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ABSTRACT. We developed a self-limited self-assembly process to produce red-to-near-infrared
luminescent supraparticles made from bio-compatible silicon (Si) quantum dots (QDs) for
fluorescence bio-imaging. A starting material is a methanol solution of boron (B) and phosphorus
(P) codoped all-inorganic Si QDs. The Si QDs have a heavily B and P codoped amorphous shell
and the shell induces negative potential on the surface, which prevents agglomeration of QDs in
polar solvents. By adding toluene to the methanol solution, controlled agglomeration of Si QDs
occurs and spherical supraparticles around 100 nm in diameter with a narrow size distribution are

grown. The average diameter of supraparticles was controlled by the growth parameters. We also
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developed a process to stabilize the supraparticles by coating the surface by polyvinylpyrrolidone
(PVP) and then by silica. The photoluminescence spectra of PVP- and silica-coated Si QDs

supraparticles were very similar to those of Si QDs dispersed in solution.

INTRODUCTION

A mesoscale particle produced by clustering nanoparticles (NPs) via weak physical interactions
is dubbed as a supraparticle!: 2. Formation of a supraparticle modifies the property of constituent
NPs via coupling of the electronic wavefunctions, Forster resonant energy transfer (FRET), etc.
Supraparticles have been produced from a variety of materials including metal®, semiconductor*®
and organic’'?> materials. In a supraparticle made from metal NPs, the coupling modifies the
localized surface plasmon resonances’, while that made from semiconductor quantum dots (QDs),
FRET modifies the light emission property*. A supraparticle can be an optical cavity to confine
photons, which results in the structural coloration®. In relatively large supraparticles, coupling of
QD emission with the whispering gallery mode narrows the emission spectra®®. Furthermore, even
if there are no NP-to-NP interactions, the structural feature that NPs are localized in a mesoscale
space leads to useful properties. For example, the stronger light emission compared to individual
QDs improves the detection limit of fluorescence bioimaging. The capability to mix different size
QDs leads to wide range control of the emission color’. Furthermore, colocalization of magnetic
NPs and semiconductor QDs results in magneto-fluorescent supraparticles, which are

magnetically-manipulated and optically-tracked in living cells'3'>.

In this work, we develop supraparticles of silicon (Si) QDs. Si QDs are bio-compatible and

biodegradable nanophosphors that have potential to take the place of cadmium and lead



chalcogenide QDs phosphors, especially in biomedical fields. Si QDs below 10 nm in diameter
exhibit size-dependent luminescence in the red to near infrared (NIR) wavelength range due to the
quantum size effects!®!”. There have been numerous researches to use Si QDs phosphors for bio-
imaging and -sensing?®%. Cytotoxicity of Si QDs to different human cells has been studied by
fluorescence imaging®® 2! 2% 25, Furthermore, Si QDs can be conjugated with antibodies for bio-

sensing using antigen-antibody reactions 2> ¢,

A drawback to use isolated Si QDs as phosphors is the weak emission intensity due mainly to
the small excitation (absorption) cross section and the small luminescence quantum yield. The
problem can be partly solved by simply using agglomerates of Si QDs. The most widely used Si
QDs agglomerates are porous Si NPs?’. Very high contrast imaging has been achieved with porous

28,29 and two-photon imaging®® techniques. In time gated

Si NPs by using time-gated imaging
imaging, the long luminescence lifetime (> 10 usec) of Si QDs is a great advantage to perfectly
separate the fluorescence signal from the fast autofluorescence of bio-substances. Porous Si NPs
are also promising for drag delivery because of the capability of incorporating molecules in the
pores®!:32. Drawbacks of porous Si NPs are the large size and shape distributions and the relatively
low luminescence quantum yield. Another approach to form Si QDs agglomerates is the micelle

encapsulation®. In vivo targeted cancer imaging has been demonstrated by using micelle

encapsulated Si QDs .

