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SHORT ABSTRACT:

We describe the fabrication of SiC micro/nano-spheres and coated SiC nano-spheres
using the chemical vapor deposition technique. Furthermore, measuring the enhanced
spectral emissivity with Fourier Transform Infrared Spectroscopy (FTIR) is
characterized.

LONG ABSTRACT:

We use fluctuational electrodynamics to determine spectral emissivity for spherical
shapes, such as a single sphere and a coated sphere, in a homogeneous and isotropic
medium. The dyadic Green's function formalism of radiative energy for different
spherical configurations has been developed. We have shown, that emission spectra
of micro- and nano-sized single and coated spheres display several emissivity sharp
peaks as the size of object reduces to a nanoscopic length scale1. This theoretical
work has to be verified by physical fabrication of SiC micro/nano-spheres and
experimental measurement of their spectral emissivity. One uses a vapor-solid
approach to create hollow SiC nano-spheres, a reaction between carbon nanoparticles
and SiO vapor in an inert atmosphere of Argon. A Chemical Vapor Deposition (CVD)
can be used to create the initial amorphous carbon particles as well as be used to coat
the SiC small-sized spheres. The FTIR spectroscopy (based on the Michelson
interferometer) is one experimental method that will be presented for measuring the
spectral emissivity of objects. FTIR offers two ways, the direct and the indirect method,
to measure the spectral emissivity of a sample. The direct method is chosen for
measuring the spectral emissivity of micro/nano-spheres.
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SHORT ABSTRACT:

We describe the fabrication of SiC micro/nano-spheres and coated SiC nano-spheres using the
chemical vapor deposition technique. Furthermore, measuring the enhanced spectral emissivity
with Fourier Transform Infrared Spectroscopy (FTIR) is characterized.

LONG ABSTRACT:

We use fluctuational electrodynamics to determine spectral emissivity for spherical shapes, such
as a single sphere and a coated sphere, in a homogeneous and isotropic medium. The dyadic
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Green’s function formalism of radiative energy for different spherical configurations has been
developed. We have shown, that emission spectra of micro- and nano-sized single and coated
spheres display several emissivity sharp peaks as the size of object reduces to a nanoscopic
length scalel. This theoretical work has to be verified by physical fabrication of SiC micro/nano-
spheres and experimental measurement of their spectral emissivity. One uses a vapor-solid
approach to create hollow SiC nano-spheres, a reaction between carbon nanoparticles and SiO
vapor in an inert atmosphere of Argon. A Chemical Vapor Deposition (CVD) can be used to
create the initial amorphous carbon particles as well as be used to coat the SiC small-sized
spheres. The FTIR spectroscopy (based on the Michelson interferometer) is one experimental
method that will be presented for measuring the spectral emissivity of objects. FTIR offers two
ways, the direct and the indirect method, to measure the spectral emissivity of a sample. The
direct method is chosen for measuring the spectral emissivity of micro/nano-spheres.

INTRODUCTION:

Quantum and thermal fluctuations of electromagnetic fields, which give rise to Planck’s law of
blackbody radiation?, are responsible for radiative energy, momentum, and entropy transfer3-13,
Classical theory of thermal radiation takes only propagating waves into consideration. Presence
of evanescent waves nearby the surfaces leads to near-field effects, such as interference,
diffraction, and tunneling of surface waves, which are important when the size of the objects is
comparable to the thermal wavelength of objects (= 10 um at room temperature 300 K).

Thermal radiation due to fluctuations of electromagnetic fields for a single and/or coated object
has been investigated well over the past few decades. Near-field radiative energy transfer
between flat and curved surfaces has been studied for the past years. Enhancement of radiative
energy transfer, wavelength selectivity, and size and scale dependence are typical characteristics
of near-field phenomena, which make it more interesting. These characteristics could be
exploited in many potential nano-technological applications such as nanoparticles*’ and
wavelength selective absorber and emitters'®22, These phenomena can be described by cross-
spectral densities of the electromagnetic field using dyadic Green’s functions of vector
Helmholtz equation?3%°,

During the past decades, many theoretical works have been published on the topic of the
enhanced thermal radiation due to near-field effects. Most of them are focused on the
configurations, for example, between planar multilayered structures?®3°, coated planar
surface3!, photonic multilayer crystals3?-34, gratings®>3¢, cylindrical objects®’, spheres!43842 3
sphere and a flat plate!”4?*4, and hyperbolic structures*4’. Although considerable amount of
work devoted to theoretical and experimental results for near-field radiative energy transfer
between objects of the abovementioned typical geometries, these phenomena for a single
object requires a further study and a good understanding when the size of the object is reduced
to be comparable or less than the thermal wavelength. To the best of our knowledge, most of
the works on an individual body rely directly on Rytov's formalism for fluctuating
electromagnetic fields3.

We applied Rytov’'s approach and developed a dyadic Green’s function formalism for spectral
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emissivity for micro- and nano-sized spherical objects, as shown in Figure 1a and Figure 1b. It
has been demonstrated how fluctuational electrodynamics can be used to determine spectral
emissivity for various shapes in a homogenous and isotropic medium. Size dependence and
wavelength selectivity of micro- and nano-sized spheres are clearly observed. For small sized
objects, the emissivity spectra show sharp peaks at wavelengths corresponding to
characteristics of the material’s refractive index. The peaks increase as the size of the object
decreases. This is consistent with spectral emissivity calculations done for thin films?2.

