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ABSTRACT: High nonlinearity optical devices are of interest for compact, low power
devices. Whispering gallery mode (WGM) microresonators oﬀer strong nonlinear
optical responses due to high quality factors and the small mode volume. To achieve
high nonlinearity with these WGM devices, both a material with a high nonlinear index
as well as a high quality factor is required. Indium tin oxide (ITO) is an excellent
nonlinear material due to an exceptionally high nonlinear refractive index found at the
epsilon-near-zero wavelength. However, ITO’s enormous absorption at this point
prohibits having a resonator with a high quality factor. Here, we present a novel ITO
nanoparticle-coated silica microsphere with signiﬁcantly enhanced nonlinearity while
maintaining high quality factors. Nonlinear refractive index and quality factor of the ITO
nanoparticle-coated silica microsphere are obtained by ﬁtting the measured transmission spectra with a theoretical model that
includes thermal and Kerr eﬀects. By controlling the number of particles on a silica surface, we achieve 39−187 times higher
nonlinear indices compared with a pure silica microsphere and quality factors between 106 and 107. The study establishes a new
avenue toward novel nonlinear optical devices based on ITO nanoparticles, which can be readily incorporated in a variety of
geometries.
KEYWORDS: microresonator, indium tin oxide, nanoparticle, dip-coating, optical nonlinearity, whispering gallery mode
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power densities. Silica is one of the most promising base
materials for nonlinear applications due to its remarkably low
absorption coeﬃcient (α) of 10−3/m at 1.55 μm, which
enables very high Q factors of up to 109.11 However, the low
nonlinear index (n2) of 2.2−2.7 × 10−20 m2/W21−23 limits its
applications to compact, chip-scale devices. Other commonly
used materials for microresonators include silicon, silicon
nitride, and chalcogenides. Silicon exhibits a high nonlinear
refractive index of 5 × 10−18 m2/W,24 and high-Q microdisk
resonators with Q factors of 5 × 10 6 have been
demonstrated.25 Silicon nitride has a lower nonlinear index,
2.5 × 10−19 m2/W,24 but can be made to possess a higher Q
factor on the order of 107 with microrings.26,27 For both cases,
however, a sophisticated and expensive lithographic fabrication
is generally needed. As2S3 glass exhibits a high nonlinear index,
2.8 × 10−18 m2/W, and a Q factor of 4.4 × 106 is achieved with
a microsphere.28 However, As2S3 is generally diﬃcult to handle

ighly nonlinear optical devices are of interest for novel
light sources,1 optical information storages,2 and optical
communications.3 A long-standing goal in nonlinear optics has
been the development of materials and devices in which the
refractive index can be altered signiﬁcantly using low-power
optical ﬁelds. Ordinary materials exhibit a weak optical
nonlinearity even under intense coherent illumination. These
weak optical nonlinearities seriously limit nonlinear phenomena, such as frequency comb generation, frequency conversion,
and entangled-photon generation, especially for chip-scale
devices. Several approaches have been explored to enhance the
nonlinearity, including local ﬁeld enhancement using composite structures,4,5 plasmonic structures,6,7 and metamaterials.8−10 However, these techniques oﬀer limited control over
the magnitude of ﬁeld enhancement for the nonlinear response
and often produce signiﬁcant losses.
Whispering gallery mode (WGM) microresonators are
highly attractive for high-quality nonlinear applications thanks
to the high-quality factor (Q) and ﬁeld conﬁnement within a
small mode volume. WGM resonators with various geometries
have been developed, such as microspheres,11 toroids,12 rods,13
bottles,14 rings,15 and disks.16,17 High-intensity optical ﬁeld
conﬁned in a WGM allows for observations of nonlinear
optical eﬀects such as four-wave mixing,18 stimulated Raman,19
and stimulated Brillouin scattering20 with moderate optical
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Figure 1. Transmission electron micrographs of ITO NPs with the average diameter of (a) 9 nm and (b) 30 nm. The 30 nm NPs exhibit a
ﬂowerlike morphology which suggests the NPs are formed by the clustering of small spherical NPs. (c) Normalized Mie resonance of 9 and 30 nm
ITO NPs. The Mie resonance peaks are at 1570 and 2005 nm for the 9 and 30 nm ITO NPs, respectively.