The purpose of this work is to develop red-to-NIR luminescent spherical supraparticles made
from Si QDs by a controlled manner for the fluorescence bio-imaging applications. Among
different methods to produce supraparticles!, we employ a self-limited self-assembly process. The
process has been extensively used for the preparation of supraparticles from colloidal solutions of

NPs. In the self-limited self-assembly process, colloidally stable supraparticles are produced by



controlling the balance of the repulsive and attractive forces between NPs; reduction of repulsive
forces initiate agglomeration of NPs and the self-assembly stops when the attractive and repulsive
interactions reach an equilibrium state'. In supraparticles produced by this process, NPs are
densely packed and often close-packed superlattice structures are spontaneously formed**. In this
work, we employ a methanol solution of colloidally stable all-inorganic Si QDs developed in our
group as a starting material *°. In the Si QDs, boron (B) and phosphorus (P) are simultaneously
doped (B and P codoped Si QDs) and the QD is composed of a crystalline Si core and a heavily B
and P codoped amorphous shell*>:*¢. The amorphous shell induces negative potential on the surface
and makes the QD dispersible in polar solvents such as methanol*”* and water®®. We show that
by adding a small amount of toluene to the methanol solution of Si QDs, uniform size
supraparticles are spontaneously formed. We also develop a process to stabilize the structure by

silica coating. Finally, we discuss the photoluminescence (PL) property of Si QDs supraparticles.

RESULTS AND DISCUSSION

Figure 1(a) shows a picture of a methanol solution of B and P codoped Si QDs grown at 1200°C.
The solution is very clear and light scattering by agglomerates is not observed. In fact, light
transmittance below the band gap energy of bulk Si crystal is almost 100% (Figure 1(b)). Figure
1(c) shows the transmission electron microscope (TEM) image of Si QDs grown at 1200°C. For
the TEM observation, the Si QD solution was dropped on a graphene-oxide-coated copper mesh
and dried®®. Si QDs are isolated on the support film and no three-dimensional agglomerates are
observed. These results indicate that Si QDs are perfectly dispersed in methanol. The high
dispersibility of codoped Si QDs in polar solvents is due to the negative surface potential (zeta

potential: -40—50 mV)?* ¥ Note that the Si QDs are not dispersible in nonpolar solvents such as



toluene. The high-resolution TEM image in the inset reveals that the Si QD is composed of a

crystalline core and an amorphous shell*®

. The lattice spacing corresponds to {111} planes of Si
crystal. The amorphous shell is composed of B, Si and P, and the thickness can be controlled by
growth parameters®®. The average diameter estimated from TEM images is 7.1 nm with the
standard deviation of 1.6 nm. Figure 1(d) shows the PL spectra of Si QDs in methanol excited at
405 nm. The luminescence appears in the red to NIR range and the high energy shift of the PL

energy with decreasing the size is clearly observed %40,
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Figure 1. (a) Methanol solution of B and P codoped Si QDs grown at 1200°C. (b) Light
transmittance spectra of Si QDs grown at different temperatures. The average diameter (dpp) and

the growth temperature (7,) of Si QDs are shown in the figure. (¢c) TEM image of Si QDs grown



at 1200°C. Inset is the high-resolution TEM image of a Si QD. (d) PL spectra of Si QDs dispersed

in methanol. The average diameter and the growth temperature of Si QDs are shown in the figure.

Scheme 1 shows the procedure to produce Si QDs supraparticles. First, a methanol solution of
Si QDs is prepared in microtubes (1.5 mL) by the procedure shown in the EXPERIMENTAL
METHODS section®. Toluene is then added to the solution as a poor solvent and the microtube is
gently shaken to promote agglomeration of Si QDs. This process changes the solution from
transparent to cloudy as can be seen in the photos in Scheme 1. All the processes are performed in
usual laboratory atmosphere at room temperature. The number density of Si QDs in the solutions
(Nop) is changed from 1.2x10'° to 1.7x10'7 ¢m™, while the amount of toluene in the mixed
solutions (Cprnre) 1s changed from 66.7 to 97.6 vol.%. Si QDs with the average diameter (dpp) of

2.8, 5.2 and 7.1 nm are used for the preparation of supraparticles.