There are a few different methods used to create hollow SiC nano-spheres. One uses a vapor-
solid approach to create the hollow SiC nano-spheres, a reaction between carbon nanoparticles
and SiO vapor in an inert atmosphere of argon. This method creates an outer diameter of 100-
200nm and a shell thickness of 30-50nm*8. The carbon nanoparticles are generated from a
pyrolysis of toluene (CHs) introduced in to a horizontal tubular quartz reactor by bubbling an
argon (Ar) flow through with the toluene vapor. This type of reactor is a type of CVD process
however; this uses a quartz tube inside the furnace. Argon at 40ml/min is first used purge the
reactor of air and creates an inert atmosphere initially, then an increased amount of bubbled Ar
at 240ml/min is introduced with the toluene vapor at 300ml/min to form the amorphous carbon
particles*. Figure 2a shows a diagram of a horizontal tubular quartz reactor setup for creating
carbon nano spheres. The result of the amorphous carbon nanoparticles are added separately
to an alumina crucible with silicon (Si) and silica (SiO;). The crucible is placed into a resistance
heating furnace using coils of a heating element like alloy and a programmable temperature
controller to adjust the heat. This time of furnace is used because the temperature of Bunsen
burners only reaches 1200°C. While the crucible is at 1300°C, a combination reaction with the
new SiO vapor and carbon creates the resulting SiC. The reaction Si + SiO, <-> 2SiO occurs, then
3C + 2Si0O <-> 2SiC + CO; 8. The SiO vapor compositing on the carbon by an Ar carrier is the
siliconization stage, see Figure 3. A SiC shell forms over a carbon core (SiC-C) see Figure 2b. The
carbon core can be removed by oxidation to create SiC-C hollow nano-sphere shell. Oxidation in
carbon can occur between 600-1000°C in air while SiC oxidation occurs over 1200°C creating
SiOs.

A scanning electron microscope (SEM) can be used to measure the diameter of carbon and SiC
hollow spheres as shown in Figure 4 (Fig. 1a and 1c in Ref. 48). After the creation of the hollow
SiC micro/nano-spheres the Plasma-Enhanced Chemical Vapor Deposition (PECVD) can put them
through a coating process®°. In traditional CVD coating processes, usually for thin films,
substrates are heated to high temperatures and exposed to precursor materials in the gaseous
state. In PECVD reactors, the plasma is created by radio frequencies or DC discharge between
electrodes. The precursors react or decompose on the substrate surface to create a coating of
the required material as shown in Figure 5 (Fig. 1 in Ref. ). In PECVD, is used to enhance the
deposition used to deposit dielectric films at lower temperature, which is important to construct
insulation layers, because Boron Nitride (BN) is a very good electrical insulator. Boron Nitride in
this system is created using nitrogen (N2) and diborane (B;Hs) at pressures lower than 1 Torr
(.0013 atm) and temperatures lower than 500°C. The gas flows are controlled by mass flow
controllers, and the gases exhaust and pumping speeds are controlled by an automatic throttle
value. Rates of BHs, radio-frequency (RF), temperature, and deposition time can be varied to
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obtain a different thickness. To obtain thicknesses around 30-120nm, rates and time can vary:
B2He 7-30sccm, 200-400°C heater temperature, and deposition from 90-110mins, N is constant
at 60 sccm>?.

FTIR is a method for measuring infrared spectra of samples. FTIR uses the fact that the peak
positions in an infrared spectrum depend on the molecular structure. Furthermore, FTIR has the
following characteristics. Because of the low energy of electromagnetic waves, they rarely
damage the sample. Additionally, the sample can be in various states, like solid, crystal, fiber,
film, liquid or gas. Moreover, infrared spectroscopy can use infrared absorption, reflection,
emission, as well as photo acoustic spectroscopy”?. These interferometers can be designed in
different ways, but the basics of interferometer operation are similar for all interferometer
types. Most common today is the Michelson interferometer, which mainly consists of a fixed
and a moving mirror, and a beam splitter. The beam splitter partly transmits the light towards
the fixed mirror, and partly reflects the light towards the moving mirror. After that, the mirrors
reflect the light back to the beam splitter and depending on the optical path difference; the
reflected waves interfere constructively or destructively. Thus, cosine waves of the intensity are
generated and this interferogram will be Fourier transformed into an infrared spectrum?®3.

The direct method takes the ratio of the sample radiation and the blackbody radiation to
generate the emissivity spectrum, while it is generated from the measured transmission and
reflectivity of the sample using the indirect method. The conduction of the experimental
measurement will be described using the direct measuring method>*.

PROTOCOL:

1. Fabrication of hollow SiC micro/nano-spheres

1.1) To create carbon nanoparticles use a horizontal tubular quartz reactor with Ar and CHs
containers attached into the inlet direction as described in *8.(see Figure 2a)

1.1.1) Heat the reactor to 1000°C at 10°C/min, at the same time flow argon through between
20-40 ml/min. The rates are controlled by the mass flow controllers.

1.1.2) When the reactor reaches 1000°C, add the bubbled argon at a rate of 240-300ml/min and
bubbled toluene at a rate of 90-300ml/min. Allow this run for 60mins.

1.1.3) Collect the resulting carbon nanoparticles from the wall of the quartz reactor after the
furnace has cooled to room temperature using metal tweezers.