oleylamine and reaction time. The morphology of the larger
ITO NPs is indicative of ﬂowerlike clusters of small spherical
NPs with an average diameter of 30.8 ± 2.3 nm. To probe the
quality of our ITO NPs, we extracted plasma frequency,
damping rate, and carrier concentration by measuring
extinction spectra and ﬁtting them with the Mie theory using
the Drude model permittivity for ITO, as shown in Table 1.

and process because it is easily damaged or attacked in the
standard processing environment and is also potentially toxic.
A promising solution is oﬀered by indium tin oxide (ITO), a
widely used transparent conducting oxide material which has
excellent conductivity and optical transparency in the visible
range.29−31 Recently, ITO began to attract much attention
with a record high nonlinear refractive index near the epsilonnear-zero (ENZ) wavelength, more than 10 000 times larger
than that of silica glass.32 The material is often deposited by
sputtering and chemical vapor deposition, but this approach is
limited to planar structures. In contrast, ITO nanoparticles
(NPs), which are shown to exhibit ENZ properties in the nearinfrared region, can be readily incorporated in a variety of
complex geometries. Unlike the ITO ﬁlms, ITO NPs manifest
their maximum nonlinearity near the Mie resonance
frequencies, due to the ﬁeld enhancement at the resonance.
Despite the excellent nonlinearity of the ITO NPs, the
applications have been limited due to strong absorption of
∼107 m−1 near the Mie resonance. An attractive solution is to
use a small number of ITO NPs attached to a high-Q WGM
resonator surface. This approach allows the exploitation of the
exceptional nonlinearity while minimizing absorption thanks to
the small NP volume.
Here, we demonstrate an ITO NP-coated silica microsphere
exhibiting signiﬁcantly enhanced nonlinearity with a high
quality factor. The device is prepared by dipping a silica
microsphere into an ITO NP colloidal solution. We measure
the transmission spectra of the ITO NP-coated silica
microsphere using a tunable CW laser in the 1550 nm band.
The data are ﬁtted by a theoretical model that includes thermal
and Kerr eﬀects28 to extract the nonlinear refractive index and
Q factor. Due to the strong nonlinearity and small size of ITO
NPs, we achieve a high Q factor of 107 and a high n2 of 7.2 ×
10−19 m2/W, 39 times higher than that of a pure silica sphere.
We also obtain even higher n2 of 3.5 × 10−18 m2/W, 187 times
greater than that of a pure silica resonator, with a slightly lower
Q factor of 106.

Table 1. Optical and Electrical Characteristics of ITO NPs
and Film
9 nm
ITO NP
plasma frequency
(1015 rad/s)
damping rate (1014 rad/s)
carrier concentration
(1020 cm−3)
ENZ wavelength (nm)
absorption coeﬃcient at
1550 nm (106/m)