Scheme 1. Preparation procedure Si QDs supraparticles.
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Figure 2(a) shows a TEM image of supraparticles. The enlarged image is shown in Figure 2(b).
The average diameter and the density of Si QDs used for the preparation of the supraparticles are
2.8 nm and 5.5x10'® cm™, respectively. The toluene concentration is 75.0 vol.%. We can see the
formation of spherical supraparticles simply by adding toluene to a methanol solution of Si QDs.
Figure 2(c) shows a supraparticle produced from Si QDs 5.2 nm in average diameter
(Nop=2.1x10'6 ¢cm?, Cpune=88.9%). Individual Si QDs constituting the supraparticle can be
recognized. In the Supporting Information (Figure S1), we show TEM images of supraparticles
produced with different parameters. In the images in Figure S1, individual Si QDs composing a
supraparticle are visible. Figure 2(d) shows a peripheral region of a supraparticle produced from
Si QDs 7.1 nm in average diameter (Npp=3.5x10" cm?, Cpume=83.3%). The lattice fringes
correspond to {111} planes of Si crystal. We can see that Si QDs are densely packed in the
supraparticle. This is due to the ligand-free surface of the Si QDs used for the formation of the

supraparticles. Figure 2(e) shows the fast Fourier transform (FFT) image of the region surrounded



by a square in Figure 2(d). Diffraction spots corresponding to {111} planes of Si crystal can clearly
be seen. Figure 2(f) shows a scanning electron microscope (SEM) images of a Si QDs supraparticle
(dop=2.8 nm, Nops=1.7x10'" cm™, Cprume=75%) placed on a Si wafer observed without tilting and
with the tilting angle of 25°. Without tilting, the aspect ratio is 1.0, while it is about 0.88 under 25°
tilting. Therefore, the supraparticle is only slightly squashed when it is dried on a substrate.

Si1 QDs supraparticles similar to those in Figure 2(a)-(f) are formed in specific parameter ranges.
Figure 2(g) summarizes the experimental conditions for the formation of supraparticles. The
abscissa is the toluene concentration and the ordinate is the number density of Si QDs. TEM
images of particles produced by 8 different conditions in Figure 2(g) are summarized in the
Supporting Information (Figure S2). The red, blue and green colors correspond to Si QDs 2.8, 5.2
and 7.1 nm in average diameters, respectively. In the conditions shown by the circles, spherical
supraparticles are formed, while those shown by squares, linear chains of supraparticles are formed.
In the conditions designated by x, random networks of Si QDs are formed (see Figure S2(g) in the
Supporting Information, while those designated by +, agglomerates are precipitated. In the
condition designated by a triangle, spherical supraparticles and random networks of Si QDs are
mixed. We can see that isolated supraparticles are formed predominantly in a specific region
marked by a yellow dotted curve although there are several exceptions. Outside the region,
supraparticles are not formed; in the lower left and the left of the region, agglomeration does not
proceed promptly, while in the upper right and the right of the region, large agglomerates
precipitate. The optimum range for the formation of supraparticles does not seem to depend
strongly on the size of Si QDs in the diameter range from 2.8 nm to 7.1 nm. However, there seems
to be a slight tendency that higher QD density and higher toluene concentration are necessary for

the growth of supraparticles from smaller QDs.



Within the optimum ranges of supraparticle formation conditions, the size tends to increase with
increasing toluene concentration. Figure 2(h) shows the size distribution of supraparticles
estimated from the TEM images. The size and the concentration of Si QDs are fixed to 2.8 nm and
3.6x10'% cm™, respectively, while only the toluene concentration is changed from 80.0% to 87.5%.
With increasing the toluene concentration, the average diameter of supraparticles (ds.p) increases
from 101 nm to 159 nm (Figure S3 in the Supporting Information). The full width at half maximum

(FWHM) of the size distribution is around 50% of the average diameter.
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Figure 2. (a) TEM image of Si QDs supraparticles (dpp=2.8 nm, Ngp=5.5x10'® cm™,

