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Plasmonically Enhanced 
Reflectance of Heat Radiation 
from Low-Bandgap Semiconductor 
Microinclusions
Janika Tang1, Vaibhav Thakore   1 & Tapio Ala-Nissila1,2,3

Increased reflectance from the inclusion of highly scattering particles at low volume fractions in an 
insulating dielectric offers a promising way to reduce radiative thermal losses at high temperatures. 
Here, we investigate plasmonic resonance driven enhanced scattering from microinclusions of low-
bandgap semiconductors (InP, Si, Ge, PbS, InAs and Te) in an insulating composite to tailor its infrared 
reflectance for minimizing thermal losses from radiative transfer. To this end, we compute the spectral 
properties of the microcomposites using Monte Carlo modeling and compare them with results from 
Fresnel equations. The role of particle size-dependent Mie scattering and absorption efficiencies, and, 
scattering anisotropy are studied to identify the optimal microinclusion size and material parameters 
for maximizing the reflectance of the thermal radiation. For composites with Si and Ge microinclusions 
we obtain reflectance efficiencies of 57–65% for the incident blackbody radiation from sources at 
temperatures in the range 400–1600 °C. Furthermore, we observe a broadbanding of the reflectance 
spectra from the plasmonic resonances due to charge carriers generated from defect states within 
the semiconductor bandgap. Our results thus open up the possibility of developing efficient high-
temperature thermal insulators through use of the low-bandgap semiconductor microinclusions in 
insulating dielectrics.

Efficient thermal insulation at a given temperature must reduce unwanted heat exchange with the surrounding 
environment that occurs primarily through the twin modes of conductive and radiative heat transfer. Designing 
an efficient thermal insulator thus involves a subtle tradeoff between minimizing conductive heat loss by opti-
mizing the porosity of an insulating material, e.g. with microstructured air-pockets, and simultaneously ensuring 
that there is no significant thermal loss through increased radiative heat transfer1–5. This approach works well 
for low temperature applications. However, under high temperature conditions radiative heat transfer becomes 
the dominant mode of thermal losses2. In such cases, decreasing the porosity of the material to prevent radiative 
losses becomes unfeasible as an alternative because it inevitably also leads to higher conductive losses. Therefore, 
a strategy for designing an efficient thermal insulator for high temperature applications must carefully balance the 
two phenomena. The ability to tailor the broadband infrared reflectance to minimize radiative losses has impor-
tant implications for providing efficient thermal insulation under high temperature conditions and in applications 
such as furnaces, fire protection, gas-turbine engines, redirecting heat in photovoltaic systems, in energy-efficient 
buildings, etc.6–9.

A vast amount of literature exists on new materials for coatings and paints doped with metal/metal-oxide 
pigments or dyes that is focused on obtaining increased absorbance or reflectance of solar radiation10–13. These 
coatings or paints are referred to as ‘cool’ or ‘hot’ depending on whether they enhance diffuse reflectance through 
scattering or enable spectrally selective absorption in the near-infrared wavelength (NIR) regime14–18. These 
materials, while excellent for facilitating effective harnessing of solar energy in photovoltaic devices or for thermal 
management in buildings and vehicles, are however not suitable for use as thermal insulators at high temperatures 
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because of their high thermal conductivities11, 19. Multilayer dielectric materials used in thermal barrier coatings 
offer an alternative but are prohibitively expensive to fabricate and maintain for structurally complex systems20, 21.  
In this regard, an attractive low-cost alternative is offered by thermal insulators such as aerogels that are char-
acterized by remarkably low thermal conductivities. However, aerogels are almost transparent to the NIR wave-
lengths (3–8 �m) rendering them unsuitable for use in high temperature environments2. Aerogel based thermal 
insulators therefore require the use of opacifiers for improving insulation at high temperatures wherein radiative 
transfer losses dominate2. Opacifiers are typically particles of refractory metal-oxides, carbides or nitrides that 
are randomly distributed at high mass fractions in aerogels to enable multiple scattering of thermal radiation and 
thereby improve diffuse reflectance2, 3, 22, 23.

