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ABSTRACT

While hollow microspheres and various porous structures have received much attention for solar reflection in the recent literature, their
fundamental determinants of optical properties and material selection criteria are relatively little known. Here, we study hollow microspheres
with varying refractive index and extinction coefficient and identify their role in determining the solar reflectivity. Our simulations based on
finite-difference time-domain method show the effects of refractive index between 1.5 and 100 and extinction coefficient between 10~ °-10°
in the wavelength region of 0.2-2.4 um and explain how the reflectivity of hollow microspheres is attributed to a combination of strong back-
scattering and limited absorption. Our analysis indicates that ceramic materials with a high refractive index and a low extinction coefficient
such as Y,03 are promising. When Y,0; hollow microspheres are randomly distributed with the diameter ranging from 0.5 to 1 um, our
simulation shows the solar reflectivity reaches 0.97 even at 300 um thickness, and a diffusion theory-based model predicts the solar reflectiv-
ity to exceed 0.98 at 500 pum or 0.99 at 1 mm thickness. Our findings can guide optimal designs of hollow microspheres and related porous
structures toward complete solar reflection and enable breakthroughs in thermal management and deep-space applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0049018

Considering the large amount of solar irradiance an object in
space receives, a wide variety of thermal control coatings were devel-
oped to aid in thermal managements of spacecraft. Optical coatings
that reflect sunlight in the wavelengths of 0.2-2.4 yum, which cover the
ultraviolet, visible, and near-infrared regions, may lead to significant
surface cooling and energy savings for buildings,' ~ spacecraft thermal
control in extreme environments,” and efficient heliostats for concen-
trating solar power plants.””

Over the past decades, several experimental and numerical
demonstrations of perfect reflection have been reported” '’ using all-
dielectric metamaterials. However, narrow bandwidth limits its appli-
cation in shielding high-power irradiation such as solar irradiation.
Metallic reflectors™'' and distributed Bragg reflectors'” " are com-
monly used to achieve broadband high solar reflectivity. However,
metallic reflectors cannot provide high solar reflectivity in the wave-
length region of 0.3-0.5 um, and Bragg reflectors composed of alter-
nating layers are typically made by sophisticated fabrication
techniques, which require either many layers or expensive metallic
films to achieve the desired reflectivity.

Another inexpensive and scalable solution for achieving broad-
band near-perfect solar reflectivity is to fabricate dielectric
nanoparticle-polymer composites””'”'® using hierarchical porous
polymer'”'® or hollow microspheres.”'®'**" Hollow microspheres
made of dielectric materials"'®* or polymers'” are studied to exhibit
broadband high solar reflectivity. For instance, our previous work'”’
shows that hollow microsphere designs enable low-refractive-index
materials, such as SiO,, to have higher backscattering intensity com-
pared to solid microspheres.

In addition to novel solar reflector discovery, analytical and
numerical studies’’”' based on Mie theory, Monte Carlo method, and
finite-difference time-domain (FDTD) method have been performed
to investigate mechanism for high solar reflectivity. Our recent study”’
based on two-dimensional (2D) FDTD method indicates that hollow
microspheres with a thin shell induce stronger scattering and lead to a
higher solar reflectivity. Despite these efforts, little attention has been
paid to material selection principles for solar reflectivity enhancement.
In this work, we conduct a systematic study on composite systems
using randomly distributed hollow microspheres from 0.5 ym to 1 um
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based on 2D FDTD computations. We separately investigate the
effects of refractive index and extinction coefficient in hollow micro-
sphere on weighted solar reflectivity in the solar wavelength region of
0.2-2.4 um. We also identify several materials that lead to broadband
ultrahigh solar reflectivity with a small thickness. These findings could
help to benefit solar reflector designs.