Crime=75.0%). (b) Enlarged image of (a). (c) TEM image of a supraparticle (dpop=5.2 nm,

Nop=2.1x10'® cm?, Cpane=88.9%). (d) TEM image of a peripheral region of a supraparticle
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(dop=7.1 nm, Nop=3.5x10"° cm™, Cpune=83.3%). (e) FFT image of the region surrounded by a
square in (d). (f) SEM images of a supraparticle taken without tilting and under 25° tilting (dpp=2.8
nm, Nop=1.7x10'7 cm™, Cpune=75%). (g) Conditions for the formation of supraparticles. Red, blue
and green colors correspond to Si QDs 2.8, 5.2 and 7.1 nm in average diameters, respectively.
Circles represent formation of isolated spherical supraparticles, while squares represent formation
of linear chains of supraparticles. x represents growth of indeterminate shape agglomerates, and +
represents precipitation of large agglomerates. A represents mixture of spherical supraparticles and
indeterminate shape agglomerates. (h) Size distribution of supraparticles. dop and Ngp are fixed to

2.8 nm and 3.6x10'® cm™, respectively, and Cpauze is changed from 80 to 87.5%.

The data in Figure 2 are obtained just after preparation of supraparticles, i.e., a solution of Si
QDs supraparticles are dropped on a TEM mesh or on a Si wafer just after preparation. If we keep
supraparticles in methanol/toluene mixed solutions longer, secondary agglomeration slowly
proceeds. This can be seen in the TEM images in the Supporting Information (Figure S4(a)).
Already after 1 h from the preparation, linear chains of supraparticles are formed and after 2 h,
three-dimensional agglomerates are formed. We tried several different processes to stop secondary
agglomeration of supraparticles in solutions. The most successful process was simply adding a
large amount of methanol just after the formation of supraparticles. In the Supporting Information
(Figure S4(b)), TEM images of supraparticles stabilized by this process are shown. 500 uL of
methanol was added to an 80 puL. methanol/toluene solution of Si QDs supraparticles (d=2.8 nm,
Nops=1.7x10"" cm?, Cpanie=75%), i.e., Cpime is reduced from 75% to 10.3% by adding methanol.
With this procedure, agglomeration of supraparticles is perfectly prevented; even after 2 months

from the preparation, no agglomerates are observed (Figure S4(b) in the Supporting Information).
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Therefore, addition of methanol effectively stops secondary agglomeration of supraparticles.
Interestingly, the methanol addition does not affect the shape of individual supraparticles, i.e.,
supraparticles are not decomposed into individual QDs in the methanol-rich solution. At present,
the mechanism of this irreversibility, i.e., the supraparticles are structurally stable in methanol-rich
solution, is not very clear. Probably, the fact that Si QDs are directly attached each other in a
supraparticle because of the ligand-free surface is responsible for the high structural stability.

For many applications of supraparticles, especially for the biomedical applications, the
capability to be functionalized with a variety of molecules is indispensable. To this end,
supraparticles are often coated by a silica layer'® *!. Therefore, we develop a process to coat Si
QDs supraparticles by a thin silica layer. The silica-coating process is composed of two steps
(Scheme 1). After preparation of supraparticles, we first cover the surface by polyvinylpyrrolidone
(PVP) by the process shown in the EXPERIMENTAL MTHODS section and disperse them in
ethanol. Figure 3(a) and (b) shows SEM and TEM images of PVP coated supraparticles (dops=2.8
nm, Nops=1.7x10"" cm?, Cpune=75%). PVP coating stabilizes the structure of supraparticles and
the structure is kept for more than one week. Other TEM images of PVP-coated supraparticles are
shown in the Supporting Information (Figure S5). On the surface of PVP-coated supraparticles in
ethanol, a thin silica layer can be grown by the Stéber method ****. Figure 3(c) shows a TEM
image of silica-coated supraparticles and Figure 3(d) is an enlarged image. We can see that the
surface is covered by a layer of silica NPs and not very smooth. The thickness of the silica
nanoparticle layer is about 5-10 nm. Other TEM images of silica-coated supraparticles are shown
in the Supporting Information (Figure S6). Figure 3(e) shows number distributions of PVP-coated
and silica-coated Si QDs supraparticles measured by dynamic light scattering (DLS) (Otsuka,