30 nm
clustered ITO
NP

ITO ﬁlm

3.4

2.7

1.6−1.933,34

3.2
9.5

3.1
6.9

1.6−1.937
2.8−9.033,34

1170
15

1500
7.1

1240−142032,38
1.239

The carrier concentrations of ITO NPs were similar to those of
ITO ﬁlms,33,34 indicating that the quality of the ITO NPs was
similar to that of ITO ﬁlms. This is consistent with our
conductivity measurements, which also showed comparable
conductivity between ITO NP ﬁlms and sputtered ﬁlms.35 The
extracted ENZ wavelength was 1170 nm for 9 nm NPs and
1500 nm for 30 nm NPs, respectively. The Mie resonance peak
was 2005 nm for 30 nm ITO NPs and 1570 nm for 9 nm ITO
NPs, respectively (Figure 1c). As shown in Table 1, all the
extracted parameter values are comparable to those of ITO
ﬁlms, and we anticipate the optical properties from our ITO
NPs should be similar to those of ITO thin ﬁlms, except for a
larger absorption coeﬃcient at 1550 nm. There are two reasons
for the increased absorption in nanoparticles. First, as the
particle size is decreased, electrons suﬀer from increased
surface scattering, which results in a higher damping rate. This
is commonly observed in plasmonic nanoparticles.36 Additionally, absorption by ITO NPs is further increased by the Mie
resonance. The closer you are to the Mie resonance, the larger
the absorption will be.36 This is the reason why the absorption
of 9 nm ITO NPs exhibiting Mie resonance at 1570 nm is
larger than that of 30 nm NPs with Mie resonance at 2005 nm.
ITO NP Coating Process and Experimental Setup. The
fabrication process of the ITO NP-coated microsphere is
shown in Figure 2a. First, a high-quality silica microsphere was
prepared by melting the tip of a tapered ﬁber. To obtain

■

RESULTS AND DISCUSSION
Characteristics of ITO NPs. We synthesized ITO NPs
with a high carrier concentration to attain plasmonic eﬀects as
strong as bulk ITO. The details of the synthesis are presented
in the Methods section. We prepared two types of ITO NPs to
investigate the eﬀect of particle size, particle morphology, and
Mie resonance (Figure 1). First, we synthesized small ITO
NPs with 9.1 ± 2.7 nm in diameter, as shown in Figure 1a.
Next, larger NPs were produced by adjusting the amount of
B
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Figure 2. (a) Schematic of the dip-coating process. The ITO NP-coated microsphere is prepared by dipping a silica microsphere into an ITO NP
colloidal solution in toluene. ITO NPs are attached to the silica surface as toluene quickly evaporates. (b) Optical microscope image of ITO NPcoated silica microsphere. (c) Schematic illustration of the ITO NP-coated silica microsphere measurement setup. The microsphere is mounted on
a 3-axis piezo-actuated stage with 20 nm resolution and coupled to a tapered ﬁber. The blue arrows on the silica microsphere are two
counterpropagating modes excited by the input laser and backscattering inside the resonator.

Figure 3. Experimental (red dot) and ﬁtted (blue line) transmission spectra of a silica microsphere coated with 30 nm ITO NPs during (a) laser
up-scan (scan with increasing wavelength) and (b) laser down-scan (scan with decreasing wavelength) at three diﬀerent coupling conditions. As the
coupling strength gets stronger, transmission line shape becomes broader and more skewed due to thermal and Kerr eﬀects.28 Experimental
conditions and parameters used in the model: input power: 0.21 mW; resonator radius: 48 μm; eﬀective mode area: 15 μm2; speciﬁc heat: 700 J/
(kg K); density: 2400 kg/m3.

microspheres below the ﬁber diameter, we melted the end of a
half-tapered ﬁber, obtained by heating and stretching the ﬁber
itself until it breaks. Using a ﬁber fusion splicer, we produced
microspheres with a diameter of ∼96 μm. Next, the silica
microsphere was dipped into a diluted colloidal solution of
ITO NPs. The colloidal solution was diluted to 1 μg/mL to
control the density of NPs on the microsphere surface. After
the solution dried, an ITO NP-coated silica sphere was
prepared for the experiment, as shown in Figure 2b. First, we
performed measurement on a single dip-coating. Next, we
dipped the same sphere multiple times (2−5 times) with the
same microsphere to seek conditions that result in higher
nonlinearity without signiﬁcantly decreasing Q values to below
105. We change Q and n2 values by adjusting the ITO
nanoparticle size and density without making any substantial
changes in the fabrication process, and this is a signiﬁcant

