL was approximated by radiation
of oscillating electric dipoles that are placed near AuNR.
Purcell factor and excitation efficiency of dipoles in the vicinity
of AuNRs were calculated by the boundary element method
(BEM)35 using the MNPBEM toolbox.36,37 More details about
the simulations and theoretical model for the calculations can
be found in ESI.†

Results & discussion
Optimization of the fabrication process

Three types of gold nanorods that differ mainly by their aspect
ratios were used in the experiments. By analyzing images from
scanning electron microscope, we found the dimensions
(length × width) of the nanorods as 66 × 20 nm (AuNRs 1), 69
× 23 nm (AuNRs 2) and 56 × 25 nm (AuNRs 3). The standard
deviation of the dimensions is ≈10% for AuNRs 1 and AuNRs
3 and ≈15–20% for AuNRs 2 (the complete size distributions
can be found in ESI, Fig. S1†). With aspect ratios ranging from
2.1 to 3.3, the longitudinal plasmonic bands of the nanorods
appear in the red and near infrared spectral region.
Absorption spectra of the nanorods are shown in Fig. 1,
together with absorption and emission (PL) spectra of SiNCs.
The broad emission of SiNCs in NIR overlaps with longitudinal

plasmonic bands of all the three AuNR samples. As shown
later in the paper, this overlap plays a very important role in
coupling between luminescence of SiNCs and plasmons of
AuNRs. Fig. 1 further shows that the absorption of SiNCs is
strongest in UV and decreases rapidly at longer wavelengths.
No major luminescence enhancement originating from
increased absorption in SiNCs was therefore expected.

One of the major goals of this paper was to find an optimal
distance between SiNCs and AuNRs which leads to the highest
increase in radiative rate of SiNCs. It is well established that
the distance between emitter and plasmonic structure rep-
resents a vital criterion in plasmon enhanced luminescence38

and therefore fine control over this parameter was needed. The
optimal separation distance of approximately 10 nm was
expected based on previous theoretical predictions.27 In our
study, mesoporous silica (SiO2) shells with variable thicknesses
were grown on AuNRs to form a tunable spacer. Creation of
the shells was based on a robust protocol which uses CTAB
capped AuNRs as core structures and TEOS as a precursor for
silica shells. Different parameters of the synthesis, such as
TEOS and CTAB concentration, can allow for control over the
resultant silica shell thickness and were used previously by
other groups.32,39,40 However, from our experience reducing
the precursor concentration below certain limit leads to cre-
ation of nonuniform shells – probably due to a random nuclea-
tion of silica sites on AuNRs at low TEOS concentrations – and
hence this approach makes growth of silica shells with good
quality and thickness below 10 nm challenging. Therefore, in
our synthesis we kept the TEOS concentration at sufficiently
high level and controlled the shell thickness by reaction time
instead. An increasing thickness of a silica layer on AuNRs
effectively increases the local refractive index around the nano-
rods which results in gradual redshift of their longitudinal
plasmonic peak. This enabled us to monitor the shell growth
with conventional absorption spectroscopy and stop the reac-
tion at the right moment by removing excess reactants by cen-
trifugation. Moreover, this centrifugation step was used to
remove excess CTAB from the nanorods and transfer the par-
ticles into non-aqueous solvent (mostly ethanol or methanol).

Fig. 1 Normalized absorption spectra of gold nanorod solutions
(AuNRs 1, AuNRs 2, AuNRs 3) and solution of silicon nanocrystals
(SiNCs). The dotted line represents luminescence spectrum of SiNCs.
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Fig. 2 summarizes synthesis of thin silica shells (5–15 nm) on
AuNRs 1. As found from absorption spectra, the shell growth
does not start before 45 min after addition of TEOS into the
reaction solution. Then the increase in shell thickness was
almost linear for approximately 3 h (60 min–150 min), which
is when the desired shells can be obtained. In the rest of the
solution the reaction was allowed to proceed for another 45 h,
during which a limit shell thickness was reached. SEM images

in Fig. 2 confirm good uniformity of the shells even for low
thickness around 5 nm. With increasing thickness, the shells
usually tend to be thicker at the sides of the rods than at the
tips (labeled as dW and dL respectively in Fig. 2c), however the
difference is <1 nm for such thin shells. Therefore, these SiO2

coated AuNRs (Au@SiO2 NRs) represent a solid starting point
for distance dependent plasmon enhanced luminescence
studies of SiNCs.