nanoSAQLA). The average diameter decreases from 149 nm to 127 nm after the silica shell growth.
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This suggests that PVP bulky polymer layers are removed during the silica coating process '*. The
TEM and DLS data demonstrate that no significant agglomeration occurs during the coating
process and the supraparticles are colloidally stable in water. The silica-coated supraparticles are
stable in water for more than 5 months (see DLS data after 5 months from the preparation in the

Supporting Information (Figure S7)).
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Figure 3. (a) SEM image of PVP-coated Si QDs supraparticles. (b) TEM image of PVP-coated Si
QDs supraparticles. (¢, d) TEM images of silica-coated Si QDs supraparticles. (¢) Number
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Finally, we study the PL properties of supraparticles. Figure 4(a) shows the normalized PL
spectra of Si QDs dispersed in methanol, PVP-coated supraparticles and silica-coated
supraparticles produced from the same Si QDs solution. We can see that the PL spectrum is not
strongly modified by the formation of supraparticles and PVP- and silica-coating. Figure 4(b)
shows the PL decay curves detected at 1.57 eV. The decay curves are not a single-exponential
function. The non-exponential decay curve has been commonly observed for many kinds of Si
nanocrystal systems, and the decay curves are often fitted by the stretched exponential function,
I = Iyexp [—(t /)P ], where 1 is the apparent decay constant and £ is the stretching parameter*.
Figure 4(c) shows the decay rates (1/7) at different detection energies. The decay rate is
significantly enhanced by the formation of supraparticles. In the Supporting Information (Figure
S8), we also show the decay curve and decay rates of supraparticles before PVP-coating. The
decay rate enhancement is the most significant at the step of the supraparticle formation, and after
that, the decay rate increases slightly by PVP-coating and silica-coating. This suggests that
agglomeration of Si QDs is a major cause of the decay rate enhancement*’#°.

There are several possible mechanisms of the agglomeration-induced enhancement of the PL
decay rate. In the present supraparticle formation process, the decay rate enhancement due to
surface modification of individual Si QDs is unlikely considering the very mild preparation process.
Another possible mechanism of the decay rate enhancement is the different local photonic mode
density (Purcell factor) between Si QDs in methanol and supraparticles due to the different
dielectric environment of individual Si QDs. In a previous work, we studied the effect of the
dielectric environment on the decay rate of Si QDs in detail and found that the effect is not

negligible if we compare the decay rates of Si QDs in methanol and those in Si QDs solids*. This
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is due to the large difference in the dielectric permittivity between methanol and Si QDs solids;
the permittivity of methanol is 1.77, while that of Si QDs solids reaches ~6 if Si QDs are closely
packed®. Although we cannot quantitatively estimate the contribution of the Purcell effect on the
decay rate enhancement, it is possible that the decay rate enhancement in Figure 4(c), especially
at the low detection energy range, where larger Si QDs in the size distribution contribute to the PL,
is partly due to the Purcell enhancement. In our previous work, the most important effect affecting
the decay rate enhancement in Si QDs solids was the energy transfer between Si QDs*"#*. Since
the energy transfer occurs from smaller Si QDs having larger band gap to larger Si QDs having
smaller band gap in the size distribution, the decay rate enhancement becomes larger at the higher
PL detection energy. This is consistent with the data in Figure 4(c). Furthermore, quenching of PL
from smaller Si QDs by the energy transfer results in apparent low-energy shift of
inhomogeneously broadened PL spectra. This is also observed in Figure 4(a). Therefore, the
energy transfer is considered to be the major mechanism of the observed decay rate enhancement

by the formation of supraparticles.
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Figure 4. (a) PL spectra of Si QDs dispersed in methanol, PVP-coated Si QDs supraparticles in

ethanol and silica-coated Si QDs supraparticles in water. (b) PL decay curves detected at 1.57 eV.