Our previous work’” has demonstrated that hollow microspheres
enable low-refractive-index materials (such as SiO,) to exhibit high
solar reflectivity, and they indicate an enhanced solar reflectivity when
hollow SiO, microspheres are replaced with hollow TiO, micro-
spheres. In the solar region, TiO, has a refractive index of ~2.5, which
is higher than the refractive index of SiO, (~1.45). The refractive
index difference between two materials, along with the fact that high-
refractive-index materials are commonly used in solar reflective mate-
rials, motivates us to study the effect of refractive index in improving
solar reflectivity. Previous studies””” proposed various effective
medium approximations to predict the dielectric and optical proper-
ties of composite systems by treating them as homogeneous media
with effective refractive index and extinction coefficient values denoted
by nggand kg respectively. At normal incidence, Fresnel reflectivity”™*
on the interface of the composite film can be simplified as R
= ((I’qu - nl)/(an + nl))z, where n; is the medium from which
the irradiance comes. Larger n.y is expected when hollow micro-
spheres with higher-refractive-index materials are dispersed in the
composite system, which leads to increasing R. Effective medium

ARTICLE scitation.org/journal/apl

approximations based on series,” parallel,” three-dimensional (3D)
Maxwell-Garnett theory (MGT)™* and volume-averaging theory
(VAT)”* are considered to provide an analytical approach to the
reflectivity of the SiO, hollow microsphere composites (Fig. S1).
Among them, The VAT model predicts the highest reflectivity, and
the relationship between the effective reflectivity and the refractive
index of hollow microspheres is presented in Fig. 1(b). VAT models
can be expressed as

1
ny = A+ VAT, m

A=ty = ¢(ng —k3) + (11— ¢)(n — k), @)
B = 2ngkap + 2n.k (1 — ¢), (3)

where n and k, respectively, refer to the refractive index and extinction
coefficient of the continuous medium (subscript ¢) and the dispersed
medium (subscript d), and ¢ is the volume fraction of the dispersed
medium.

While the analytical models based on the effective medium
approximations capture the trend of increasing R with increasing #z
they do not account for the Mie scattering effect,” which is important
for hollow microspheres whose dimensions are comparable to the
wavelength of interest. For that reason, the VAT model may underpre-
dict the reflectivity of hollow microsphere composites, and to account
for the Mie scattering effect, numerical simulations based on the
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FIG. 1. The effect of refractive index (n) in hollow microspheres. (a) The schematic of 2D FDTD unit cell; (b) Ryeigntea from 0.2-2.4 um for different n from 1.5 to 100 in hollow
microspheres using the ideal matrix material (n = 1.45, k = 0). The analytical results using the VAT model and simplified Fresnel reflectivity is also plotted (green); (c) the sche-
matic of the 2D unit cell with total-field-scatter-field (TFSF) wave source; (d) Spectrally average backscattering ratio Qy/Qr of different n in hollow microspheres.
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FDTD method are used in this work. FDTD is the method providing
solutions to Maxwell’s equations in a discretized unit cell. We set a
unit cell with a dimension of 20 um x 20 um in 2D FDTD domain
[Fig. 1(a)]. We choose to work with 2D instead of 3D unit cells since
changing the dimensionality of the simulation does not change the
results as the hollow microspheres are symmetric in both 2D and 3D.
The fact that 3D simulations are much more computationally expen-
sive compared to 2D is another reason we choose to work with 2D
(see supplementary material for details). Inside the unit cell, we gener-
ated the closely packed random hollow microspheres with a diameter
range of 0.5-1 um and an inner-to-outer diameter ratio d;/d, of 0.9,
which gives a final areal fraction of 58.56%. The areal fraction is the
fraction of total areas of 2D microspheres over the area of the unit cell
and it can be calculated as Areal Fraction = Y~ | nr? /(20 x 20),
where r; is the radius of ith circle with a unit of um and N is the total
number of microspheres. To evaluate the effect of refractive index ()
in hollow microspheres on solar reflectivity, we set n to wavelength-
independent values from 1.5 to 100, while keeping the extinction coef-
ficient as 0. It should be noted that the range of refractive index from
1.5 to 100 may not be realistic or experimentally accessible, but this
study explores this range in computations to show the potential
impact of very high refractive index on reflectivity and provide a gen-
eral understanding of optical properties of hollow microspheres. We
utilize an ideal matrix material by setting the refractive index as 1.45
and extinction coefficient as 0 to eliminate any absorption from the
matrix. The matrix is a binding material that can be a polymer such as
PDMS.