advantage over the conventional devices where Q and n2 are
largely determined by the material properties.
Figures 2c illustrates the schematic of our experimental
setup. A tapered silica ﬁber was prepared by heating a singlemode ﬁber using a ﬂame while stretching the ﬁber from both
sides using coupled motorized stages. The input light source
was a single frequency mode-hop-free tunable CW laser in a
1550 nm band (TOPTICA PLC CTL 1550). The microsphere
was mounted on a 3-axis piezo-actuated stage with 20 nm
resolution and imaged at the top by a long-distance objective
microscope. The transmitted light was recorded by an InGaAs
photodetector (Newport 1811-FC) and an oscilloscope. The
polarization of the input light was manipulated using
polarization control paddles.
Transmission Measurement and Fitting. We have
experimentally veriﬁed the enhancement of the nonlinear
index of the ITO NP-coated silica microsphere by measuring
C
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the transmission spectra. Figures 3a,b shows the experimental
and ﬁtted transmission spectra of the ITO NP-coated silica
microsphere at three diﬀerent coupling conditions during upscan (scan with increasing wavelength) and down-scan (scan
with decreasing wavelength), respectively. We ﬁt the transmission spectra of the resonator using a theoretical model we
have developed,28 which includes thermal and Kerr eﬀects
based on the coupled-mode theory.40 This model allows us to
extract resonator parameters such as the nonlinear refractive
index and absorption coeﬃcient.
Following the procedure developed by Zhu et al.,28 a set of
rate equations are used to simulate the experimental spectral
line shape. We numerically integrate the rate equations using
the Runge−Kutta method, taking into account thermal
heating, self- and cross-phase modulation. There are six free
parameters to ﬁt the experimental data: nonlinear refractive
index, absorption coeﬃcient, intrinsic Q factor, external Q
factor, thermal conductance, and coupling rate of counterpropagating modes inside the resonator. A genetic algorithm is
utilized to acquire the optimal ﬁtting values by minimizing the
mean squared error between the measured transmission
spectra and the calculated spectra in limited ranges for the
six parameters. The global optimum solution is found
eﬃciently and creates a reliable unique solution for each
measured spectrum. This method has been shown to yield
correct parameter values for silica and chalcogenide microspheres.28
In panels (a) and (b) in Figure 3, excellent agreement
between the ﬁtted spectra and the measured spectra is shown.
The input power inside the resonator increases as the coupling
becomes stronger, resulting in a broader and more skewed
transmission line shape. The absorption coeﬃcient α and
nonlinear index n2 aﬀect how the line shape changes as the
input power increases. Both up-scan and down-scan measurements are required for our model. This is mainly due to how
the line shapes are impacted diﬀerently by the absorption and
nonlinearity on up-scan and down-scan. The line shape
becomes broader with larger α values during an up-scan,
whereas the opposite is true during a down-scan. The eﬀect of
n2 is more subtle. Typically, the n2 causes line shape distortion
as opposed to simple broadening or narrowing.28 Putting all
these eﬀects together, we can reliably extract the nonlinear
index, absorption coeﬃcient, and other essential parameters.
Measured Nonlinear Index and Q Factor. When the
coupling strength was weak with a large gap between the ﬁber
and resonator, we measured the intrinsic Q factors of the
resonators by minimizing the thermal and nonlinear eﬀects.
The intrinsic Q factor of the uncoated silica sphere was ∼108,
and we observed a reduction of Q factor with the ITO NP
coating. To conﬁrm that the solvent (toluene) itself did not
cause a decrease of Q factor, we dipped a silica microsphere
into toluene without any NPs. We observed an unchanged Q
factor of 108, and thus, we conclude that the observed changes
in ITO-coated spheres are due to ITO NPs. Table 2 shows the
Q factors, nonlinear indices, and absorption coeﬃcients of
ITO-coated silica spheres obtained from the ﬁtting the
transmission spectra described earlier. The volume fraction
of ITO NPs, deﬁned as the ratio of ITO NP volume to the
mode volume inside the silica microsphere, is calculated by the
eﬀective medium approximation described in the Methods
section. The volume fraction of ITO NPs allows us to estimate
the number of NPs on the microsphere surface by simply