Fig. 2 Growth of silica shells on AuNRs monitored by absorption spectroscopy and SEM imaging. (a) Absorption spectra of AuNRs recorded at
different times after coating onset. (b) Positions of the longitudinal LSPR peaks extracted from (a). The original (0 min) and final (48 h) peak positions
are indicated by dashed lines. (c) Increase in silica shell thicknesses along the two main axes of AuNRs as measured from SEM images. The rectangles
represent standard deviations of the mean values. (d)–(h) SEM images of Au@SiO2NRs with increasing shell thicknesses (scale bar is 100 nm in all
images). The color code is fixed in all graphs/images and links data obtained by stopping the reaction at given times between 30 min and 48 h.
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In our work all-inorganic SiNCs were used which are co-
doped by boron and phosphorus but do not have any protec-
tive ligands on their surface. High dispersibility of the SiNCs
in polar liquids is ensured by special alignment of dopant
atom pairs where the ionized boron atoms (B−) are located
closer to the surface of the NCs which induces their negative
ζ-potential.41 Since the ζ-potential of Au@SiO2 NRs dispersed
in alcohol is also negative, electrostatic repulsion would
prevent SiNCs from attaching to the NRs. Au@SiO2 NRs were
therefore further functionalized with aminosilanes (APTES or
APTMS; common abbreviation APTS) upon which the
ζ-potential of the particles changed to positive values.

Silanization of SiO2 surface with APTS is a key step of the
whole fabrication process. The reaction must be well under
control in order to preserve low thickness and high uniformity
of the shells, but at the same time the APTS layer must provide
sufficient colloidal stability to the particles. In order to opti-
mize the functionalization protocol, we investigated the influ-
ence of several parameters on silanization of Au@SiO2 NRs,
such as water content, particle and APTS concentration,
solvent or temperature. We used a combination of absorption

spectroscopy and ζ-potential measurements to monitor the
process and evaluate its result.

Fig. 3 highlights the difference between “successful” and
“failed” functionalization. As shown in the insets of Fig. 3c
and d, in both cases the ζ-potential of the particles is
sufficiently high for long term colloidal stability (>40 mV). Yet,
as shown in the TEM images, bad functionalization conditions
can lead to uncontrolled condensation of APTS in the solution,
which corrupts uniformity of the silica shells and causes
aggregation of the particles. This is confirmed by absorption
spectra recorded before and after the functionalization as any
broadening of the longitudinal plasmonic peak of the nano-
rods indicates their aggregation. Successful functionalization
is thus evidenced by negligible changes in the absorption
spectra and high ζ-potential, even after removing excess APTS
by centrifugation.

Detailed discussion of different aspects of silica silaniza-
tion are beyond the scope of this paper, but still we would
like to point out some of our experimental observations. The
most important parameter by far is water content in the reac-
tion solution. Although some water is needed in the solution

Fig. 3 APTS functionalization of Au@SiO2 NRs monitored with absorption spectroscopy and TEM imaging. The difference between successful (a)
and (c) and failed (b) and (d) functionalization is evidenced by longitudinal LSPR peak broadening and occurrence of uncontrolled local condensation
of APTS around Au@SiO2 NRs.
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Fig. 4 Long term colloidal stability of Au@SiO2NRs@SiNCs solution evidenced by (a) no changes in absorption spectra even after 4 months of shelf
life and (b) high absolute value of zeta potential caused by rich loading of SiNCs on Au@SiO2 NRs.