We calculated the weighted solar reflectivity (Ryeightea) using the
spectral reflectivity based on solar spectrum distribution,'”

24

R()Law 5(2)d2
Rweighted — 0224— k) (4)

J L 5(A)d2
02

where Iy 5(4) is the solar irradiance with an air mass of 1.5. When
we set 1 value to 1.5, Ryeightea is 0.6215 for the ideal matrix whose
n=145. It is evident from Fig. S2 and Fig. 1(b) that R,eignreq increases
with increasing n and the increment becomes asymptotically smaller
with n approaching 100. The solar reflectivity is reduced slightly when
PDMS is used as the matrix material [Fig. S2(c)] because of its non-
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zero k values in the solar region.” In Fig. 1(b), we show the analytical
results calculated using n.4 calculated from VAT?** and simplified
Fresnel reflectivity equation at normal incidence assuming n; equals to
1 as a comparison. The difference between FDTD results and VAT
calculations can be explained by the fact that effective medium
approximations’*” do not effectively take into account the Mie scat-
tering efficiency”” of hollow microspheres in the composite system.”’
The enhancement of Ryeighreq is further evidenced in FDTD computa-
tions using a total-field-scatter-field (TFSF) source [Fig. 1(c)], which is
generally used to capture the scattering efficiency of the structure.”**
The unit cell and distribution of hollow microspheres inside remains
the same so that the areal fraction of hollow microspheres keeps
58.56%. The forward scattering efficiency (Qy) and the backward scat-
tering efficiency (Qp) are both simulated, and we use a backward-to-
forward scattering ratio Q,/Qs to represent the capability of the struc-
ture to backscatter incident irradiance. As shown in Fig. 1(d), spec-
trally integrated Q,/Qy increases from 0.3202 to 0.8783 as n increases
from 1.5 to 100, which agrees with Ryignsea enhancement in FDTD
computations using a plane wave source.

After understanding the effect of n values in solar reflectivity, we
investigate the effect of extinction coefficients (k) with the same model.
For each n, we vary k values from 10~° to 10°. Figure 2(a) and S3(a)
shows the effect of k values while n = 1.5. When we set k value as 10°,
R,cightea is only 0.0559 in the solar region of 0.2-2.4 um. Decreasing k
value from 10° to 10™* leads to increased Ryyeightea from 0.0559 to
0.5908. It is also noticed that R,.eignsea Temains almost unchanged
when k changes from 107 to 107°. The increase in Ryeighted
is only 0.62%. We further calculate the spectral absorptivity &(4)
=1-R(4)—T(2) and weighted solar absorptivity (&yeigntea) values
based on the solar spectrum distribution

24
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It is evident from Fig. S3(b) that &,cigntea in the solar region decreases
with decreasing k from 10° to 10~ ° and approaches 0 when k is equal
to or smaller than 10~*, when n equals to 1.5.

The similar trend is observed as well when n value is increased
and k value is varied. Using n values ranging from 1.5 to 100 and k
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FIG. 2. The effect of extinction coefficient (k) in hollow microspheres. (a) Ryeighted aNd &weighteq in 0.2-2.4 um for different k from 108 to 10 in hollow microspheres, with the
refractive index (n) setting to 1.5; (b) Rueightea and (c) weighted Qy/Qy in 0.2-2.4 um as a function of various n and k values in hollow microspheres. Color legends are used

to represent Rueignted and weighted Q,/Qy values.
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values ranging from 10° to 10°, Ryeightea can be plotted as a function
of both values, as shown in Fig. 2(b). It is noticed that when n is as
large as 20 or more, Ryyeightea at extinction coefficient equals to 1 is
more than 0.8 and the solar reflectivity increment with decreasing k is
much smaller compared to the increment at n=1.5. This phenome-
non can also be found when we evaluate the backward-to-forward
scattering ratio Qu/Qy using the TFSF source in the simulations [Fig.
2(c)]. We believe the plots could provide the material selection guid-
ance for a combination of two components in optical constants to
achieve desired solar reflectivity, which could be used to perfect solar
reflectivity optimization.

