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This paper designs a thermal waveguide using thermal phonon insulators, to manipulate

the loss of thermal radiation. Two-dimensional (2D) photonic crystals with dielectric

background and air holes have been used in the waveguide clad to suppress thermal radi-
ation so that thermal radiation cannot escape out from the waveguide clad. The photonic

crystals may reduce the loss of thermal radiation through waveguide clad which surges

the thermal energy confinement in the waveguide core and propagation along the longi-
tudinal axis. The photonic crystals have been designed with the bandgap covering the

thermal phonon frequency range and thus can be used to construct thermal phonon insu-

lators to suppress or trap thermal emission generated through phonon wave propagation.
The finite-difference-time-domain simulation results demonstrate that electromagnetic

bandgap in photonic crystals has enough width in the thermal phonon frequency range

to confine the thermal energy within the core of the waveguide and effective transmission
of thermal radiation can be conquered within the waveguide core.

Keywords: Phonons; photonic crystals; thermal radiation; waveguide; electromagnetic

waves.

PACS numbers: 71.36.+c, 42.70.Qs, 44.40.+a, 41.20.Jb

1. Introduction

Thermal emission is a pervasive feature of nature as any object at a finite tem-

perature emits thermal energy in the form of electromagnetic radiation with the

speed of light in all directions due to thermally induced vibration of particles and

quasiparticles. The ability to manipulate the flow of thermal emission is critical for

§Corresponding author.
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a range of optical, electronic and thermal devices.1 Efforts have been devoted to

artificially controlling thermal radiation through the presence of bandgaps within

periodic photonic and phononic materials, which is difficult to achieve with natural

materials.

Photonic crystals are used to create an artificially engineered periodic dielec-

tric material that exhibits forbidden and permitted spectral regions for electromag-

netic radiation in its density of states (DOSs) spectrum.2,3 Enlargement of these

photonic bandgaps has attracted much attention, as suppression and enhancement

of electromagnetic radiation are crucial optical procedures that rule the perfor-

mance of infrared thermal images, detectors, thermo-photovoltaic cells, lasers and

solar cells.4–9 Another astonishing usage of the engineering photonic bandgap is the

manipulation of spontaneous emission.10 Photonic crystals are widely being used

to control thermal radiations in planned electromagnetic environments provided

through photonic bandgap effects because thermal emission is also a type of ther-

mally compelled spontaneous emission, thermally equilibrium with its environs.11–16

Phonon is the mechanical vibration of atoms in solids and is accountable for the

transmission of sound and heat energy within solids. Phonons at high frequency

take the form of heat, referred as thermal phonons and these frequency thermal

phonons are accountable for the major source of thermal energy transport within

solids.17 Phononic crystals are used to manipulate the transmission of sound and

heat with the help of bandgap structures in its spectrum similar to the control

of electromagnetic radiation by photonic crystals.18,19 The collaboration between

photons and phonons has been a topic of interest for a long time; the main goal of

this combination is to increase the probability of restricting simultaneously opti-

cal and elastic waves in waveguides and cavities by manipulating the photonic and

phononic band structures of those cavities and waveguides.20–22 The accomplish-

ment of this goal demands conquering various challenges in nanofabrication, elastic

and electromagnetic wave manipulation.23,24

This paper focuses on the manipulation of thermal radiation generated due to

electromagnetic and elastic waves within the electromagnetic stop bands of designed

dielectric periodic photonic crystal waveguides. The designed thermal waveguide is

composed of periodic dielectric material with air holes as a waveguide clad which

have enough electromagnetic bandgap at a maximal phonon frequency range which

ranges from 10 THz to 30 THz, to trap thermal radiation generated through pho-

tons and phonons within the forbidden gaps of periodic dielectric material.25 In the

proposed model, the electromagnetic thermal wave generated through thermal emis-

sion source collides with the cladding of waveguide and creates molecular vibration.

