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Photoluminescence from FRET Pairs Coupled with Mie-Resonant 
Silicon Nanosphere
Keisuke Ozawa,a Masato Adachi,a Hiroshi Sugimoto,a,* and Minoru Fujiia

Optically resonant nanoparticles decorated with donor-acceptor molecular pairs have been attracting attentions 
for applications as nanoprobes in bioimaging and biosensing. We produce composite nanoparticles composed of 
donor-acceptor molecular pairs and silicon nanospheres (Si NSs) with diameters of 100-200 nm exhibiting Mie 
resonances in the visible range and study the effect of the Mie resonances on the photoluminescence properties. 
We show that the photoluminescence spectra are strongly modified by the Mie resonances, and the spectral shape 
is controlled in a wide range by the Si NS size; by controlling the size, we can bring the photoluminescence maximum 
from that of a donor molecule to that of an acceptor molecule almost continuously. From the photoluminescence 
decay properties in combination with theoretical calculations, we show that the observed strong modification of 
the spectral shape is mainly due to the Purcell effect to donor and acceptor molecules, and the effect of the Mie 
resonances to the Förster resonance energy transfer (FRET) rate is relatively small. We also show that because of 
the large Purcell effect and the small FRET rate enhancement, Mie resonances decrease the FRET efficiency.

1 Introduction
Fluorescent nanoparticles have widely been used as 

nanoprobes for biosensing and bioimaging because of the high 
sensitivity, the versatility, and the non-invasive nature1–4. 
Especially, nanoprobes composed of dyes and plasmonic 
nanoparticles possessing localized surface plasmon resonances 
(LSPRs), i.e., dye-decorated gold (Au) and silver nanoparticles, 
have been attracting attention because of the enhanced 
fluorescence that guarantees the high sensitivity5–11. These 
particles are utilized for in vivo and in vitro imaging8,9, detection 
of biomolecules10, and diagnosis and treatment of diseases11. 

LSPRs of plasmonic nanoparticles modify fluorescence of not 
only an individual molecule, but also a more complicated 
molecular system composed of different molecules coupled 
with each other. In particular, a molecular system coupled by 
Förster resonance energy transfer (FRET) has been attracting 
attention 9,12–20. FRET is a nonradiative energy transfer process 
from an excited donor molecule to an acceptor one through the 
dipole-dipole interaction21–24. Since the FRET rate scales inverse 
of the 6th power of the donor-acceptor distance, the effective 
distance is very small, typically less than 10 nm. This makes the 
detection of nanoscale reactions, such as antigen-antibody 
reactions and protein-protein interactions, possible by 
monitoring the fluorescence intensity change of a donor and an 

acceptor25–27. Because of the importance of FRET in a 
biomedical field, the control and the enhancement by 
plasmonic nanoparticles have been intensively studied 
theoretically and experimentally16–20,28. However, the 
mechanism of the spectral modification of a donor-acceptor-
coupled system by a plasmonic nanoparticle is not fully 
elucidated. The difficulty arises from the fact that broad LSPR of 
noble metals simultaneously affects the FRET rate and the 
radiative and nonradiative rates of individual molecules through 
the Purcell effect.

In this paper, we propose a spherical nanoparticle 
(nanosphere, NS) of crystalline silicon (Si NS) as a new 
nanoparticle system to control the fluorescence of donor-
acceptor FRET pairs. Due to the high refractive index and low 
extinction coefficient of crystalline Si in the visible range, a Si NS 
with the diameter range of 100-200 nm has narrow-band Mie 
resonances in the visible and near infrared range29–34. The 
narrow optical resonances make selective enhancement35–37 of 
donor and acceptor fluorescence possible and allow us to 
investigate the mechanism of the spectral modification. Mie 
resonant Si NSs also have several advantages as a nanoprobe 
for practical applications compared to plasmonic nanoparticles. 
Because of the low-loss nature, the local heating during light 
irradiation is much smaller, and nonradiative relaxation of dye 
fluorescence via coupling with lossy-modes of a nanoparticle is 
very small34,38,39.