Fig. 5 (EF)TEM images of Au@SiO2NRs@SiNCs. (a) and (b) 12 nm SiO2 shell on AuNRs 1, (c) 20 nm SiO2 shell on AuNRs 2, (d) 13 nm SiO2 shell on
AuNRs 2. Inset of (d) shows a single SiNC with visible lattice fringes.
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to allow for hydrolysis of APTS, its content should be kept
low to avoid uncontrolled reaction. For this reason, at least 4
centrifugation rounds need to be used for washing the
Au@SiO2 NRs before silanization, which is when the particles
are transferred from water to alcohol. For the other para-
meters, less particle aggregation can be achieved by reducing
particle concentration (<0.1 nM), shortening reaction time
(<1 h), using APTMS rather than APTES and slightly elevating
the reaction temperature (50 °C). No clear trend was observed
for running the reaction in different solvents – using both
ethanol and methanol yielded good results. Importantly, the
functionalization did not cause any significant increase in
the thickness of the silica shells (<0.5 nm based on analysis
of TEM images of particle before and after functionalization
respectively).

After the APTS functionalization, Au@SiO2 NRs were
coated with SiNCs simply by mixing the two solutions and
allowing the QDs to electrostatically bind to the NRs (yield-
ing Au@SiO2NRs@SiNCs). Two additional centrifugation
(washing) rounds were used to get rid of unbound SiNCs.
Here again, recording absorption spectra of the solutions
helped us confirm that no major changes in Au@SiO2 NRs
stability were caused by attaching SiNCs to their surface (see
Fig. 3a and b). Moreover, the colloidal stability of the final
solutions is preserved even in long term, as evidenced in
Fig. 4a which compares absorption spectra of freshly pre-
pared Au@SiO2NRs@SiNCs with the same solution after
4 months of aging. Basically no difference in the spectrum
shape was found which indicates excellent stability of the
sample. This is further confirmed also by measuring the
ζ-potential as shown in Fig. 4b. The ζ-potential starts at nega-
tive values for Au@SiO2NRs, then changes to positive values
after APTS functionalization but shifts back to negative
values when SiNCs are attached to their surface. The mean
ζ-potential value of −23 mV ensures sufficient long-term
(several months) stability of the final sample and also points
at rich loading of the QDs on Au@SiO2 NRs.

High quality of the Au@SiO2NRs@SiNCs samples was finally
confirmed also by TEM measurements. Energy filtered TEM
technique (EFTEM) was used to enhance the contrast between
SiNCs and silica, which made evaluation of the SiNCs attach-
ment significantly better. In addition, lacey carbon TEM grids
were used because they enable background-free imaging of par-
ticles that end up resting in the holes of the film upon drop
casting. EFTEM images shown in Fig. 5a–c clearly reveal superior
quality of the samples. SiNCs are homogeneously attached to
the surface of Au@SiO2 NRs in relatively high concentrations
while still preserving the shape uniformity of the shells.

For the shell thickness dependent studies, it is important
to realize that what might seem as QDs placed at random dis-
tances from the golden nanorods is actually a 2D projection of
a 3D object. Practically no free (unattached) SiNCs were
observed on the TEM grids during the measurements which
proves successful washing of the samples by centrifugation.
This is very important for micro-spectroscopy studies as the
measurements would be spoiled by free lying SiNCs. Fig. 5d
shows a standard TEM image of SiNCs attached to
Au@SiO2NRs. At high magnification, lattice fringes of the
SiNCs can be observed thus confirming their crystalline
nature. However, such observation requires favorable orien-
tation of the nanocrystal and therefore not all the NCs can be
detected by this method. Moreover, with very poor contrast
between silicon and silica it would be very difficult to evaluate
the SiNCs attachment on a standard TEM image, which again
highlights great relevance of employing the EFTEM technique.
More EFTEM images are included in the ESI,† showing SiNCs
attached to AuNRs 1 with different shell thicknesses (Fig. S2†)
and a sample result of SiNCs attached to AuNRs 3 (Fig. S3†).

Photoluminescence measurements

A series of optical measurements was made to investigate the
photoluminescence of SiNCs attached to Au@SiO2 NRs. An
example of PL image with Au@SiO2NRs@SiNCs is shown in
Fig. 6b where bright spots represent positions of the emitters.