(c) PL decay rate as a function of detection energy.

It is not straightforward to compare the luminescence intensity of supraparticles with that of Si
QDs dispersed in solution due to the significantly different light scattering properties; there is no
light scattering in a Si QDs-dispersed solution, while significant light scattering is observed in a
supraparticles-dispersed solution. We wused the method explained in detail in the
EXPERIMENTAL METHOD to compare relative PL quantum yields (QYs) between Si QDs
dispersed in solution and supraparticles. We found that the QY decreases to 36% of that of Si QDs
dispersed in methanol in PVP-coated supraparticles, and it decreases to 18% in silica-coated
supraparticles. Since the PL QY of the Si QDs dispersed in methanol is 12.8%, those of PVP-
coated and silica-coated supraparticles are 4.6% and 2.3%, respectively. The decrease of the QY's

by the formation of supraparticles indicates that the observed shortening of the PL lifetime is
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mainly due to the energy transfer between Si QDs in a supraparticle; energy transfer between Si
QDs increases the chance that excitons migrate to non-luminescing “dark” Si QDs and recombine
nonradiatively. Reducing the size distribution may be useful to prevent the energy transfer, because
it occurs from smaller to larger Si QDs**%°. Coating the surface of individual Si QDs by silica may
also be effective to prevent the exciton migration, because the efficiency of FRET depends strongly
on NP-to-NP distances*® *°. Although the luminescence QYs of supraparticles are lower than that
of individual Si QDs at the present stage of research, considering the number of Si QDs forming a
supraparticle, the luminescence intensity itself is much larger. In a close-packed structure, a 100
nm supraparticle is composed of more than 10,000 2.8 nm diameter QDs. This is an advantage for

applications that do not require single nm size QDs and is suitable for ~100 nm size particles.

CONCLUSION

We have succeeded in producing red-to-NIR luminescent supraparticles of Si QDs by a facile
self-limited self-assembly process. We demonstrated that simply by adding toluene to a methanol
solution of Si QDs, spherical supraparticles around 100 nm in diameters with narrow size
distributions are spontaneously formed. We also developed a process to stabilize the supraparticles
by coating the surface by PVP and then by silica. The PL spectra of PVP- and silica-coated Si QDs
supraparticles were very similar to those of Si QDs dispersed in methanol. We believe that the
development of the process to produce spherical agglomerates of Si QDs by a controlled manner

promotes the application as phosphors especially in biomedical fields.

EXPERIMENTAL METHODS

Preparation of B and P codoped Si QDs

18



Si QDs with B and P codoped shells (B and P codoped Si QDs) were prepared by the procedure
described in detail in our previous papers®. Briefly, thick Si-rich borophosphosilicate glass
(BPSGQG) films were deposited on a stainless-steel plate by simultaneously sputtering Si, SiO», B20Os3,
and phosphosilicate glass (PSG) (S102:P205=95:5 wt.%). The B and P concentrations in Si-rich
BPSG were 0.9 atom% and 0.6 atom%, respectively. The Si-rich BPSG films were then peeled off
from the stainless-steel plate and annealed in a N> gas atmosphere at 1050, 1150 and 1200°C for
30 min to grow B and P codoped Si QDs in a BPSG matrix. The average diameters of Si QDs
grown at 1050, 1150 and 1200°C were 2.8, 5.2 and 7.1 nm, respectively. Finally, Si QDs were
extracted from the matrix by hydrofluoric acid (HF) etching, and then transferred to methanol and
stored for more than 7 days. During the storage, very thin native oxides are formed on the surface
of Si QDs.
Silica coating
Supraparticles were first coated by amphiphilic PVP and then by silica by the Stéber method*

The procedure of the PVP coating is as follows. PVP K30 (Wako) was dissolved in a 25:75 mixture
solution of methanol and toluene to produce a PVP solution (5 mg/mL). 20 uL of the PVP solution
was added to a 80 pL methanol/toluene mixture solution of Si QDs (d=2.8 nm, Nops=1.7x10"7 cm
3 Cpime=75%) and sonicated for 20 min. After repeating the processes for three times, the solution
was centrifuged (7000-10000 rpm, 4680-9560 G) to separate PVP-coated supraparticles from the
solution. Ethanol (Wako, 99.5%) was then added to redisperse supraparticles in ethanol.