1.2) Next, place the carbon nanoparticles as well as a 1:1 molar ratio of silicon and silica into a
5mm diameter alumina crucible. (See Figure 2b). Let the carbon nanoparticles be close to the
gas outlet direction.

1.2.1) Place the crucible in the resistance heating furnace. Heat the crucible in the temperature

range on 1300°C as well as inlet Ar at 40ml/min. NOTE: The silicon and silica create SiO vapor
and this reacts with the carbon micro/nano-spheres. This should take 1-3h. SiC-C should be left
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in the crucible after the crucible has been cooled down.

1.3) Finally, oxidized the powder at 600 °C in air for 2h to eliminate the carbon core using a
temperature plate to get the accurate temperature reading. NOTE: The result is a SiC hollow
nano sphere. (see Figure 3)

1.4) Measure the diameter of the SiC spheres using a SEM as described in . NOTE: The
diameter of the spheres should be around 100-200nm. (see Figure 4)

1.5) Then put SiC micro/nano-spheres through a PECVD coating process using the PECVD
machine. (see Figure 5). Wait for the machine to heat up to about 300°C after initiating start up.
Vent the chamber of the air; this may take a few mins. Then load the SiC nano particles on the
substrate inside the chamber.

NOTE: Create any recipe needed depending on the parameters. An example of a recipe to obtain
a very thick shell around 120nm would include N; at a constant rate of 60sccm, BoHs at 15sccm,
an RF of 300mW/cm?, a temperature of 400°C, and a run time of 400mins. After this is done,
vent the chamber and unload the SiC nanoparticles coated in BN using metal tweezers.

2. Measurement of the spectral emissivity with FTIR

2.1) Preparation of sample*.

2.1.1) After fabrication, attach the single/coated micro/nano-sphere to the free end of the
micro-cantilever (thickness: 20 um, length: 200 um, material: SisN4), as described below and
shown in Figure 6.°°

2.1.1.1) Draw silica fibers from micropipettes using butane fuel laboratory burner. NOTE: The
thickness of the fiber is ca. 50 um, so that the micro/nano-sphere can be easily attached to it by
van der Waals force. Two fibers are needed to attach the sphere, each of approximately 5 cm.
Coat the fiber-tip with a thin layer of thermal epoxy by dipping it into the glue.

2.1.1.2) Position the micro-cantilever under the optical microscope with the non-reflective side
facing upward and clamp the glass chip (micro-cantilever protrudes from glass chip) to fixate the
cantilever. Then, focus the microscope on the tip (free end) of the micro-cantilever. (See Figure
6a)

2.1.1.3) Touch the tip of the micro-cantilever carefully with the fiber with thermal epoxy coating
to deposit glue onto the cantilever. NOTE: The size of the drop size of the glue is dependent on
the size of the sphere (ca. 1/3 of the sphere diameter). (See Figure 6b)

2.1.1.4) Pick a micro/nano-sphere with another clean fiber. NOTE: Spheres are put on glass
microscope slide with Teflon tape coated. The purpose of the tape is to decrease the van der

Waals force between the sphere and the glass slides. (See Figure 6c¢)

2.1.1.5) Transfer the sphere, which is attached to the clean fiber, onto the tip of the micro-
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cantilever where the thermal epoxy is applied. (See Figure 6d)

2.1.1.6) Once the micro/nano-sphere is attached to the micro-cantilever, transfer the micro-
cantilever to a hot plate with a temperature 65 °C to cure for 10 minutes, so that the sphere is
bound rigidly to the tip of the micro-cantilever.

2.1.2) Depending on the required sample temperature, either mount the cantilever with
attached sphere in an emission adapter (T < 400 °C) or a high temperature cell (T < 800 °C).

2.1.3) For self-made black body reference samples, heat the surface of a roughened metal sheet
evenly with the butane fuel laboratory burner for 1 minute, so that a sufficiently thick soot layer
appears on the surface. Alternatively, purchase adaption of a black body cavity source, which
approaches the radiation of an ideal black body.

2.2) Setup of blackbody and sample radiation source (Figure 7).

2.2.1) Connect the external platform with the blackbody cavity source to the FTIR spectrometer.
NOTE: Besides the beam path of the cavity source, the emission platform includes a beam path
for a 2" source which is software selectable via an automated mirror.

2.2.2) Connect either the emission adapter or the high temperature cell to the second source
position.

2.3) Setup of the FTIR spectrometer .

2.3.1) Switch FTIR spectrometer on and wait at least 10 minutes for the electronics and the
source to stabilize thermally. Check the HUMIDITY, LASER, and STATUS LED lights on FTIR
spectrometer (see Figure 8).

2.3.2) If needed, purge the spectrometer with dry air or nitrogen gas (indicated by a red
HUMIDITY LED). NOTE: Take great care when changing the detector and sampling accessory. Do
not touch any part of the mirrors and windows. These components are very fragile and sensitive
to dirt.

2.4) Conduction of measurements (see Animation 1).

NOTE: Because the spectral emissivity of the sample and the blackbody are measured under the
same ambient conditions no background measurement is required>*. However, the micro/nano-
sphere is attached to a micro-cantilever, so that a noise-correction for the cantilever has to be
applied.