In this work, we develop a Si NS with the diameter of 100-200 
nm decorated with donor (Fluorescein-4-isothiocyanate (FITC)) 
and acceptor (Rhodamine B-isothiocyanate (RITC)) molecules to 
study fluorescence properties of donor-acceptor FRET pairs 
near a Mie resonant dielectric nanoantenna. We first 
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investigate the scattering and photoluminescence (PL) spectra 
of Si NSs decorated solely with donor molecules by single 
nanoparticle spectroscopy and discuss the Purcell effect to the 
donor molecules. We then study simultaneously donor and 
acceptor decorated Si NSs. From the PL spectra and the PL decay 
rates in combination with numerical simulations, we discuss 
decisive factors that determine the spectral shape of donor-
acceptor FRET pairs coupled with dielectric optical resonators.

2   Results and Discussion
2.1   LSPR of a Au NS vs Mie Resonance of a Si NS.

 Figure 1a shows the PL spectra of ethanol solutions of FITC 
(green curve) and RITC (yellow curve). The absorption spectra 
are shown in Supplementary Information (Figure S1). Figure 1b 
shows radiative rate enhancement factors ( ) calculated for 𝐸𝐹rad

an electric dipole placed 5 nm from the surface of a Au NS 
(orange curve) and a Si NS (black curve) with the diameters of 
120 nm. The distance of 5 nm is chosen to imitate actual 
samples. The data obtained for a dipole oriented parallel and 
perpendicular to the surface are averaged. The broad peak of a 
Au NS is due to the LSPR, while the narrow peak of a Si NS is due 
to the magnetic dipole (MD) Mie resonance. The enhancement 
factor spectrum of a Au NS spans the PL spectral ranges of FITC 
and RITC, while the narrow peak of a Si NS overlaps only with 
the FITC PL. Therefore, the Si NS can selectively enhance the 
FITC PL and the FRET rate without affecting the RITC PL. The 
resonance peak of a Si NS can be brought to a desired 
wavelength by controlling the size. This high tunability of the 

resonance wavelength is very helpful to investigate the 
mechanism of the spectral modification by an optical resonator. 
In this work, we change the diameter of a Si NS from 105 to 193 
nm to control the Mie resonance wavelength from the shorter 
wavelength side of the FITC PL to the longer wavelength side of 
the RITC PL.
 In Figure 1c, the antenna efficiency defined by 𝐸𝐹rad/(𝐸𝐹rad +

, where  is an enhancement factor of a 𝐸𝐹nonr) 𝐸𝐹nonr

nonradiative rate, is shown. The antenna efficiency of a Si NS is 
over 50%, while that of a Au NS is less than 10 % around the FITC 
and RITC PL wavelengths. Therefore, a larger PL enhancement 
is expected in a Si NS than in a Au NS in the FITC-RITC coupled 
system. 

Note that the antenna efficiency is a function of the distance 
between an emitting dipole and the surface of a Si NS. It is 
almost constant when the distance is relatively large, and it 
decreases below ~5 nm due mainly to the increase of  𝐸𝐹nonr

(see Figure S2 in Supplementary Information, in which distance 
dependences of ,  and the antenna efficiency at 522 𝐸𝐹rad 𝐸𝐹nonr

nm are shown.). Since the minimum distance of FITC and RITC 
molecules from Si NS surface in actual samples is ~5 nm, slight 
fluctuation of the distance does not strongly affect the antenna 
efficiency.  

2.2   Preparation of FITC- and RITC-decorated Si NSs

We employ colloidal dispersion of Si NSs developed in our 
group40,41 to fabricate the FITC- and RITC-decorated Si NSs. 
Figure 2a shows the transmission electron microscope (TEM) 
image of Si NSs. They have high sphericity and crystallinity37,40,41. 
The diameter is distributed in 50-300 nm range (Figure S3 in 
Supplementary Information). In Figure 2b, the scattering 
spectrum (black curve) of a single Si NS with the diameter (dSi) 
of 188 nm placed on a SiO2 substrate is shown together with the 
spectrum calculated using the Mie theory (red curve). The MD, 
electric dipole (ED), magnetic quadrupole (MQ), and electric 
quadrupole (EQ) Mie modes are seen in the visible range.