The investigations on the effect of n and k values indicate that
materials with a high n and low k in the solar region are preferred for
a high solar reflectivity in such hierarchical hollow-microsphere-
embedded polymeric systems. We have previously demonstrated high
solar reflectivity by integrating SiO, hollow microspheres within
PDMS,"” and we would like to find out some other material candi-
dates that could also be promising to achieve high solar reflectivity.
Here, several ceramic materials are chosen since they exhibit similar
optical constants as SiO,. Figures 3(a) and 3(b) shows n and k values
of SiO,, TiO,, yttrium oxide (Y,0O;), magnesium fluoride (MgF,),
cerium trifluoride (CeF;), and strontium fluoride (SrF,). All the optical
constants are obtained from previous publications,” ™ and optical
constants of MgF, and CeF; are only from wavelength of 0.2 um to
2 pim according to previous work.” It is found that TiO, has the high-
est n value in the solar region and a very high k value in the ultraviolet
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FIG. 3. The solar reflectivity of hollow-microspheres-embedded composites with
naturally existing or commonly used ceramic pigment materials. (a) n and (b) k val-
ues from 0.2-2.4 um for various pigment materials. The extinction coefficient curve
of TiO, corresponds to y-axis in the right, while other curves correspond to the y-
axis on the left; (c) the schematic of the composite system in FDTD simulations;
and (d) the solar reflectivity spectrum in the solar region of 0.2-2.4 um for different
materials.
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region. When we use these optical constants as the input for our 2D
FDTD computations while using the ideal matrix material [Fig. 3(c)],
we can compare the solar reflectivity spectrum in Fig. 3(d) and average
reflectivity values in three separate regions in the solar wavelength
region in Table I. The solar wavelength of 0.2-2.4 um can be divided
into three separate regions:"” ultraviolet (UV) region in 0.2-0.4 um,
visible region in 04-0.8 um, and near-infrared (NIR) region in
0.8-2.4 um. Our simulations indicate that with a thickness of 20 um,
Y,0; hollow microsphere contributes to the highest R,igntea of
0.7154, due to its high n and low k value throughout the solar region.
Because of 6% solar irradiation intensity in the UV region, Ryeightea Of
Y,0; is higher than that of TiO, (Ryeigntea = 0.7076). The comparison
between SiO, or Y,0; hollow-microsphere-based composite using
PDMS as the matrix material with porous PDMS (Fig. S4) indicates
that hollow microspheres more effectively achieve higher solar reflec-
tivity than hierarchical porous polymer. Compared to previously
reported SiO, hollow microspheres, Y,0; hollow microspheres exem-
plify its potential application in perfect solar reflectors.

The simulation result indicates the potential of Y,O; hollow
microspheres for broadband near-perfect solar reflectors, which
achieves a Ryyeignreq Of 0.7154 with a thickness of 20 um. We thus study
the thickness dependence of Y05 hollow-microsphere-based compos-
ite systems. We set the thickness to 20, 50, 100, and 300 um [Fig. 4(a)],
which are some general thicknesses used for coatings,'”'” while main-
taining the areal fraction as 58.56%. It shows that with a higher thick-
ness of 50, 100, and 300 s, Ryeighrea is enhanced to 0.8504, 0.9226,
and 0.9664, respectively [Fig. 4(b)]. Besides FDTD simulations, we
also study the thickness dependence using the diffusion theory'”*"**
involving transport mean free path (I"), which is the length over which
the direction of propagation of the photon is randomized. The diffu-
sion theory relates transmissivity of the composite system (7) to its
thickness (L) by the following equation:”"****

(1 +s)

T= .
L+ 2l*s

(6)
In Eq. (6), s is the extrapolation length ratio that can be calculated
using s =2(1+R)/[3(1-R)], where R is the internal reflectance.
VAT and 3D MGT"” models are used to estimate the value of s by
using the refractive index of Y,0; (n=1.9) and PDMS (n=145),
and the areal fraction of 58.56%. We use the spectrally independent
refractive index values in the calculation for the convenience. The
spectral reflectivity (R,) is calculated using Ry=1— T. Figure 4(c)
indicates the thickness dependence on solar reflectivity of Y,Os

TABLE |. Averaged reflectivity for various pigment materials in three different wave-
length regions: UV, visible, and NIR region. Ryeignted is Calculated using Eq. (4).