2.4.1) Connect the computer with the LAN cable to the FTIR server. Open the Internet Browser
and type in the IP address of FTIR: 192.169.1.1. Observe that the “Home Server Menu” of FTIR
opens. Click on “Measuring Menu”, so that main menu for the conduction of measurements

opens (see Figure 9).

2.4.2) Set the automated mirror in position for measuring the reference blackbody radiation, to
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run reference blackbody radiation measurement with the blackbody cavity source (see Figure
10).

2.4.3) Click on “Start Measurement”. Observe the “Measuring Status Menu” opens. If the
measurement is conducted, click on the “file name” to download the file (see Figure 11).

2.4.4) Set the automated mirror in position for the 2" source with just the cantilever and
without any micro/nano-sphere attached to measure the noise radiation. Run the noise
radiation measurement of the thermal chamber with just a micro-cantilever in 2" source
position.

2.4.5) Click on “Start Measurement”. Observe the “Measuring Status Menu” opens. If the
measurement is conducted, click on the “file name” to download the file.

2.4.6) Replace the micro-cantilever by a micro-cantilever with an attached micro/nano-sphere to
measure the sample radiation. Run the sample radiation measurement with the micro/nano-
sphere in 2" source position (see Figure 12).

2.4.7) Click on “Start Measurement”. Observe the “Measuring Status Menu” opens. If the
measurement is conducted, click on the “file name” to download the file.

2.4.8) After the measurements are conducted, click on the software icon on the desktop to open
the FTIR software on the computer and log in.

2.4.9) Click on “File” and then on “Load File”. Load the downloaded files (see Figure 13). Observe
the measured spectra. Subtract the spectral emissivity data of the cantilever from the total
spectral emissivity measurement of the cantilever with attached micro/nano-sphere (noise-
correction). An arbitrary spectrum is shown in Figure 14.

REPRESENTATIVE RESULTS:

We have theoretically shown the size dependence and wavelength selectivity of emission
spectrum of the micro/nano-scale single and coated spheres for small radii. The spectral
emissivity of sharp peaks can be observed at wavelengths corresponding to the characteristics
of the material’s refractive index and improved as the size of object decreases.

Theoretical calculations give representative results of the spectral emissivity of a SiC half-space,
single SiC spheres and a SiC sphere coated with a BN, as shown in Figure 15b. The black dotted
line shows the spectral emissivity of a half-space, which has a low emissivity at the wavelength
between 0.088 eV and 0.12 eV. It can be observed that, as the radius of the sphere reduces, the
sharp peaks occur in the emission spectrum. The emission spectrum (blue curve) starts
fluctuating when the sphere size (r = 10 um) is comparable to the thermal wavelength; when
the sphere size is reduced to 1 um, the emission spectrum (green curve) occurs an obviously
high peak of emissivity € = 0.43 at wavelength of 0.092 eV and meanwhile a small peak can
also be observed at wavelength 0.113 eV which corresponds to the Reststrahlen band (n = 0
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and k > n) in the dielectric function (Figure 15a); and when radius (r = 0.5 um) is close to the
absorption depth of SiC, the emission spectrum (red curve) displays two sharp peaks at
wavelengths 0.098 eV and 0.114 eV, respectively. These two emission peaks are exactly
corresponding to the frequencies at which the dielectric function reaches its minimum value.
Other explanation to understand the existence of these sharp peaks in emission spectrum is the
absorption depth of electromagnetic waves in comparison to the size of the object. When the
radii of spheres become comparable to the absorption depth at mode wavelengths, at which the
dielectric functions become negative or very close to zero, the reflection and transmission of a
micro/nano-sized sphere are weakened, and the emission is enhanced at those characteristic
wavelengths due to multiple reflections and Mie scattering within the object. The emission
spectrum of a coated SiC sphere (magenta curve) of radiusr; = 0.5 um and a BN layer of
thickness r, — r; = 0.1 um displays four sharp peaks. Among them, there are two extra sharp
peaks at wavelengths of 0.075 eV and 0.089 eV, respectively, which are attributed to a BN thin
coating. In comparison with emission spectrum (blue curve) of a single SiC sphere of radius 0.5
um, it can be seen that the two peaks to the right (magenta curve) occur exactly at the same
wavelengths because of sphere core of the same material as well as size. The spectral emissivity
can be weakened or strengthened due to a coated thin film or multiple coatings.!

FIGURE LEGENDS:
Animation 1: Setup and radiation path of FTIR measurement. The red line represents radiation
of the blackbody source. The blue line represents radiation of the micro/nano-sphere.

Figure 1: Schematic of various spherical geometries. (a) A sphere of radius r (material 1, green),
and (b) a sphere of radius r; (material 1, green) coated with a thin film of thicknessr, — 1,
(material 2, orange) in material 3 (blue). The short arrows on either side of the interface
between two materials denote the spherical electromagnetic waves U (M and N waves). Ul(f;) is
vector spherical wave functions of order (I, m), and superscript (p) refers to the radial behavior
of the waves. k; is wavenumber in medium i, R;;; and T;; are the Mie reflection and
transmission coefficients due to spherical electromagnetic waves U from medium i to medium J,

respectively. Re-print with permission from Ref. [1].

Figure 2a: Turbular quarts reactor setup. Showing a possible diagram of a horizontal tubular
quartz reactor setup for creating carbon micro/nano-spheres. The rate of argon from 20-
40ml/min is the initial purging gas. After furnace is heated to 1000°C a bubbled Ar and toluene
are introduced at 240ml/min and 300ml/min respectively. The initial rate purges the reactor of
air and creates an inert atmosphere as the furnace is heating.