Fig. 6 (a) Dark field scattering and (b) photoluminescence images of Au@SiO2NRs@SiNCs acquired from the same detection area. Color scales are
only used to highlight intensity differences in the images and do not represent any spectral features of the measured objects.
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Dark field image of the same region (Fig. 6a) confirms that
SiNCs are only located where AuNRs are as each bright spot
from luminescence is complemented by a bright spot in dark
field. Different intensities of the spots are most likely caused
by combination of effects including size distribution of
AuNRs, variations in surface coverage of Au@SiO2 NRs with
SiNCs, and different orientations of the particles on the sub-
strate causing variations in the intensity of signal collected in
a polarization-dependent detection line of our setup.

To further investigate the emission properties of
Au@SiO2NRs@SiNCs we studied polarization of their lumine-
scence. Using a quarter-wave plate we changed polarization of
the excitation light from linear to circular and polarization
analyzer was inserted into the detection line of the setup.
Single particle spectra were recorded with different analyzer
orientations from 0° to 180°, both in luminescence and dark
field mode. An example of such measurement for SiNCs
attached to AuNRs 1 with 10 nm shell is shown in Fig. 7.
Extracting the peak intensity values from all the spectra in
Fig. 7a and c yields polarization dependent datapoints which
were fitted by ∼cos2 function (Fig. 7b and d). Result of this fit
reveals that luminescence of SiNCs is coupled to longitudinal
plasmon of the nanorods as evidenced by spectral position of
the dark field scattering peak (at ∼750 nm) and by the fact that
the polarization dependence is identical for both types of
measurement. Importantly the luminescence peak is centered
at the very same wavelength as plasmon of the nanorod sup-
porting our claim about plasmon–emission coupling.

In order to find out in which spectral range it is possible
to achieve the plasmon–emission coupling, the same kind
of measurement was also done for SiNCs attached to
AuNRs 3 with plasmonic peak at lower wavelength
(∼670 nm). The result can be found in ESI (Fig. S4†) and
shows an analogous polarization dependency match
between luminescence and dark field scattering as in the
previous case, just with the peaks centered at ∼690 nm.
Notably, the maximum intensity also occurs at different
polarization than in Fig. 7 which excludes the option that
the polarization would be caused by anisotropy of the
detection line in our setup.

To get more insight into the origin of plasmon–lumine-
scence coupling, we employed the above-described method to
investigate the emission polarization for a large number of iso-
lated Au@SiO2NRs@SiNCs. Substrates with SiNCs attached to
AuNRs 2 and AuNRs 3 were used. We looked at luminescence
and dark field scattering peaks for each single measurement
and studied how their spectral position relates to the polariz-
ation match. The result for sample with AuNRs 2 is shown in
Fig. 8, where luminescence peak positions are plotted as a
function of dark field scattering peak positions for cases when
polarization match was observed (Fig. 8a) and was not
observed (Fig. 8b). The insets in both graphs display histo-
grams of peak luminescence wavelengths in the context of
longitudinal plasmonic peak of AuNRs 2. A clear difference
between the two cases was observed as the datapoints are
nicely correlated when polarization matching occurred, while

Fig. 7 Single particle measurement of (a) and (b) luminescence and (c) and (d) dark field scattering from Au@SiO2NR@SiNCs for different polariz-
ations. AuNRs 1 were used and the shell thickness was 10 nm. Peak values from (a) and (c) are plotted as a function of polarization in (b) and (d)
respectively to visualize the same polarization dependency of PL and dark field scattering.
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no apparent correlation was found for datapoints with no
polarization matching. Interestingly, the luminescence peak
distribution is the same in both cases and fits well with the
ensemble plasmonic peak of AuNRs 2. This situation can be
explained by suggesting that the plasmon–luminescence coup-
ling can only occur when sufficient spectral overlap is achieved
between LSPR of a particular nanorod and emission of the
adjacent SiNCs. The unchanged PL peak distributions could
be then just a coincidental result of good ensemble overlap
between luminescence of SiNCs and plasmonic resonance of
AuNRs. Although this explanation might sound plausible, how
do we know that the coupling is a consequence of spectral
match and not the other way round?

