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Abstract
Silicon is widely used in electronics and solar cell devices because of its excellent semiconductor
properties. Also, the large refractive index value of silicon enables the development of photonic devices.
Here, we present a protocol to fabricate monodispere spherical colloids made of silicon with diameters
between 300 nm and 500 nm. We also report on a home-built confocal microscope we have developed
for the optical characterization of the nanoparticles. The optical characterization tool allows for optical
properties of tiny particles and structure as small as 250 nm to be obtained. The results reported in the
associated publications demonstrate silicon colloids sustain well-de�ned Mie resonances with a
magnetic response suitable for processing metamaterials and photonic crystals.

Introduction
Nowadays, photonic crystals \[1] and metamaterials \[2] are two of the hottest researching �elds in optics
because of their ability to control both, the electric and the magnetic components of electromagnetic
waves. High refractive index materials are needed to create photonic crystals with widened, and even full,
photonic bandgap \[3]. It has also been reported that high refractive index dielectric nanocavities can be
used as building blocks for developing lossless metamaterials \[4, 5]. Silicon with its high refractive index
material is a wonderful candidate for developing dielectric metamaterials. In the associated publications
\[5], we have reported on the development of monodispersed silicon colloids, their strong magnetic
response in the optical region, and their application to metamaterials and photonic crystals, through self-
assembly methods. Here we report detailed protocols on the fabrication and optical characterization of
monodispersed silicon colloids. In the protocols of fabrication, hydrogenated amorphous Si \(a-Si:H)
colloids with low refractive index are synthesized by decomposition of trisilane in supercritical n-hexane
at high temperature \(>350 ° C), as �rstly reported by Pell et al. \[6] and extended by Harris et al. \[7] The
schematic view of the reaction is shown in Fig. 1. The a-Si:H particle size as well as the hydrogen content
depends on both, the trisilane concentration and the reaction temperature. Reactions are usually carried
out at 34.5 MPa \(5000 psi). This pressure is obtained by adding the necessary volume of n-hexane to
the reactor, calculated according to the reaction temperature based on the supercritical phase diagram of
hexane. After obtaining the a-Si:H colloids, high temperature vacuum annealing process is used to
remove the hydrogen and increase the refractive index of Si colloids. The optical characterization of the
forward and backward scattering properties of single silicon nanocavities is carried out using a home-
built confocal microscope working in the near infrared red \(NIR) spectral region. The optical
measurements of silicon colloids reveal strong magnetic resonances in the optical region.

Reagents
The synthesis of monodisperse hydrogenated silicon colloids \(a-Si:H): - Trisilane \(Si3H8; Voltaix) \
(Caution: Trisilane is pyrophoric and must be handled in inert atmosphere. In the reactions carried out
with higher concentrations of trisilane \(i.e., >100 μL of trisilane is added to 10 mL titanium reactor), not
all of the trisilane decomposes in a 10 min reaction. To ensure that any residual trisilane does not ignite
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after the reaction, the reactor should be opened in a glove box under inert atmosphere.) - Anhydrous n-
hexane \(Sigma-Aldrich, cat. no. 296090) - Chloroform \(Fisher, cat. no. C603-4) All chemicals are
obtained from commercial suppliers and used without further puri�cation. Trisilane and n-hexane are
stored in a N2 �lled glovebox.

Equipment
• Titanium reactor. \(A cylindrical titanium reactor is used with an internal volume of 10 mL. The reactor is
sealed with a titanium plug with screws.) • Brass heating block. \(The brass heating block has two
resistive heaters coupled to a Variac controller and is insulated with �berglass in a larger aluminum box.)
• N2 �lled glovebox • Centrifuge • Oven • Turbo-molecular vacuum pump • Spectrometer and InGaAs CCD
detector • CCD camera • Objective 20x working in near infrared \(NIR) • Halogen lamp without NIR cutoff •
Three convex and one concave lenses working in NIR • Several mirrors working in the NIR