Figure 2b: Setup of alumina crucible. Argon inlet from the top of a 5mm diameter crucible and
gas outlet on the bottom. Reacting (Si + SO32) + 3C <-> 2SiC +COy, Ar is the now reaction carrying

gas from 2SiO to carbon.

Figure 3: Micro/nano-sphere synthesizing process. An illustration showing the procedure for
synthesizing SiC hollow nano-spheres.*
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Figure 4: Created spheres. (a) Carbon micro/nano-spheres, and (b) SiC hollow spheres. Re-print
with permission from Ref. [48].

Figure 5: Plasma-Enhanced CVD process. N> and B,He gases, deposited as a solid on the SiC
hollow spheres (inset). The plasma is generally created by a discharge between two electrodes.
Re-print with permission from Ref. [51].

Figure 6: Attachment process. (a-d) lllustration of the steps to attach the micro/nano-sphere to
the cantilever with thermal epoxy. Re-print with permission from Ref. [55].

Figure 7: External platform for direct emission measurements. The blackbody cavity source
serves as reference. Depending on the application either the emission adapter A540 or the high
temperature cell can be adapted as 2nd source. Re-print with permission from Ref. [56].

Figure 8: Spectrometer display. The spectrometer display shows three LEDs: HUMIDITY, LASER
and STATUS. Their LED light can either be green (i.e. OK) or red (i.e. not OK).

Figure 9: Measurement menu of FTIR server. Screenshot of measurement menu.

Figure 10: Blackbody radiation measurement. The rotating mirror is in position for the
blackbody cavity source.

Figure 11: Measurement status and file download. Screenshot of measurement status and how
to download the file with the measurement data from FTIR server.

Figure 12: Micro/nano-sphere radiation measurement. The rotating mirror is in position for the
sample source.

Figure 13: FTIR software main screen and load file. Screenshot of FTIR software main screen
and how to load the downloaded file with the measurement data.

Figure 14: Example spectrum. Screenshot of arbitrary example spectrum loaded in the FTIR
software.

Figure 15: Refractive index and spectral emissivity of single/coated SiC spheres of different
sizes. (a) Real and imaginary parts of the refractive index, n + ik, of SiC and (b) spectral
emissivity of a SiC half-space, single SiC spheres of radii 10 um, 1 um, and 0.5 um and a SiC
sphere (r; = 0.5 um) coated with a Boron Nitride (BN) layer of thickness (r, — r; = 0.1 um) at
room temperature T = 300 K. Re-print with permission from Ref. [1].

DISCUSSION:

Fluctuations of electromagnetic fields lead to radiative energy transfer between objects. The
radiative energy transfer between planar objects have been studied during the past decades
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while that between other geometries, such as spherical or cylindrical shapes, have not been
investigated well. Therefore, the experimental investigation of those is of great importance to
verify the theoretical work.

There are several methods to synthesizing hollow SiC micro/nano-spheres. This method uses the
vapor of SiO and amorphous carbon particles along with oxidization to obtain the hollow SiC
micro/nano-spheres. The creation of the spheres has a wide range of reaction parameters such
as temperatures, gas flow and heating rates which can alter the amount of nano particles
obtained, diameters, and shell thicknesses however, high temperatures are needed. The shell
thicknesses can be controlled by the siliconization degree and carbon nano particle multilayer
structures. Troubleshooting of this technique takes experimentation of the different parameters
needed to create the perfect hollow SiC micro/nano-spheres.

The process of attaching the sphere to the micro-cantilever depends on the size of the sphere.
Very small spheres (< 5 um) can limit the process because the size of the glue drop might not be
controllable to be as small as needed.

FTIR spectroscopy has been used for different studies of high-temperature spectral emissivity
measurements>’>8, Moreover, FTIR has several practical advantages. The biggest advantage is
that the whole spectrum is detected simultaneously. In addition, FTIR has a very high increase in
source throughput, which ranges from 10 to 250 over the infrared frequency range®?. The
described experimental setup for the measurement of the spectral emissivity is simple and an
economic solution. However, using black reference samples can just approximate an ideal black
body as described by Planck’s radiation law. Furthermore, there are also so-called
emissiometers available to determine the spectral emissivity. However, the information content
of such measurements is limited compared to FTIR based emissivity analysis. FTIR spectroscopy
gives a more detailed characterization and deeper understanding of material properties>*.

As no one conducted the experimental measurement of the emissivity spectrum of micro/nano-
spheres before, one limitation could be the sensitivity of the detector, in comparison to the
strength of the emissivity of the micro/nano-sphere. Therefore, the practical feasibility of this
structure has to be validated. Furthermore, critical steps within the protocol are the use of the
software for the FTIR spectrometer. The structure and operation of the software varies with
different spectrometer manufacturers, so that the exact steps could vary.