Figure 2c shows the schematic illustration of the preparation 
procedure of a dye-decorated Si NS. First, the surface of a Si NS 
was functionalized with 3-aminopropyltriethoxysilane (APTES) 
to obtain NH2-termination. The NH2-functionalized Si NSs were 
mixed with a FITC solution to prepare FITC-decorated Si NSs 
(Si@FITC) or mixed with a mixture solution of FITC and RITC to 
obtain FITC- and RITC-decorated Si NSs (Si@(FITC, RITC)), and 
stirred (800 rpm) for 20 h at room temperature. The density of 
dye molecules on the surface of Si NSs was estimated from the 
absorption spectra. Details of the procedure are shown in 
Supplementary Information (“4. Estimation of Number of Dye 
Molecules (FITC and RITC) on Si NS Surface”). In this work, we 
study Si@(FITC, RITC) with the FITC density of 17.7 
molecules/100 nm2 and the RITC density of 2.08 molecules/100 
nm2. In these densities, efficient FRET from FITC to RITC is 
expected. In Si@FITC, the FITC density is 20.8 molecules/100 
nm2. 

Figure 2d shows PL spectra of Si@FITC (green curve) and 
Si@(FITC, RITC) (red curve) suspensions. The intensities are 
corrected based on the FITC densities of Si@FITC and Si@(FITC, 

Figure1. a) Normalized PL spectra of FITC (green curve) and RITC 
(yellow curve). b) Calculated radiative rate enhancement factors of 
an electric dipole placed 5nm from the surface of a Au NS (orange 
curve) and a Si NS (black curve) with diameters of 120 nm. c) 
Calculated antenna efficiencies of a Au NS (orange curve) and a Si NS 
(black curve).
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RITC). The excitation wavelength is 480 nm. At this wavelength, 
FITC can be efficiently excited, while RITC cannot be directly 
excited (Figure S1 in Supplementary Information). In the PL 
spectrum of Si@(FITC, RITC), PL from RITC appears on the tail of 
the FITC PL, while the intensity of FITC PL decreases compared 
to that of Si@FITC. These are the evidences of FRET from FITC 
to RITC.

2.3   PL of Si@FITC

We first study the PL properties of Si@FITC by single particle 
spectroscopy. Figure 3a shows a scattering spectrum of a single 
Si@FITC with dSi = 115 nm. The MD mode of the Si NS is around 
the FITC PL. Figure 3b shows the PL spectrum excited at 488 nm 
(green curve) together with that of a reference, i.e., a SiO2 NS 

(200 nm in diameter) decorated with FITC (SiO2@FITC) (grey 
curve). The SiO2 NS does not have resonances in the wavelength 
range. In Figure 3b, the PL intensities are normalized by taking 
into account the surface areas of a Si NS and a SiO2 NS. The FITC 
PL is strongly enhanced in Si@FITC compared to the reference. 
Furthermore, the spectral shape is modified. In Figure 3c, the PL 
enhancement factors obtained by dividing the Si@FITC PL by 
the reference one is shown (green curve). The maximum 
enhancement factor reaches 4.6.

The PL enhancement factor is the product of the electric field 
intensity enhancement factor at the excitation wavelength and 
the emission efficiency enhancement factor at the detection 
wavelength (Purcell effect)42–45. In Figure 3c, the calculated PL 
enhancement factor is shown by a blue curve (see 
Supplementary Information “5. Calculation of PL Decay Rate 
and Intensity Enhancement Factors for Si@FITC”). The 
measured and calculated enhancement factor spectra agree 

very well, and thus the PL is enhanced due to the coupling with 
the MD mode of the Si NS. Similar data obtained for Si@FITC 
with dSi = 193 nm is shown in Figure 3d-f. In this case, the FITC 
PL couples with the MQ mode of the Si NS. In Figure 3f, the 
measured and calculated spectral shape agree well around the 
MQ resonance. However, the agreement at the long 
wavelength side is poor; a broad band appears only in the 
calculated spectrum. The reason for the discrepancy is not very 
clear. We discuss the possible causes in Supplementary 
Information (“6. Effect of SiO2 Substrate on PL Enhancement 
Factor Spectra”).