Article

Table 2. Measured Parameters of ITO NP-Coated Silica
Microspherea
30 nm clustered ITO

9 nm ITO

sample name

30A

30B

30C

9A

9B

Q0 (105)
n2 (10−21 m2/W)
FOM (Q0·n2)
(10−13 m2/W)
α (10−4/m)
Qabs (105)
Qscat (105)
volume fraction of ITO
NPs (10−8)
number density of NPs
on silica surface
(103/mm2)

52.0
98.9
5.1

9.2
744.9
6.9

3.5
2131.9
7.5

100.3
724.3
72.6

9.7
3498.0
33.9

995.0
588.3
57.0
2.6

2552.6
229.3
9.6
6.6

8364.0
70.0
3.7
21.8

751.6
778.8
115.1
1.4

5505.9
106.3
10.7
10.0

4.6

12.0

39.4

90.5

669.9

Q0, n2, and α values are extracted from the ﬁtting of measured
transmission spectra, and Qabs and Qscat are calculated from the
obtained Q0 and α. FOM is a ﬁgure of merit calculated by Q0·n2. The
FOM of the silica sphere is 18.6 × 10−13 m2/W. 30A, 30B, and 30C
are 30 nm NP-coated resonators dipped in the ITO-NP solution one,
three, and ﬁve times, respectively. 9A and 9B are 9 nm NPs-coated
resonators dipped in the solution once and twice, respectively. The
volume fraction of ITO NPs is designed as the volume of ITO divided
by the mode volume in silica, and the number of NPs on the silica
resonator surface is obtained by dividing the total ITO volume by the
single ITO NP volume.
a

dividing the total ITO volume in the mode volume by the
single ITO NP volume.
By controlling the ITO particle density on silica microspheres, we achieved signiﬁcantly enhanced n2, while
maintaining high Q factors. 30A, 30B, and 30C refer to 30
nm NP-coated resonators dipped in the ITO-NP solution one,
three, and ﬁve times, respectively. 9A and 9B refer to 9 nm
NPs-coated resonators dipped in the solution once and twice,
respectively. The nonlinear index increased with a volume
fraction of ITO NP, due to the high nonlinearity of ITO NPs
(Figure 4a). At the same ITO volume fraction, the n2 of the
resonator with 9 nm ITO NPs was higher than that with 30 nm
ITO NPs. This is because the Mie resonance of 9 nm ITO NPs
is closer to the measurement wavelength of 1550 nm than 30
nm ITO NPs. The NPs experience larger local electric ﬁeld
enhancement near the Mie resonance, which should lead to
higher nonlinearity. We thus expect a higher nonlinear index in
the resonator coated with 9 nm ITO NPs.
Meanwhile, as the volume fraction of ITO NPs is increased,
the absorption increased and the Q factor decreased (Figure
4b,c). Although the actual volume fraction of the ITO NPs is
small (∼10−8 of the optical mode volume), the absorption
losses of the resonator rose substantially because the
absorption coeﬃcient of ITO is 107−1010 times higher than
that of pure silica at the measurement wavelengths.32 With the
same volume fraction, the absorption losses of the resonator
with 9 nm ITO NPs was higher than that with 30 nm ITO
NPs, due to the large absorption of 9 nm NPs at 1550 nm as
shown in Table 1. This is once again due to the higher local
ﬁeld in the 9 nm ITO NPs, which increases both nonlinear
interaction and absorption.
The Q factor is reduced, not only due to the increased linear
absorption by ITO NPs but also due to scattering losses. The
intrinsic Q factor of microresonators is determined by the
−1
−1
−1
−1
relationship of Q−1
0 = Qabs + Qscat + Qrad, where Qabs represents
material absorption losses, Q−1
scattering
losses,
and Q−1
scat
rad
D
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Figure 4. Measured optical parameters of the ITO NP-coated silica sphere. (a) Nonlinear index, n2, as a function of the volume ratio of ITO NPs.
The nonlinear index of silica microsphere with 9 nm ITO NP-coating is larger than 30 nm ITO NP-coating due to the high nonlinearity of 9 nm
ITO NPs at 1550 nm. (b) Absorption coeﬃcient as a function of the volume ratio of ITO NPs to the silica microsphere in the mode volume. (c)
Nonlinear index as a function of the Q factor. The nonlinear index of the ITO-coated microsphere increases as the ITO volume increases while the
Q factor decreases due to the ITO absorption and scattering losses. The dashed lines correspond to the linear ﬁt for (a) and (b), and the power-law
ﬁt for (c).