The study of fluctuation-induced radiative energy for spherical shapes has great applications in
the nanoscale engineering, e.g. nano-beads, nanoparticle-nanofiber composites, and multilayer-
coated spherical shells. It deserves further theoretical and experimental investigation on the
study of enhanced wavelength selectivity of radiative thermal properties of nano-sized
particles?.
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Name of Reagent/ Equipment Company

Fourier Transform Infrared Spectroscopy (FTIR) BRUKER

Black body cavity source BRUKER

Silicon Carbide (SiC) Nanopowder US Research Nanomaterials
Boron Nitride (BN) Ultrafine Powder Graphene Supermarket
Sucrose Sigma Aldrich

50ml Teflon-lined autoclave Lab Merchant
Silicon powder Sigma Aldrich

ISO Temp Fisher Scientific
Field Emission SEM SIGMA VP

Arctic Alumina Adhesive (Premium Ceramic Thermal Epo» Arctic Alumina
Rectangular Silicon Nitride Cantilevers LFM type Olympus
Butane-fueled laboratory burners Wlenk

Quartz Tubing With Filament Sutter Instrument
Quartz - Fused Powder Good Fellow

Argon (Ar) gas Airgas

Standard bubblers MTI Corporation
Precision hot plate for bubbler MTI Corporation
CVD-Quartz tube reactor MTI Corporation
PECVD reactor MTI Corporation
Alumina Crucible AdValue Technology
Heating furnace Alibaba

Heat plate Micropyretics Heaters International
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Catalog Number
VERTEX 70 spectrometer
OPUS-IR

SiC, beta, 99+%, 45-65nm, cubic
Purity: 99.0%, Average Particle Size: ~70 nm

S8501

50 ml

267414

14-512-126

Field Emission
AATA-5G
OMCL-RC800PSA-1
65-SKU

QF120-60-7.5
S1616010

AR BIP300
BL-SS-1000
EQ-HP-3040
OTF-1200X-80SL
OTF-1200X-50-11-PE-MSL-UL
AL-1100

YF-1400CF
HP220-HIGHBO-1250

Comments/Description
http://www.bruker.com/products/infrared-near-infrared-and-raman-spectroscopy/ft-
http://www.bruker.com/products/infrared-near-infrared-and-raman-spectroscopy/op
http://www.us-nano.com/inc/sdetail/431
https://graphene-supermarket.com/Boron-Nitride-BN-Ultrafine-Powder-5-Grams.htm
http://www.sigmaaldrich.com/catalog/product/sigma/s8501?lang=en&region=US
https://www.labmerchant.com/product/100-mL-Teflon-Lined-Hydrothermal-Synthesit
http://www.sigmaaldrich.com/catalog/product/aldrich/267414?lang=en&region=US
http://www.fishersci.com/ecomm/servlet/itemdetail?storeld=10652&langld=-1&catal
http://www.zeiss.com/microscopy/en_de/products/scanning-electron-microscopes/si
http://www.frozencpu.com/products/3771/thr-07/Arctic_Alumina_Adhesive_Premiur
http://probe.olympus-global.com/en/product/omcl_rc800psa_w/
http://www.wlenk.com/store/0/58/Butane-Laboratory-Burner.html
http://www.sutter.com/MICROPIPETTE/glass.html
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Responses to Editor’s and Reviewers’ Comments
[The comments are in black, and authors’ responses are in blue.]

The authors would like to thank the editor and reviewers for their valuable time and effort for the
evaluation of the present manuscript.

Responses to Editorial Comments

[Editorial comments are in black, and authors’ responses are in blue.]

1.Manuscript would benefit from copyediting for grammatical errors throughout. The discussion is
particularly difficult to understand: the last sentence of the second paragraph is unclear, and the last
sentence of the fifth paragraph consists of two phrases that do not equal a complete sentence.

The particularly mentioned grammatical errors have been corrected and the whole manuscript has been
proof read.

2. Formatting:

-Please submit multipanel figures in a single file.

-Missing step — 1.5.2

-Section 1 refers almost exclusively to nanoparticles. Section 2 refers to micro-spheres. Are these the
same thing? If so, one consistent term should be used throughout the protocol.

Step 1.5.2 is included. And, in the author’s published paper (Ref [1]), the size of spheres ranges from 0.6
microns to 10 microns. Therefore, the terms that depend on the diameter of the sphere have been
changed to the consistent term “micro/nano-sphere.”

Did you request a single pdf file which contains all 15 figures?

-“Required” after “Acknowledgements” should be removed.

Removed.

The University of Rhode Island is an equal opportunity employer committed to the principles of affirmative action. 1


http://www.editorialmanager.com/jove/download.aspx?id=351655&guid=fbe92646-cfbf-43d5-9fe8-e166f945d2ca&scheme=1

-References: Please abbreviate all journal titles.

Done.

3. Visualization/Animation:

-The animated Figure 1 is a powerpoint file with multiple slides. To be included in the text manuscript,
Figure 1 should be submitted in a static format (e.g. jpeg, tif, etc.). The PPT file can still be used to
generate the animation in the video.

Animation 1 is still referenced in the text, but a static format has been added as two new figures, as
Figure 10 and Figure 12.

-Please include steps 2.4.2 and 2.4.4 in the SW file with suggested visualization.

Steps 2.4.2 and 2.4.4 have been added to the SW file including Figure 10 and 12, which are the static
format of Animation 1.

4. Additional detail is required:
-1.1.2 — What does “and now vapor” mean? Does this refer to the toluene or another component?

| have removed “and now vapor”; this was referencing the bubbled toluene.

1.1.2) When the reactor reaches 1000°C, add the bubbled argon at a rate of 240-300ml/min and bubbled
toluene at a rate of 90-300ml/min. Allow this run for 60mins.