2.4   PL of Si@(FITC, RITC)

In Figure 4a-e, we compare PL spectra of Si@(FITC) (green 
curves) and Si@(FITC, RITC) (red curves) with almost the same 
sizes (dSi = 105 nm to 193 nm from 4a to 4e). The intensities are 
corrected based on the FITC densities of Si@FITC and Si@(FITC, 
RITC).  In Figure 4a (dSi = 105 nm), the MD resonance of the Si 
NS is at the shorter wavelength side of the FITC PL, i.e., the 
radiative rate and the FRET rate of FITC are not affected by the 
Si NS. In this non-resonant case, RITC PL appears in Si@(FITC, 
RITC) and the FITC PL is weaker than that in Si@FITC due to FRET. 
In Figure 4b (dSi = 115 nm), the MD mode overlaps with the FITC 
PL. This results in the enhancement of the FITC PL both in 
Si@(FITC, RITC) and Si@FITC. In Figure 4c (dSi = 135 nm), the MD 
resonance is around the peak of the RITC PL. In this case, the 
RITC PL and the tail of the FITC PL are strongly enhanced. Similar 
changes of the spectral shape are observed in Figure 4d and 4e. 
Particularly, in Figure 4e (dSi = 193 nm), the PL spectral shape is 
strongly modified from that in Figure 4a due to the coupling 
with the sharp MQ resonance. In Supplementary Information 
(Figure S7), we summarize PL spectra of Si@(FITC, RITC) in a 
single graph to demonstrate the large modification of the 
spectral shape by the size of a Si NS. We also show the ratio of 
the PL intensity at 565 nm (RITC PL peak) and 505 nm (FITC PL 

Figure 2. a) TEM image of Si NSs. b) Measured (black curve) and 
calculated (red curve) scattering spectra of a single Si NS with the 
diameter (dSi) of 188 nm. c) Schematic illustration of the preparation 
procedure of Si@FITC and Si@(FITC, RITC). d) PL spectra of Si@FITC 
(green curve) and Si@(FITC, RITC) (red curve) suspensions excited at 
480 nm. 

Figure 3. a,d) Scattering spectra of Si@FITC with dSi = 115 nm and 
193 nm. b,e) PL spectra of the same samples (green curves). The 
reference (grey curves) is the PL spectrum of SiO2@FITC. c,f) 
Measured (green curves) and calculated (blue curves) PL 
enhancement factor spectra.
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peak) ( ). The ratio changes from 0.53 to 2.8 𝐼PL
565nm/𝐼PL

505nm

depending on the Si NS size. The data demonstrate that 
combination of Mie resonances and FRET enables the control 

of PL spectral shape in a wide range. 

 2.5   FRET Rate and FRET Efficiency in Si@(FITC, RITC)

Figure 4f shows the PL decay curves of nearly identical size (dSi 
= 115 nm) Si@FITC (green dots) and Si@(FITC, RITC) (red dots) 
detected at the PL peak of FITC (525 12.5 nm). The decay ±
curve of the reference sample (SiO2@FITC) (black dots) and the 
instrument response function (IRF) (grey curve) are also shown. 
The decay curves are strongly modified by the Mie resonances 
and by FRET. The average PL lifetime obtained by fitting the 
curves with a double exponential function is shown in the 
figure. The PL lifetime of the reference (SiO2@FITC) ( ) is 3.1 𝜏ref

ns, and that of Si@FITC ( ) is 0.61 ns. Thus, the decay rate 𝜏D0

enhancement by the Mie resonances is 5.1-fold ( ). = 𝜏ref 𝜏D0

The PL lifetime of Si@(FITC, RITC) (  is 0.44 ns, which is 𝜏DA)
shorter than that of Si@FITC (0.61 ns). Therefore, it is affected 
both by the Mie resonances and FRET.