Recently, localized surface plasmon resonances (LSPRs) in randomly distributed metallic nanoparticles on 
surfaces and in films have been exploited to demonstrate controlled reflectance14, 19, 24. LSPRs arise due to a con-
finement of the collective oscillations (plasmons) of free charge carriers on the surface of a micro or nanoparticle 
driven by the electromagnetic field of the incident radiation of wavelength greater than or comparable to the size 
of the particle25. These multipolar collective oscillations of charge carriers excited by the incident radiation absorb 
energy close to resonance and re-radiate it in all possible directions. This results in enhanced scattering and 
absorption resonances that can be controlled with the geometry, size, dielectric environment and the spatial dis-
tribution of the particles14, 19, 25–30. Although LSPRs in metallic particles can be tailored to modify reflectance, the 
tunability of their frequency response lies mostly in either the ultraviolet or visible spectrum of the electromag-
netic radiation. Furthermore, besides the regime of frequency response, the high thermal conductivity of metallic 
particles makes them unsuitable for use as opacifiers in insulators for high temperature applications. However, 
low-bandgap semiconductors, characterized by relatively low-thermal conductivities, exhibit LSPRs that can be 
excited by the incident heat radiation in the infrared regime30. Based on the Drude model for charge transport, 
the characteristic plasma frequency �p of a material that determines its optical response close to resonance is 
directly proportional to the square root of its free carrier concentration N i.e. � �� �Ne m/p o

2  (where, e and m* 
are the charge and the effective mass of the charge carriers and �o is the permittivity of the free space). In contrast 
to metals, the free charge carrier concentration in semiconductors can be controlled precisely through doping. 
Thus, the use of low bandgap semiconductor inclusions as opacifiers for tailoring the optical spectra of the com-
posites will allow for a continuous tunability of the LSPR frequencies. Low-bandgap semiconductor inclusions 
with an appropriate bandgap and carrier concentration therefore hold excellent promise as opacifiers in high 
temperature insulators. In this study, we focus our investigation on the effect of the plasmonic resonance induced 
enhanced scattering on the diffuse reflectance of thermal radiation from insulator dielectrics with low-bandgap 
semiconducting microinclusions.

Radiative heat transport in materials can be modeled using several different methods that include numerical 
methods for solving the radiative transfer equation31, ray-tracing based on geometrical optics32–34, flux based 
methods35–38 and Monte Carlo models39–42. Numerical methods for solving the radiative transfer equation that 
employ a finite number of angular intensities such as the discrete transfer method (DTM), discrete ordinates 
method (DOM) and the finite volume method (FVM) typically require some kind of an assumption of angular 
isotropy for scattering31. The radiation element method by the ray emission model (REM2) also employs a finite 
number of angular intensities but gets around this difficulty by considering scattering anisotropy through the use 
of a delta function approximation for the scattering phase function43. In general, these methods can be applied to 
complex geometries but they also tend to limit radiation transport to certain discrete directions thereby affect-
ing their accuracy. The flux-based methods employ coupled ordinary differential equations to model radiative 
transport in two-dimensional media along the normal direction35–38. The two-flux Kubelka-Munk (KM)35 and 
the extended KM radiative transfer models37, frequently employed due to their ease of implementation, are some 
of the oldest flux-based methods available for diffuse and collimated incident radiation respectively. However, 
the KM methods are applicable only to optically thick films with non-absorbing particles or to films with highly 
scattering and weakly absorbing particles with size-parameters larger than the Rayleigh limit37. Improvements 
upon the KM models account for backward and forward fluxes of diffuse and collimated radiation separately 
through the incorporation of additional flux channels37. The most widely used of these methods is the general-
ized four-flux model due to Vargas and Niklasson36, 37 based on the four-flux model proposed by Maheu et al.38. 
However, in the case of media characterized by large anisotropic scattering the generalized four-flux method 
requires an evaluation of the average path-length parameters using the extended Hartels theory44. On the other 
hand, Monte Carlo methods based on tracking packets of incident radiation (henceforth referred to as photons) 
in two or three dimensions are highly accurate and applicable to anisotropic media with multiple scattering with-
out requiring the evaluation of any average path-length parameters or the use of a finite number of angular inten-
sities45. Thus, here we use a Monte Carlo method in conjunction with Mie theory for modeling radiation transport 
in a microcomposite dielectric insulator with spherical semiconducting microinclusions at low volume fractions.