radiation losses.41 Since our resonators are suﬃciently large,
radiation losses are negligible. Using the measured values of Q0
and Qabs, we ﬁnd that the scattering loss (Q−1
scat) of the
resonators is actually the more signiﬁcant contributor to the
decrease in Q factor. With 9 nm NPs, scattering loss accounts
for 89% of Q−1
0 on average, while it is 94% with 30 nm NPs. In
general, the cavity loss induced by particle scattering scales as
Nd6 where N is the number of particles and d is the diameter
(assuming Rayleigh scattering). Using the measured particle
information, it is estimated that 9 nm particles on the silica
surface scatter 338 times less than 30 nm particles. The lower
scattering loss by the 9 nm NPs explains the higher measured
Q factors from the resonators with 9 nm NPs despite their
higher absorption coeﬃcient compared to the 30 nm NPs.
Despite the inevitable decrease in the Q factor with ITO NP
coating, the measured Q factors are between 106 and 107 with
9 nm ITO NPs, which is high enough to observe many
nonlinear phenomena. The high Q factors are accompanied by
signiﬁcant enhancement of the nonlinear index (Figure 4c).
Speciﬁcally, we obtained a Q factor of 107 with the nonlinear
index of 7.2 × 10−19 m2/W. The Q factor is 10 times smaller
and n2 is 39 times larger than those of the uncoated silica
microsphere, respectively. To maximize the nonlinear index,
we increased the number of coated ITO NPs. We achieved a Q
factor of 9.7 × 105 with n2 of 3.5 × 10−18 m2/W, which results
in a 103 times smaller Q factor while the n2 is enhanced by 187
compared to the uncoated silica microsphere.
This illustrates the key advantage of our resonators, namely,
that we can tune the nonlinear refractive index and Q factor by
controlling the NP size and density. A resonator with a higher
NP density would be useful for applications where a higher
nonlinear index is more important than maintaining a high Q
factor. When maintaining high Q is essential, we can reduce the
NP density to achieve higher Q at the expense of lower
nonlinear index. In principle, it should be possible to control
the Q factor and n2 of ITO NP-coated silica microspheres in
the range of the ﬁtting lines in Figure 4c. To account for both
the enhanced nonlinearity and cavity eﬀect, Q0·n2 is calculated
as a ﬁgure of merit (FOM) in Table 2. Resonators with 30 nm
NPs show slightly lower FOM than uncoated silica spheres,
which has an FOM of 18.6 × 10−13 m2/W. This indicates that
the increase in n2 is mostly oﬀset by the reduction in Q.
However, the resonators with 9 nm NPs exhibit substantially
higher FOM than the uncoated silica sphere. This shows that
the 9 nm ITO NP-coated silica spheres exhibit better overall