In Si@FITC, the PL decay rate is expressed as
,   (1)𝛤D0 = 𝐸𝐹rad ∙ 𝛤0

rad + 𝐸𝐹nonr ∙ 𝛤0
rad + 𝛤0

nonr 

where,  and  are the intrinsic radiative and 𝛤0
rad 𝛤0

nonr

nonradiative rates. The PL decay rate of the reference 
(SiO2@FITC) is , and the PL decay rate 𝛤ref = 𝛤0

rad + 𝛤0
nonr

enhancement factor is . can be calculated if 𝛤D0/𝛤ref 𝛤D0/𝛤ref 

the intrinsic quantum yield of FITC ( ) 𝑄𝑌0 = 𝛤0
rad/(𝛤0

rad + 𝛤0
nonr)

is known45. Under the assumption that = 0.92 and that an  𝑄𝑌0 
emitting dipole is positioned at 5 nm from the surface of a Si NS, 

 is calculated to be 6.3 (see Supplementary Information 𝛤D0/𝛤ref

“5. Calculation of PL Decay Rate and Intensity Enhancement 
Factors for Si@FITC”). This value is in reasonable agreement 
with the experimental result ( 5.1). 𝜏ref 𝜏D0 =

We now consider how the FRET efficiency ( ) defined by 𝜂
, where  and  are the FITC (donor) PL 𝜂 = 1 ― 𝐼DA 𝐼D0 𝐼𝐷0 𝐼𝐷𝐴

intensities of Si@FITC and Si@(FITC, RITC), respectively, is 
modified by the Mie resonances. In Table 1, the FRET 
efficiencies obtained from the PL spectra in Figure 4 are 
summarized. For the calculation,  and  are assumed to be 𝐼D0 𝐼DA
the peak PL intensity of FITC (505 nm). In Si@(FITC, RITC) with 
dSi = 105 nm, i.e., in a non-resonant case, the FRET efficiency is 

Diameter (nm) FRET efficiency (%)

105 54.4

115 21.1

135 35.5

143 32.0

193 31.9

Figure 4. a-e) Scattering and PL spectra of Si@FITC (green curves) and Si@(FITC, RITC) (red curves) with dSi = 105 nm to 193 nm. Green and orange shaded 
regions are PL wavelengths of FITC and RITC, respectively. f) PL decay curves of Si@FITC (green dots) and Si@(FITC, RITC) (red dots) with dSi = 115 
nm and the reference (SiO2@FITC) (black dots). Instrument response function (IRF) (grey curve) is also shown. The average PL lifetime obtained by fitting 
the curves with a double exponential function (solid curves) is shown in the figure. 

Table 1. FRET efficiencies ( ) of Si@(FITC, RITC) with 𝜂 = 1 ― 𝐼DA 𝐼D0

different diameters.
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54.4 %. This value decreases in Si@(FITC, RITC). It decreases to 
21.1 % when the FITC PL is coupled with the MD mode (dSi = 115 
nm). The observed decrease of  indicates that the relative 𝜂
contribution of FRET in the total decay processes of FITC 
decreases near a Mie resonant nanoantenna. 

In Si@(FITC, RITC), the decay rate of the donor is modified from 
that of Si@FITC to 
𝛤DA = 𝛤D0 + 𝐸𝐹FRET ∙ 𝛤0

FRET
        = 𝐸𝐹rad ∙ 𝛤0

rad + 𝐸𝐹nonr ∙ 𝛤0
rad + 𝛤0

nonr

, + 𝐸𝐹FRET ∙ 𝛤0
FRET

(2)

where  and  are the FRET rate in non-resonant 𝛤0
FRET 𝐸𝐹FRET

environment and the FRET rate enhancement factor, 
respectively.  is calculated under the assumption that it 𝐸𝐹FRET
is proportional to the power transferred from a donor dipole to 
an acceptor one17–20,28. More specifically, it is the ratio of the 
electric field intensities produced by a donor at the position of 
an acceptor ( ) in Si@(FITC, RITC) ( ) to that in the 𝑟A |𝐸Si