Recently, Slovick et al. have experimentally demonstrated the tailoring of the diffuse infrared reflectance of 
up to 90% for LPC paints with microscale inclusions of single-crystal hexagonal Boron Nitride platelets (h-BN) 
albeit at an unusually high h-BN volume fraction of f � 0.511. Gonome et al. have also demonstrated up to 90% 
near-infrared broadband reflectances for cool coatings with submicron copper-oxide (CuO) particles at low vol-
ume fractions ranging from f � 0.02 to 0.0546. However, these high reflectances were obtained for coatings on 
highly reflecting white substrates while coatings on black substrates yielded significantly lower reflectances of 
about 35–40%46. Also, currently there exist no studies that systematically investigate the effect of Mie parameters 
for microparticles on maximizing the reflectance of incident thermal radiation from composites or coatings. 
Thus, the key objective of our study is to understand the role of the particle size-dependent Mie scattering Qsca and 
absorption Qabs efficiencies and the scattering anisotropy g in designing insulating composites with low-bandgap 
semiconductor microinclusions at low volume fractions f to maximize the reflectance of the incident thermal 
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associated energies or a redshift. The effect can be seen more readily when the spectral behavior of Qsca and g is 
plotted for Ge and PbS in Fig. 4(a–d) for different particle sizes corresponding to Qsca

max and gmin shown in Fig. 2 
and Tables 1 and 2. For example Fig. 4a shows that the peaks in Qsca for Ge at � � 1.78 and 2.47 �m redshift to 
� � 1.93 and 2.72 �m when the particle size increases from d � 0.58 to 0.64 �m (�, �). Similar shifts are observed 
in g for Ge (Fig. 4c), and, Qsca and g for PbS in Fig. 4b and d respectively.

Figure 1.  Computational methods employed to obtain the optical spectra for the insulator composites with 
semiconductor microinclusions. (a) Schematic illustrating the Monte Carlo model of propagating photons 
inside composites with scattering microinclusions for modeling the transport of the incident thermal 
radiation. An infinitesimally thin beam of incident photons is scattered within the microcomposite until 
either the photons are absorbed or they exit the system. The randomly distributed small open circles represent 
microinclusions that serve as scattering and absorption centers for the photons. The decrease in the thickness 
of the color trajectories in the schematic represents the decrements in the photon weights as they execute 
random motion in the microcomposite layer. The direction of photon exit from the composite, characterized 
by the angle � in the Monte Carlo model, varies with each random trajectory and for a large number of photons 
cumulatively gives rise to diffuse reflectance or transmittance. (b) Work-flow for the computation of the 
simulation parameters based on Mie theory and MG-EMT for use with the Monte Carlo method.

Material �bg (�m) Qsca
max dQsca

max (�m) �Qsca
max (�m)

InP 0.92 6.3 0.38 0.95

Si 1.11 6.5 0.36 0.97

Ge 1.85 7.5 0.40 1.8

PbS 3.35 7.5 0.74 3.4

InAs 3.44 6.4 1.44 3.8

Te 3.75 10.6 0.68 4.0

Table 1.  Values for the characteristic bandgap wavelengths �bg (indicated by vertical green arrow-marks in 
figures), maxima in scattering efficiency Qsca

max with corresponding wavelengths �Qsca
max and the microcinclusion 

size dQsca
max for the different semiconductor materials considered in this study.
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