performance than the pure silica microresonator. We expect
that even smaller particles with the Mie resonance near 1550
nm will allow us to achieve a much higher nonlinear index and
Q factor due to lower scattering losses and stronger
nonlinearity. Also, exploring a surface treatment technique
that would prevent or minimize NP aggregation during the
drying process should further reduce the scattering loss and
increase the Q factor.
In summary, we present an ITO NP-coated silica microresonator with a high nonlinear refractive index and Q factor. A
key advantage of this architecture is the ability to tune the Q
factor and n2 easily by changing the particle size and density on
the microresonator. We synthesized high-quality ITO NPs
with two diﬀerent particle diameters to investigate the size and
Mie resonance eﬀect of the ITO NPs. The ITO NPs were
coated on a silica microsphere by dip-coating, and transmission
spectra were measured using a tunable CW laser in a 1550 nm
band. By ﬁtting the experimental spectra with a theoretical
model, we successfully measured nonlinear indices, absorption
coeﬃcients, and Q factors. The microresonator with 9 nm ITO
NPs exhibited better Q factors and nonlinear indices than the
30 nm NPs due to the lower linear absorption and scattering
loss and also the higher ﬁeld enhancement at the measurement
wavelength. Thanks to the huge nonlinearity and small volume
of the 9 nm ITO NPs, we achieved a high Q factor of 107 and a
high n2 of 7.2 × 10−19 m2/W, 39 times higher than that of a
pure silica sphere, with a particle number density as small as
9.1 × 104 mm−2 on the microsphere surface. We also obtained
a Q factor of 106 and n2 of 3.5 × 10−18 m2/W, 187 times higher
than that of a pure silica resonator, with a particle number
density of 6.7 × 105 mm−2 on the microsphere surface. This
work lays the foundation for further development of novel
nonlinear optical devices based on ITO NPs, which can be
incorporated in a wide variety of geometries.

■

METHODS
Synthesis of ITO NPs. ITO NPs were synthesized via the
one-pot thermal decomposition method.42−44 0.9 mmol of
indium acetate, 0.1 mmol of tin acetate, 10 mL of 1-octadecene
(ODE), 3.6 mL of oleylamine (OM), and 3 mL of oleic acid
(OA) were loaded into a 100 mL three-neck round-bottom
ﬂask. The round-bottom ﬂask was then ﬁtted with a
temperature probe/thermocouple, Argon gas inlet, and a
condenser connected to a vacuum pump. The mixture was
degassed under Argon ﬂow by vigorous stirring for 30 min at
E
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room temperature and then another 30 min at 120 °C. Next,
the reaction vessel was sealed, and the slurry was rapidly
heated under argon protection to 300 °C and kept at this
temperature for 1 h while the reaction proceeds. After the
reaction was complete, the mixture was naturally cooled to
room temperature and poured into two 50 mL centrifuge
tubes. The NPs were precipitated by the addition of 200 proof
ethanol and were washed three times by centrifugation at 7000
rpm. The resulting product was a blue-color paste of NPs that
can be easily dispersed into nonpolar solvents such as toluene
and forms a stable colloidal solution. For the larger sized
particles, the same procedure was followed except that the
amount of oleylamine was increased to 5 mL, the oleic acid to
5 mL, and the reaction time to 2 h. The doping level of Sn in
ITO NPs was 10%, and the concentration of ITO NPs in
solution was 10 mg/mL for both sizes.
Volume Fraction of ITO NPs. Since the ITO NP volume
is very small compared to the silica sphere, we used the
eﬀective medium approach to estimate the eﬀective index of
the silica-ITO system. The real part of the eﬀective index was
set to equal to that of silica45 because the real index of the
eﬀective medium is very close to that of silica. The imaginary
part of the eﬀective index was obtained from the measured
absorption coeﬃcient in Table 2. The eﬀective index was then
converted to eﬀective permittivity from which we acquired the
volume fraction of ITO using the equations, εef f = fsilicaεsilica+
f ITO NPεITO NP, and fsilica + f ITO NP = 1. Here, εeff is the eﬀective
complex permittivity of the silica-ITO system, εsilica and εITO NP
are complex permittivities of silica and ITO NPs, respectively,
and f is the volume fraction of each material. Finally, to obtain
the actual volume of ITO from the volume fraction, we
calculated the mode volume of the ITO NP-coated silica
microsphere using the ﬁnite element method with commercial
software COMSOL. The ITO NP numbers were obtained by
dividing the total ITO volume by the single ITO NP volume.
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