D(𝑟A)|2

situation without a Si NS ( )17,18,20. In actual |𝐸D(𝑟A)|2

calculations, we use a model in Figure 5a. An electric dipole 
source (donor) is placed 5 nm from the surface of a Si NS (dSi = 
115 nm). The orientation of the dipole is along the z-axis ( ) or 𝑝z
x-axis ( ). In Supplementary Information (Figure S8), calculated 𝑝x

distributions of  and  are shown. Figure 5b shows the |𝐸Si
D| |𝐸D|

distributions of   at the wavelength of the 𝐸𝐹FRET = |𝐸Si
D|2/|𝐸D|2

MD resonance (508 nm) for a  dipole. Figure 5c and 5d shows 𝑝z
similar data for a  dipole. We can see the enhancement of the 𝑝x
FRET rate near the Si NS surface in Figure 5b and 5c. Since FRET 
occurs only between proximity molecules due to the inverse 6th 
power dependence of the donor-acceptor distance, we 
consider acceptors existing inside a 5 nm-radius from a donor 
dipole. The averaged  in the circles in Figure 5b, 5c and 𝐸𝐹FRET
5d are 1.05, 1.02, and 0.88, respectively. These values are very 
close to 1. Therefore, Mie resonances of a Si NS exert marginal 
effects on the FRET rate of molecules nearby. The same 
conclusion is obtained if we assume different Mie modes and 
different distances for a donor dipole from the Si NS surface. 
(see Figure S9 and S10 in Supplementary Information). In 
Supplementary Information (Figure S5a), we calculate the 
radiative and nonradiative rate enhancement factors for a 
donor dipole placed 5 nm from the surface of a Si NS (dSi = 115 
nm). The calculated values are = 7.0 and = 3.0 at 𝐸𝐹rad 𝐸𝐹nonr 
the wavelength of the MD resonance (508 nm). These values 
are much larger than . Therefore, the significant spectral 𝐸𝐹FRET
modification of FITC-RITC FRET pairs by Mie resonances 
observed in Figure 4 is mainly due to individual Purcell effects 
to donor and acceptors and the effect of the Mie resonances to 
the FRET rate is small. 

3   Conclusions
We have investigated the effect of Mie resonances of Si NSs on 

the PL spectral shape of donor-acceptor FRET pairs and the FRET 
efficiency. We showed in donor and acceptor decorated Si NSs 
that the spectral shape is strongly modified by the size of Si NSs. 
The results indicate that optimization of fluorescence spectra 
for maximizing the sensitivity of FRET-based biosensing / 
bioimaging devices is possible by using Mie resonances. PL 
decay measurements in combination with numerical 
calculations of the FRET rate enhancement factor and the 
Purcell enhancement factor revealed that the FRET rate 
enhancement factor is smaller than the Purcell enhancement 
factor. As a result, Mie resonances decrease the FRET efficiency 
of a donor-acceptor FRET pairs.

4   Experimental Section
4.1   Preparation of Colloidal Dispersion of Si NSs

Si NSs were prepared using a previously reported method40,41 
that utilizes thermal disproportionation of silicon monoxide 

Figure 5. a) Model structure for the calculation of the FRET rate 
enhancement factor. An electric dipole source (donor) is placed 5 nm from 
the surface of a Si NS. The orientation of the dipole is along the z-axis ( ) 𝑝z

and the x-axis ( ). b-d) Calculated distributions of  𝑝x 𝐸𝐹FRET = |𝐸Si
D|2/|𝐸D|2

at the wavelength of the MD resonance (508 nm). A radius (r) of 5 nm 
from the dipole source is shown by dashed curves.
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(SiO). SiO lumps (several mm in size) (99 %, FUJIFILM Wako) 
were annealed at 1475 °C in a N2 gas atmosphere for 30 min to 
grow crystalline Si NSs in silica (SiO2) matrices. Si NSs were 
liberated by dissolving SiO2 matrices in HF solution (46 wt%) for 
1 h. HF was removed by centrifugation processes. Si NSs were 
transferred to methanol and subjected to sonication for 1 min 
with an ultrasonic homogenizer (Violamo SONICSTAR 85). 
Finally, Si NSs were transferred to ethanol by centrifugation 
processes.