More information can be derived from measurements with
AuNRs 3 having the plasmonic resonance band slightly offset
from the SiNCs ensemble luminescence peak center.
Following the same process as before, we arrived at results
which are shown in Fig. 8c and d. Here again a good corre-

lation between luminescence and scattering peaks can be
observed in polarization matched cases (Fig. 8c), although the
luminescence is a little redshifted with respect to the plasmo-
nic peaks in most cases. The more striking result is displayed
in Fig. 8d. Even though no polarization matching was observed
in these cases the luminescence peaks still appear very close to
the plasmonic resonances of their respective nanorods. As a
result, the luminescence peak distribution is again well fitted
by the ensemble longitudinal plasmon peak of AuNRs 3 in
both sets of measurements (see insets of Fig. 8c and d). This
finding points at somewhat different overall picture of the
plasmon–luminescence interplay. The plasmonic resonance of
AuNRs seems to be so dominant that it can affect the emission
of SiNCs across a broad spectral range (630–750 nm in our
experiments). Note that there were no luminescence peaks
found beyond 740 nm for SiNCs attached to AuNRs 3, even
though the ensemble luminescence peak of the NCs is cen-
tered at ∼750 nm. From a statistical point of view this is a very

Fig. 8 Correlation between positions of luminescence and dark field scattering peaks measured for Au@SiO2NRs@SiNCs prepared using (a) and (b)
AuNRs 2 having LSPR at 750 nm and (c) and (d) AuNRs 3 having LSPR at 670 nm. (a) and (c) shows data from measurements where polarization
match between PL and scattering was observed, (b) and (d) shows cases where it was not observed.
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unlikely situation should there be no influence from the nano-
rods in cases where no polarization matching was observed.
Hence, a certain degree of plasmon–luminescence coupling
was created in all cases. We should emphasize here that
finding “no polarization match” was in majority of cases
caused by observation of very weak on no polarization depen-
dence at all, rather than observation of polarization depen-
dence that does not match with dark field scattering. In other
words, the luminescence intensity remained usually basically
constant in the non-matched cases. The absence of polariz-
ation matching for some particles can be then explained first
by competition between several emitters attached to a single
nanorod whose contributions to the detected signal get aver-
aged and second by too large spectral offset between lumine-
scence of SiNCs and plasmon of AuNRs. This can lead an
intermediate situation in which the plasmon–emission coup-
ling is too weak to fully control the luminescence polarization
but still affects the shape and position of its peak. Note that in
non-matched cases the luminescence peak is almost always
redshifted with respect to the corresponding plasmonic peak
and interestingly the lower the central wavelength of plasmon,
the bigger the redshift.

The polarization effect can be further smeared if the PL
signal is collected from a group of randomly oriented nano-
rods instead of a single particle.

With the working plasmon–luminescence coupling, we
could finally investigate the effect of different separation dis-
tances between SiNCs and AuNRs on the luminescence of the
NCs. We did this by measuring luminescence lifetime for a set
of Au@SiO2NRs@SiNCs samples with different silica shell
thicknesses. A time gated imaging method was used with
pulsed 405 nm laser as an excitation source. Such experi-
mental layout enabled us (again) to collect signal from isolated
sources and then calculate the average lifetime value for the
given sample. More details about the lifetime measurements
and data processing can be found in ESI.†

We studied five samples prepared from Au@SiO2NRs
shown in Fig. 2, as their shell thicknesses were (based on
theoretical predictions) in the region of most interest. The

measured decay curves were fitted using 3-exponential func-
tion model:42

IðtÞ ¼ c1 � e�t=τ1 þ c2 � e�t=τ2 þ c3 � e�t=τ3 ð1Þ
and the lifetimes were calculated as an amplitude average

of the fit parameters:

τ ¼
P

i
ci � τi
P

i
ci

ð2Þ

The fitted curves shown in Fig. 9a and b display the calcu-
lated lifetimes as a function of the silica shell thickness. As
expected, the average lifetime decreases with decreasing shell
thickness. For thicknesses below 10 nm the lifetime drops to
≈1 μs which is 10× shorter than what was found for the refer-
ence sample of pure SiNCs τ(ref ) = 11.3 ± 0.5 μs. This points at
significant emission rate enhancement in SiNCs when coupled
to AuNRs, which is attributable to an acceleration of the radia-
tive decay due to Purcell effect. However, no direct conclusions
about the PL intensity enhancement can be done based on
this experiment, as the lifetime decrease can be partially
caused by additional nonradiative decay pathways. This
becomes especially true for ultrathin shells (≤5 nm) where
luminescence quenching caused by energy transfer starts
playing an important role.43

According to the nanosurface energy transfer (NSET)
theory, an efficient nonradiative pathway opens for excited NCs
near gold surface for a separation distance R0, which can be
calculated as:

R0 ¼ 0:225 � n2 � η0 � c3
ω2
D � ωF � kF ð3Þ

where η0 is the quantum yield of the donor (NCs), ωF and kF
are the bulk gold angular frequency and Fermi vector, respect-
ively, ωD is the angular frequency of the donor (NC) electronic
transition, c is the velocity of light in vacuum and n is the
refractive index of the environment. For our system, the NSET
separation distance is R0 = 6.5 nm, which can explain the

Fig. 9 (a) Fits of luminescence decays of SiNCs attached to Au@SiO2 NRs with varying shell thicknesses. Decay of pure SiNCs is shown as a refer-
ence (dashed line). (b) Calculated average luminescence lifetimes of Au@SiO2NRs@SiNCs as a function of SiO2 shell thickness.
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strong drop in lifetime for a 5 nm shell in Fig. 9b. This trend is
expected to continue for even thinner shells, first due to the
fast (d−4) distance dependence of the resonant energy trans-
fer22 and second due to an additional nonradiative decay
channel that can open in the form of charge transfer to the
metallic particle.16,44 Here the porosity of the silica shells has
to be taken into account, as the size of the pores (≈4 nm)32 is
already comparable to the SiNC –AuNR distance. No more
luminescence enhancement is therefore expected in this
“ultrathin” shell region.

The number of NCs per NR is variable (unknown) in our
samples. Therefore, no steady state PL measurements of the
liquid samples can provide us with reliable information about
the PL intensity enhancement, even if complications caused by
reabsorption of the emitted photons in the bulk solution
could be neglected. For this reason, we complement the experi-
mental results with theoretical (boundary element method)
simulations. In our model, PL is approximated by radiation of
oscillating electric dipoles that are placed near Au@SiO2

nanorod with variable silica shell thickness. Final results are
obtained by averaging different dipole orientations and posi-
tions on the silica surface. More details about the model and
derivation of the equations used in the following can be found
in ESI.† Parameters of the simulation were chosen in a way
that fits best the experimental situation and matches results of
our measurements. As a first verification, an analogy of Fig. 2a
and b is shown in ESI (Fig. S7†), that plots the calculated longi-
tudinal LSPR peak positions as a function of silica shell thick-
ness. An excellent match with the experiment is achieved, thus
confirming validity of the structural and material parameters

that were used. An appropriate choice of the optical properties
of SiNCs (mainly radiative and nonradiative decay rates) were
then verified by plotting the shell thickness dependence of the
calculated PL lifetime and comparing it with our experimental
values, as shown in Fig. 10c. With all the model parameters
set, we used the simulations to estimate the PL intensity
enhancement in our SiNCs–AuNR system.

According to the theory, the PL intensity (IPL,0) of pure
SiNCs is proportional to the excitation intensity (Iexc,0) and
ratio between their radiative (Γrad,0) and total (Γ0 = Γnr + Γrad,0)
decay rate:

IPL;0 / Iexc;0 � Γrad; 0

Γnr þ Γrad; 0
ð4Þ

where Γnr is nonradiative decay rate. There are two ways of
influencing the PL intensity by AuNRs – modifying the exci-
tation intensity (Iexc) or the radiative rate of NCs. The latter is
described by Purcell factor ( ftot) having external ( fext) and
absorbing ( fabs) parts which are responsible for far-field emis-
sion and electromagnetic losses, respectively. Please note that
for the total, external, and absorbing parts of Purcell factor we
use the notations like in the following references – [Ford et al.,
1984]45 and [Valenta et al., 2019].15 Then for the modified PL
intensity we get:

IPL / Iexc � fextΓrad; 0

Γnr þ ftotΓrad; 0
ð5Þ

The PL intensity enhancement ξ is then simply a ratio
between the two quantities and takes the form of a product of

Fig. 10 PL intensity enhancement calculated from BEM simulations (a) for dipoles at varying positions and distances from the AuNR, (b) dipole posi-
tion-averaged at varying distances from the AuNR. (c) Match between the theoretical and experimental PL lifetimes of samples with varying shell
thickness. (d) Contributions of the excitation and QY enhancements to the overall PL intensity enhancement for varying shell thickness.
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excitation enhancement (ξexc) and quantum yield enhance-
ment (ξQY):

ξ ¼ IPL
IPL; 0

¼ Iexc
Iexc; 0

� fext Γnr þ Γrad; 0
� �

Γnr þ ftotΓrad; 0
¼ ξexc � ξQY: ð6Þ

Fig. 10 summarizes the most important results of the calcu-
lations. In Fig. 10a PL intensity enhancement is shown as a
function of silica shell thickness for individual NCs placed at
different positions ranging from the middle of the NR side
(position 1) to the very tip of the NR (position 20; see ESI† for
the complete description). A dipole position-averaged enhance-
ment (Fig. 10b) then exhibits an optimum shell thickness of
5 nm at which the PL intensity enhancement is the highest –
ξ5nm = 7.2. Fig. 10d shows the two main contributions to the
PL intensity enhancement, i.e. excitation enhancement and
quantum yield enhancement, where ξQY is clearly dominant
and almost 2.5× bigger than ξexc for a 5 nm shell.

Our results are in a very good agreement with previous rele-
vant studies. For example J. Goffard et al.24 studied a very
similar situation – SiNCs as fluorophore, silica used as a
spacer, gold nanoparticles with LSPR tuned to emission wave-
length of SiNCs in NIR. However, in contrast to our work a
layered structure prepared by e-beam lithography was used
here which allowed for sufficient control over the absolute
number of SiNCs per gold nanoparticle and in the reference
samples. Consequently, it was possible to obtain the optimum
spacer thickness directly from the PL intensity measurements.
The result of 8 nm silica thickness is very close to our result.
In another two studies the optimum spacer thickness between
gold and SiNCs was found to be 10 nm.14,27 Note here that a
perfect match between the individual results is unlikely as the
absorption and scattering properties of different gold nano-
structures depend on their morphology. Moreover, our numeri-
cal model does not account for any losses caused by energy or
charge transfer from the excited NCs. Therefore, the 5 nm dis-
tance should be considered as the lower limit for optimum
shell thickness. However, Fig. 10b shows that the peak in PL
intensity enhancement is relatively flat and the enhancement
factor remains high (>7) even for a 10 nm shell.

Conclusions

We report an optimized strategy for fabrication of core–shell
AuNRs–SiNCs with silica shell as a tunable spacer. Fine
control of various experimental parameters allowed us to
prepare large quantities of the hybrid nanoparticles in col-
loidal solutions while preserving an excellent morphological
homogeneity of the individual particles. The superior quality
of our samples was confirmed by EFTEM images and a series
of optical measurements. Plasmon–luminescence coupling
was confirmed on a single particle level for a broad range of
emission wavelengths using a combination of luminescence
and dark field scattering measurements. Polarization studies
further showed that the longitudinal plasmonic peak of AuNRs
is dominant in determining the photoluminescence properties

of the attached SiNCs. A combination of experimental and
theoretical results was then used to calculate the PL intensity
enhancement and its dependence on the silica spacer thick-
ness. An optimum thickness of 5 nm was found yielding a 7.2×
PL enhancement. The validity of our model is supported by an
excellent match with the experimental measurements and by
the obtained result, which is in a good agreement with other
existing relevant studies. The low cost, high yield, and robust-
ness of the fabrication process, together with excellent optical
properties of our particles open a wide field of applications for
Au@SiO2NRs@AuNCs, especially in bio-imaging.
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