-1.5.1 — Which inset? Figure 5 does not appear to have one.

Figure 5a inset was the same representation on Figure 5. Figure 5a has been removed.

-What recipe is used to coat the nanoparticles in BN?

1.5.2) You can create any recipe needed depending on the parameters you want. An example of a recipe
to obtain a very thick shell around 120nm would include N2 at a constant rate of 60sccm, B2H6 at
15sccm, an RF of 300mW/cm2, a temperature of 400°C, and a run time of 400mins.

5. Please keep the editorial comments from your previous revisions in mind as you revise your
manuscript to address peer review comments. For instance, if formatting or other changes were made,
commercial language was removed, etc., please maintain these overall manuscript changes.

6. Please take this opportunity to thoroughly proofread your manuscript to ensure that there are no
spelling or grammar issues. Your JoVE editor will not copy-edit your manuscript and any errors in your
submitted revision may be present in the published version.

7. If your figures and tables are original and not published previously, please ignore this comment. For
figures and tables that have been published before, please include phrases such as “Re-print with
permission from (reference#)” or “Modified from..” etc. And please send a copy of the re-print permission



for JOVE’s record keeping purposes.

The “Re-print with permission from Ref. [|” has been added in the figure caption of proper figures. The re-
print permission will be obtained from the published journal, and we will provide them when this
manuscript is finally accepted.

* JoVE reference format requires that DOls are included, when available, for all references listed in the
article. This is helpful for readers to locate the included references and obtain more information. Please
note that often DOIs are not listed with PubMed abstracts and as such, may not be properly included
when citing directly from PubMed. In these cases, please manually include DOls in reference information.

DOls are included.

Responses to Reviewers’ Comments

[Reviewers’ comments are in black, and authors’ responses are in blue.]

Reviewer #1:

The present manuscript describes the fabrication of single and coated SiC nano-sphere, and discusses
about the measurement of the spectral emissivity of the SiC nano-spheres by FTIR. In overall, the
structure of this manuscript is not very well organized, the figures can be further improved, and the
discussion can be more in depth. Therefore, the reviewer would suggest a major revision for this
manuscript.

1. The figures of this manuscript could be improved. For example, in line 288, the author says
"Theoretical calculations give representative results of the spectral emissivity of a SiC half-space, single
SiC spheres and a SiC sphere coated with a Boron Nitride (BN), as shown in Figure 13a." ,which is not
found in Figure 13a. Other figures like Figure 8-12 might not be that necessary.

For this, Figure 13a and 13b accidentally have been switched. This problem has been corrected. The
other figures are screenshots, which were requested by editor in the previous review. They are necessary
to film the video.

2. The reviewer has something not sure about the direct measurement of spectral emissivity by FTIR. As
the measured sample is a very small nano-sphere attached to a cantilever, how could the optics be
focused onto such a small spot so the FTIR is only measuring the emitted energy from the nano-sphere?
Another concern is that whether the thermal emission from the cantilever and the thermal cell could act as
noise and affect the accuracy of the measurement, is there any noise correction methods? Also, will the
signal be too weak from a single nano-sphere, how is the signal to noise ratio for the emittance
measurement?

Now, a method of correcting the noise is presented in the manuscript. The reviewer’s concern is right. A
noise-measurement has to be made first, with only the thermal cell and the cantilever without attaching
the micro/nano-sphere. It will be subtracted from the emissivity measurement in the end.

Since nobody measured the emissivity of micro/nano-spheres before, neither did the authors, the signal
to noise ratios or information about the strength of the signal for micro/nano-spheres cannot be found.
Based on the authors’ published work in Journal of Applied Physics this February, the authors received



an invitation from JoVE’s editor. In this manuscript, the authors explained the theoretical results from the
published work, and then described an experimental method and the apparatus for the measurement of
the emissivity of micro/nano-spheres. But the experiment was not done.

Reviewer #2:

This paper describes a procedure for fabricating micro/nano-spheres of SiC and coated SiC nano-
spheres. Additionally, a technique for measuring the spectral emissivity of an individual sphere via a FTIR
is described. The topic of this paper is very interesting, as micro/nano-spheres of SiC can potentially be
used for controlling thermal emission, both in the near and far field. However, the paper is quite
confusing, mainly due to the Introduction. In the first four paragraphs of the Introduction, the authors
discuss various disjointed topics that are not always relevant to the main topic of the paper.

If my understanding of the manuscript is correct, the authors are interested by far-field thermal emission
control with resonant micro/nanoparticles. The authors already established a theoretical framework for
computing the spectral emissivity of micro/nano-spheres. They are now interested in fabricating these
spheres. They also want to measure the spectral emissivity of individual sphere, which is a very
interesting topic. Using this knowledge, it would be possible to design metamaterials / photonic crystals
made of particles for controlling thermal radiation emission. If this is an OK summary of the paper, what is
the point of talking about momentum transfer, entropy transfer, cross-spectral densities, vector Helmholtz
equations, etc. in the Introduction? Except confusing the reader with unnecessary details, what is the
purpose of talking about this? | suggest the authors to re-write the first four paragraphs of the Introduction
in such a way that the reader will understand the knowledge gap in the literature and the objective /
contribution of the paper.