Procedure
**Monodispersed as prepared a-Si:H colloids with low refractive index.** \(The model synthesis described
below targets at the a-Si particles with 25% hydrogen content and average diameter of 430 nm.) _Step 1:
Synthesis preparation_ a) Set the Variac to 70% power and preheat the brass block 60 °C above the
desired reaction temperature \(i. e., 485 °C in this case), with an empty reactor inside the brass heating
block to maintain good thermocouple contact. b) Clean the titanium reactor and the plug with chloroform
and dry in the fumehood. c) Put the reactor and the plug into the ante-chamber of the glovebox. Take 3
cycles of exhaustion and at least 10 minutes for each cycle. d) Prepare an ice bath in a bucket. The water
level should be lower than the height of the reactor. _Step 2: Loading reagents_ a) Move the reactor and
the plug to the glovebox. b) Measure 5.8 mL of n-Hexane and 18 μL of trisilane and add to the reactor.
Put on the plug and tighten with a wrench. \(This operation should be done immediately to avoid any
evaporation of trisilane.) c) Remove the reactor from the glovebox and further tighten the plug with the
vice and the wrench. _Step 3: Synthesis._ a) Remove the empty reactor from the preheated brass block
and place in the loaded reaction vessel. b) Change the temperature setting to the desired reaction
temperature \(425 °C), and start the timer. \(The temperature detected by the thermocouple will drop the
desired reaction temperature and return within 3 min. Long stabilization time \(> 3 min) usually leads to
lower hydrogen content of particles.) c) After 10 min, remove the reactor from the heating block with
tongs and submerge in the ice bath to quench to room temperature. _Step 4: Puri�cation._ a) After the
reaction vessel cools to room temperature, open the reactor with a wrench and collect the product with a
glass pipette. b) Centrifuge the product at 8000 rpm for 5 min to precipitate the particles. c) Discard the
supernatant, redisperse the product in 5 mL of chloroform with sonication, and centrifuge again. d)
Discard the supernatant, redisperse the particles in chloroform. The dispersion is typically stored under
ambient conditions. **High vacuum annealing to obtain monodisperse high refractive index silicon
colloids** _Step 5: vacuum annealing_ a) Evaporate the solvent from the a-Si:H colloidal suspension by
heating it in an oven at 120 °C. b) Put the dried a-Si:H particles into a chamber. c) Make high vacuum
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within the chamber using turbo-molecular vacuum pump. d) Annealing the chamber with oven to a
certain temperature for one hour \(200 °C - 600 °C in our experiments). e) Let the chamber cool down
slowly \(around 1 °C /min) to room temperature under vacuum environment. f) Rediperse silicon colloids
in chloroform. **Optical characterization** _Step 6: Spectrum measurement_ a) Set up the home-made
confocal microscope combined with a spectrometer coupler working in NIR region. A graph of the setup is
shown in Figure 2. b) Place a drop of silicon colloid suspension drop on a glass substrate and wait for
the chloroform to evaporate. c) Put the glass substrate onto the sample holder of the confocal
microscope and focus the sample. d) Select a single particle and close the confocal aperture of the setup.
Only the sample whose image falls inside the aperture area can be measured. e) Tune the designed
spectrometer coupler of the setup, and optimize the signal-noise ratio of the setup. The designed
spectrometer coupler is shown inside the Figure 2. f) Measure the spectra once the InGaAs detector is
cooled down with liquid nitrogen.

Timing
**Monodispersed as-prepared a-Si:H colloids with low refractive index** Step 1: Synthesis preparation:
~1 h Step 2: Loading reagents: ~15 min Step 3: Synthesis: 10 min Step 4: Puri�cation: ~1 h **High
vacuum annealing to obtain monodisperse high refractive index silicon colloids** It can take around 0.5 h
for pumping the system down to a high vacuum level. The annealing time takes around 1 h. Then, the
system cools down to room temperature in about 3 hours.

Troubleshooting
See Troublesshooting pdf table

Anticipated Results
Monodisperse a-Si:H colloids are obtained, as shown in Fig. 3a and 3b. The color of the a-Si:H silicon
colloid suspension in chloroform depends on the hydrogen content of the silicon particles. For instance,
in the inset of Fig. 3a, a yellow color is observed for Si0.6H0.4 and a red color is observed for Si0.75H0.25.
After the vacuum annealing process, hydrogen is released from the particles and the silicon colloids
shrink \(see Fig. 4a). The refractive index of the silicon colloids increases. The refractive index depends
on both the initial hydrogen content of synthesized particles and the annealing temperature. The SEM
image of the annealed particles is shown in Fig. 4b The annealing process preserves both the
monodispersity and the spherical shape of particles. One example of the optical characterization of high
refractive index silicon colloids is shown in Fig. 5. The grey curve corresponds to the transmission spectra
of a single silicon colloid with 380 nm diameter size. The measured silicon colloids are obtained from
Si0.75H0.25 a-Si:H colloids after a 600 °C annealing process. From the spectra, several transmission dips
which correspond to low order Mie resonances are observed. Because of the good monodispersity and
high refractive index of the processed silicon colloids, the liquid suspension of the particles shows a
transmission spectrum \(black curve) which mimics the optical properties of a single particle, and it also
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keeps the magnetic resonances feature around 1250 nm. More discussion about the magnetic
resonances physical explanations, the Mie theoretical modeling, as well as more experimental results and
detailed analyses are shown in the associated articles.
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Figure 1

Fig.1 Figure 1 Fig. 1 Illustration of supercritical a-Si particle synthesis.
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Figure 2

Fig.2 Figure 2 Optical characterization setup. The inset shows the spectrometer coupler.



Page 9/11

Figure 3

Figure 3 SEM images of hydrogenated a-Si particles with average diameter of 430 nm. Inset is the photo
of the Si~0.6~H~0.4~ (yellow) and the Si~0.75~H~0.25~ (red) colloidal suspension.
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Figure 4

Figure 4 (a) SEM images of silicon colloids after different temperature annealing. The scale bar is 200
nm. (b) SEM image of silicon colloids after 600°C annealing.
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Figure 5

Figure 5 Optical transmission spectra of single silicon colloid (grey line) and the corresponding
chloroform suspension (black line) after 600°C annealing.
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