On the surface of PVP-coated supraparticles, silica shell was formed by the Stober method #*°.
Typical experimental parameters are as follows. Tetraethoxysilane (TEOS) (Wako, 95.0%) was

diluted by ethanol to 0.3 vol.%. 20 uL of the TEOS solution was added to 200 pL ethanol solution

of PVP-coated supraparticles. After ultrasonication for 5 min, 20 puL ultrapure water and 20 pL
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ammonia solution (Wako, 28.0%) were added and ultrasonicated for 1 h. The solution was
centrifuged (7000-10000 rpm, 4680-9560 G) to separate silica-coated supraparticles. Ultrapure
water was then added to redisperse supraparticles in water.
Characterization of supraparticles

TEM observations were performed by JEM-2100F (JEOL) operated at 200 kV and H-7000
(Hitachi) operated at 100 kV. For the TEM observations of Si QDs and Si QDs supraparticles, the
solutions were dropped on a graphene-oxide-coated copper mesh and dried. For the measurements
of the size distributions of supraparticles, diameters (d) of more than 100 particles were measured

on imageJ software, and the histograms were fitted by a log-normal distribution function,

—1)2
f(d) = ﬁ exp (— (111;102#) ), where o and u are fitting parameters. The mean value (dsup) Was

calculated from the dg,, = exp (L + s relation.
14 p 2

SEM observations were performed using JSM-7100F (JEOL). For the SEM observations of Si
QDs supraparticles, the particles were placed on a Si wafer. The stage was tilted up to 25° to study
the shape.

DLS measurements were performed using nanoSAQLA (Otsuka Electronics) at 25°C.

PL spectra and PL decay dynamics

PL spectra of Si QDs and Si QDs supraparticles were measured using a single spectrometer
equipped with a liquid-N> cooled InGaAs diode array (OMA-V-SE, Roper Scientific) and a charge
coupled device (CCD) (Roper Scientific). The excitation wavelength was 405 nm. Time-resolved
PL spectra were excited by modulated 405 nm light and measured using a gated CCD (ICCD) (PI-
MAX, Princeton Instruments).

Estimation of relative QYs
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In order to estimate relative PL QY's of supraparticles with respect to that of Si QDs dispersed in
solution, we first measured the PL spectra of the very diluted solutions by the setup shown in the
Supporting Information (Figure S9(a)). The purpose of using very diluted solutions is to avoid
scattering of excitation and emitted light by supraparticles. Furthermore, as can be seen in the
Figure S9(a) in the Supporting Information, we collected the emission light from the region very
close to the front surface of the lcmxcm cuvette and very close to the entrance window of the
excitation light to further avoid the scattering effect.

We then estimated the ratio of photons absorbed by Si QDs (absorptance) during the PL excitation
process. In order to estimate the absorptance (4), we measured the diffuse reflectance (R) and
diffuse transmittance (7) by using an integrating sphere by the setups shown in the Supporting
Information (Figure S9(b) and (c), respectively) (SolidSpec 3700, Shimadzu). For these
measurements, a thin quartz cuvette (2 mm light pass) was used. Finally, the absorptance is
obtained from the A=1-R-T relation. By using the absorptance values at the PL excitation
wavelength (405 nm), the PL spectra are normalized by the number of absorbed photons by Si
QDs. Comparing the integral intensities of normalized PL spectra between Si QDs dispersed in

solution and supraparticles in solution, the relative PL QY's of supraparticles are obtained.

ASSOCIATED CONTENT
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Additional TEM images of Si QDs supraparticles, the relation between the mean diameter of
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