The authors are indebted to reviewer’s time to evaluate this manuscript. This manuscript explained the
theoretical results from the published work in Ref. [1], and then described an experimental method and
the apparatus for the measurement of the emissivity of micro/nano-spheres. The introduction section
introduces the background of the classical and near-field thermal radiation, history, and the numerical
method of calculating it. According to JoVE’s requirement, this manuscript focuses mainly on the
experimental method and process, so the authors skipped the tedious derivation and calculations, which
have been explained well in Ref. [1].

Because the theoretical method used for calculation of emissivity is based on fluctuation-dissipation
theorem, cross-spectral densities, and dyadic Green'’s functions, which can be used to determine not only
energy transfer, but also entropy and momentum transfer. Though this manuscript focuses on
experimental measurement mostly, in the introduction section, the authors still would like to talk about
how to apply the knowledge, such as cross-spectral densities, vector Helmholtz equations. The
introduction section is to introduce the background and broad impact of this work, but not a summary. The
conclusion section is.

| also have a series of comments:

1. The English is generally OK, but it is not great. Some sentences are grammatically incorrect. Please
take some time reviewing the English. This will help improving the clarity of the manuscript.

The grammar and spelling in the manuscript has been reviewed.

2. The authors should look at the work of Wheeler at the University of Toronto. Wheeler studied



theoretically and experimentally Mie resonance-based metamaterials made of resonant
micro/nanoparticles such as SiC.

The authors thank the reviewer bringing this useful paper, which can help us better understand the
validity and application of the Mie theory.

3. Lines 64-65: What are the size and length scale? This is not clear. Do you mean size of the objects
and their separation distance?

Yes, it is the size of the objects. Here, it is micro/nano-spheres.

4. Line 70: "size and scale dependence are typical characteristics of near-field phenomena" is not clear.

Near-field thermal radiation depends on the size, geometry of the objects and the separation distance,
unlike classical thermal radiation.

5. Line 80: Ref. 38 is not about cylindrical objects. Ref. 38 discusses spheres and cubes.

Yes, Ref. [38] has been cited for spherical objects, instead of cylindrical ones.

6. Lines 83-85: "these phenomena for a single object requires a further study and a good understanding
when the size of the object is reduced to be comparable or less than the thermal wavelength." This
sentence seems important in describing the motivation underlying the paper. However, it is everything but
clear. Basically, you are interested in analyzing the size effect on the emissivity of resonant micro/nano-
spheres, right?

Yes, the authors are interested in the size effects on the emissivity of small-scale spheres. Please see the
theoretical results as shown in Figure 15b. It shows the emissivity of micro/nano sized spheres for various
radii.

7. Line 122: Change "mirco" by "micro".

It has been changed.

8. Line 129: Define the abbreviation BN in the text.

It has been defined in the introduction.

9. Do you have any experimental spectral emissivity that you could compare against theoretical
predictions? The results shown in Fig. 13 are only predictions, correct?

These results shown in Figure 15 are the theoretical predictions. The authors received an invitation from
JoVE’s editor based on the authors’ published work in Journal of Applied Physics this February. That was
a theoretical but not an experimental work. In this manuscript, the authors explained the theoretical
results from the published work, and then described an experimental method and the apparatus for the
measurement of the emissivity of micro/nano-spheres. But we have not conducted any experimental



emissivity measurements.

10. Lines 288-314: The discussion of the results shown in Fig. 13 is quite unclear. After reading this
paragraph, it is still difficult to interpret the spectra plotted in Fig. 13.

These are based on the theoretical calculations, which are described in more details in Ref. [1]. Please
refer Fig. 2 on page 5 of Ref. [1].

Reviewer #3:

The authors have measured the spectral emissivity of SiC micro/nano-spheres and coated SiC nano-
spheres. This is the first time that | have seen the study about the spectral emissivity of micro-nano-
spheres. This is a very interesting work. The paper is well written and has very insightful data relating to
the spectral emissivity of SiC micro/nano-spheres. The conclusions are sound and the prior art is cited
adequately. | believe it can be published in Journal of Visualized Experiments.

| want to ask the authors some questions about the experiment.

1. The experiment procedures have been descried in the manuscript, but | haven't found the introduction
about the measurement uncertainty of the measurement apparatus. | think it is very important for a
measurement apparatus.

Since nobody measured the spectral emissivity of micro/nano-spheres before, neither did we, there is no
information about the experimental results. Regarding the measurement uncertainty, it mainly arises from
the fabrication of the micro/nano-spheres, for example, the surface roughness that can be comparable
with the size of sphere. That would affect the measurement.

2. When the sample radiation source was measured by FTIR, the emission spectrum should include the
emission of the sphere and micro-cantilever. The authors is how to deal with the problem. It should be
described in the manuscript clearly.

As mentioned before, our idea is to make a noise measurement with only the thermal chamber and the
cantilever, so that the noise (signal/response) from the background and cantilever alone can be
subtracted from the total spectral emissivity in the end. This has been described in the manuscript.

3. The optical box shown in Figure7 is not clear, | couldn't find the clear light path. | consider that Figure 7
is problematic from the Animation1. Is the rotating mirror a parabolic mirror?

The figure is from the company Bruker Optics, which can be found via the link below.
https://www.bruker.com/fileadmin/user_upload/8-PDF-Docs/OpticalSpectrospcopy/FT-
IR/'VERTEX/AN/AN99_SolarThermalMaterials_EN.pdf

Best regards,

"

Yi Zheng, Ph.D.
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