uv Visible NIR
Materials ~ (0.2-0.4 um)  (0.4-0.8 um)  (0.8-2.4 um)  Ryeighted
SiO, 0.7770 0.6096 0.5360 0.5873
TiO, 0.2489 0.7589 0.7288 0.7076
Y,03 0.8888 0.7401 0.6643 0.7154
MgF, 0.6054 0.5720 0.5253 0.5525
SrF, 0.2652 0.4080 0.5066 0.4438
CeF; 0.3299 0.5133 0.5514 0.5178
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Rueightea @S a function of thickness and reflectivity predictions based on the diffusion theory for a thickness of 20-1000 um. Ryeighteq is Calculated using Eq. (4) and the predic-

tion uses the VAT model defined in Egs. (1)—(3) and the diffusion theory in Eq. (6).

hollow-microsphere-based composites with an ideal matrix material
from a thickness of 20 yum to 1000 um using the diffusion theory,
which shows the agreement with the FDTD simulation results with a
thickness of 20 um, 50 um, 100 um, and 300 yum. Both MGT and VAT
approximations show the identical predictions (Fig. S5), which indi-
cate a solar reflectivity beyond 0.98 for a thickness of larger than
500 um. The solar reflectivity we demonstrate is among the highest
solar reflectivity for such polymeric systems with similar thicknesses
(Table IT) and we believe Y,05 hollow microspheres is promising to
achieve near-perfect solar reflectivity which benefits applications for
spacecraft, buildings, or electronics.

To sum up, we investigate the effects of refractive index and
extinction coefficient values on solar reflectivity in randomly distrib-
uted hierarchical hollow microsphere with a diameter range of
0.5-1um and an inner-to-outer diameter ratio dy/d, of 0.9 using
FDTD simulations. The weighted solar reflectivity (Ryeignze) in the
wavelength region of 0.2-2.4 um increases from 0.5902 to 0.9913 as

TABLE II. State-of-the-art polymeric systems with high solar reflectivity in previous publications.

the refractive index increases from 1.5 to 100 due to enhanced back-
scattering, which is supported by the increasing value of backward-to-
forward scattering ratio Q/Qr We also demonstrate that the solar
reflectivity enlarges with a smaller extinction coefficient because of
weaker solar absorption. By implementing with various refractive
index values from 1.5 to 100 and extinction coefficient values from
107° to 10° we obtain the contour plots showing Ryeighrea and Qp/Qy
variations, which provide the guideline for material selections for
broadband perfect solar reflectivity. Our study indicates ceramic mate-
rials with the combination of high refractive index and low extinction
coefficient values such ,as Y,Oj; are promising candidates. Our FDTD
simulation indicates a Ryyeigntea Of 0.9664 with a 300 um thickness with
Y,0; hollow microspheres. In addition, the diffusion theory we utilize
in Y,05 hollow-microspheres-based composite indicates a Ryeigntea Of
0.98 at a 500-um thickness and 0.99 at a 1-mm thickness. This work
helps to identify the desired optical constants to achieve a broadband
perfect solar reflectivity and provides a material selection guidance for

15,17,21,43-45

Materials Experiment/simulation Thickness Weighted solar reflectivity References
Randomly packed SiO, microsphere Experiment 700 yum 0.9926 43
6% SiO,+TPX matrix + 200 nm Ag Experiment 50 um 0.9517 15
Hierarchical porous PVDF-HFP Experiment 100 um 0.86 17
150 um 0.875
200 um 0.9
300 um 0.96
480 um 0.98
TiO, nanoparticles+ resin Experiment 2 mm 0.87 21
Simulation 1 mm 0.91
CaCO;—+resin Experiment 98 um 0.889 44
131 um 0.934
177 pm 0.951
400 um 0.955
TiO,+hollow thermoplastic microspheres Experiment 600 um 0.8546 45
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pigment-embedded polymeric materials. We believe this work pro-
vides the findings that can be potentially utilized to optimize solar
reflectivity or radiative cooling performance for the deep-space and
building applications.

See the supplementary material for more details about the effec-
tive medium approximations, 2D FDTD simulations, and the compar-
ison between 2D and 3D FDTD simulations.

JL., X.N,, and Z.Y. thank the support provided by NASA
MSEC through Cooperative Agreement No. 80NSSC20M0180 and
by the National Science Foundation (No. ECCS-1935843).
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