4.2   Preparation of Si@(FITC, RITC), Si@FITC and SiO2@FITC

100 µL of APTES (98 wt%, Tokyo Chemical Industry) and 200 µL 
of acetic acid (FUJIFILM Wako) were added to 1 mL of ethanol 
solution of Si NSs (2.2 mg/mL), and the suspension was stirred 
(800 rpm) for 4 h at room temperature. NH2-functionalized Si 
NSs were washed 4 times to remove excess APTES. 200 µM of 
FITC (FUJIFILM Wako) and 50 µM of RITC (Cosmo Bio Co.) in 
ethanol were added into the suspension of NH2-functionalized 
Si NSs. After stirring (800 rpm) for 20 h at room temperature 
and washing 6 times to remove unreacted FITC and RITC, 
Si@(FITC, RITC) was obtained in ethanol. Si@FITC and 
SiO2@FITC were also synthesized with the similar procedure 
without RITC. SiO2 nanoparticles were made by the Stöber 
process46.

4.3   Optical Spectroscopy

PL spectra of the colloidal suspensions of Si@FITC and 
Si@(FITC, RITC) were measured using a spectrofluorometer 
(Fluorolog-3, HORIBA). The excitation wavelength was 480 nm. 
A custom-built inverted optical microscope was used for the 
measurement of the scattering and PL spectra and PL decay 
curves of single Si@(FITC, RITC), Si@FITC, and SiO2@FITC. For 
the measurements, the diluted suspensions were dropped onto 
a SiO2 substrate and dried in air. For scattering measurements 
in a reflection configuration, a SiO2 substrate was placed 
facedown onto the stage and illuminated by a halogen lamp 
through a dark-field objective lens (100×, NA = 0.9). The 
scattered light was collected by the same objective lens and 
transferred to the entrance slit of a monochromator (Kymera 
328i, Andor) and detected by a cooled CCD (Newton, Andor). PL 
was measured by the same setup. The excitation wavelength 
was 488 nm. For the measurement of PL decay curves, emitted 
light was brought to another port of the same optical 
microscope and detected by a time-correlated single photon 
counting module (PicoQuant, TimeHarp200) with an avalanche 
photodiode (PD-100-CTE, MPD). The excitation wavelength was 
480 nm (76 psec pulse width, 40 MHz repetition, 6.3 nm band 
width). To detect only the donor (FITC) PL, a 525 nm band-pass 
filter (25 nm FWHM, Edmund Optics) was inserted in front of 
the detector. The average PL lifetime was obtained by fitting the 
measured decay curves with a double exponential function.

4.4   Calculation of Scattering spectrum, Electric Field Enhancement 
Factor, Radiative Rate Enhancement Factor, and Nonradiative Rate 
Enhancement Factor

Scattering spectrum, electric field intensity enhancement 
factor, radiative rate enhancement factor, and nonradiative 
rate enhancement factor were analytically calculated using 
MATLAB codes based on Mie theory47. We assumed that an 
emitter oriented perpendicular ( ) or parallel ( ) to the ⊥ ∥
surface of a Si NS was placed at 5 nm from the surface. The 
enhancement factor of a randomly oriented dipole ( ) was 𝐸𝐹
calculated from . The refractive index 𝐸𝐹 = 1 3𝐸𝐹 ⊥ + 2 3𝐸𝐹 ∥

of Si was taken from literature48.

4.5   Calculation of FRET Rate Enhancement Factor

To calculate the FRET rate enhancement factor, a commercial FDTD 
simulation software (Lumerical, Ansys) was used. An electric dipole 
source (donor) is placed at 5 nm from the surface of a Si NS. The 
orientation of the dipole was along the z-axis ( ) or x-axis ( ). The 𝒑𝐳 𝒑𝐱

mesh size was 0.25 nm. The refractive index of Si was taken from a 
literature48. 
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