By engineering the photon spectrum within its bandgap region, we can increase the

flow of thermal radiation propagation generated through thermal phonon and pho-

tons within the waveguide core and the designed periodic dielectric material with

air-holes that act as heat-proofing to restrict the transmission of thermal emissions

within the waveguide core.
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2. Theoretical Consideration

In this paper, we design a two-dimensional (2D) waveguide for thermal energy

transmission, consisting of a 2 µm wide round cavity having a heating source that

emits electromagnetic thermal radiations within the waveguide core at ultra-high

maximal phonon frequencies. Thermal radiations interact with waveguide clad and

produce thermally driven molecular vibration with the waveguide clad composed of

carefully designed periodic dielectric structure with air holes. The periodic dielectric

structure in the waveguide clad is composed of silicon as a constituent material

with a 0.3 µm air-holes’ radius as the scattering material to assemble a triangular

lattice of periodic dielectric structure. Periodic dielectric structure has been used

as a waveguide clad because these crystals can manipulate electromagnetic thermal

emission produced due to phonon and photon wave propagation at maximal phonon

frequency ranges due to the presence of energy bands in its density of state DOS

spectrum.26,27

The designed 2D waveguide clad is periodic in two directions and homogenous

in the third direction, so the harmonic modes here can be separated into two self-

governing polarizations; transverse-electric TE mode and transverse-magnetic TE

each with its own band structure, as we need a complete bandgap for all polariza-

tions to simultaneously prohibit the electromagnetic waves through those bandgaps’

structures. With the intention to find complete bandgaps for all polarizations in the

designed periodic dielectric structure in waveguide clad, we put a triangular lattice

of low dielectric columns (air holes) inside a medium with high dielectric constant

(silicon); the air gaps between columns will look like localized regions of the high

dielectric substrate presented in Fig. 1(a).

Figures 1(b) and 1(c) illustrate the lattice and reciprocal lattice and its irre-

ducible Brillouin zone (IBZ) whose corners are conventionally called T , M and K

for this lattice. In a triangular lattice, the choice of primitive lattice vector (R12) in

real space determines its reciprocal lattice vector (G12) in reciprocal space in which

the triangular (hexagonal) lattice governs the periodicity of the structure,

R12 =

(√
3

2
,±1

2

)
a,

G12 =

(
1√
3
,±1

)
2π

a
.

We choose the k-points along the edges of IBZ based on reciprocal lattice vectorG12.

The k-points specify the k vectors for which we compute the band structure ω(k).

The resultant band structure obtained from this configuration has a photonic

bandgap for both TE and TM polarizations at ultra-high frequency ranges.28

2D band structure consisting of a triangular array of low dielectric cylinders

within a high dielectric constant substrate is calculated with the Bloch boundary

condition and eigenvalue analysis.29
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Fig. 1. (Color online) (a) The structure of the 2D photonic crystal clad of the thermal waveguide.

(b) Primitive lattice (real space) and (c) Reciprocal lattice (reciprocal space).

At any finite temperature inside a body, thermal agitations cause disordered

movement of charged particles and the haphazard fluctuations of those charges in

return create a fluctuating electromagnetic field termed thermal radiation field as

it instigates from random thermal motion.30 The thermal emission source inside

the waveguide cavity is modeled through harmonic polarization reaction P toward

applied electric field E. Calculation of thermal emissions inside the waveguide core

is performed under the statement of fluctuation–dissipation theorem through direct

thermal radiation emission calculations,31,32

d2P

dt2
+ β

dP

dt
+ ω2x = σE,

where P is the polarization response which is equal to number density n and the

particles carrying charge for the polarization retort er, β indicates the system losses,

ω represents the frequency of specific polarization and σ = ne2/m, where m indi-

cates the mass and E is the applied electric field. To model electromagnetic ther-

mal emission, the Finite Difference Time Domain (FDTD) technique has been used

under the theory of Langevin approach to Brownian motion of particles in a field

of force.33,34 Langevin equation adds a random number K(t) in the presence of the

applied electric field, which represents the presence of thermal fluctuations on the

electromagnetic field in the above equation,

d2P

dt2
+ β

dP

dt
+ ω2x = σE +K(t),

where K(t) in the above equation simulates the white noise spectrum in the model

which corresponds to the conventional high-temperature factor in FDTD, to mimic

thermal emissions and the existence of forbidden gaps in the clad of the waveguide

has been used to manipulate thermal emissions to escape out of the waveguide.

3. Results and Discussion

Figure 2(a) represents the schematic diagram of 2D photonic crystals. The composi-

tion of periodic dielectric structure consists of silicon as a constituent material with

a lattice constant of 1 µm and air-holes’ radius of 0.3 µm which act as scattering
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Fig. 2. (Color online) (a) 2D photonic crystals of air columns in a dielectric substrate with radius
r and lattice constant a. (b) Photonic band structure of the modes spanning IBZ; yellow area

shows the bandgap.

material to create a triangular lattice of periodic dielectric structure. The designed

2D photonic crystals have been used to surround a 2 µm thick microcavity which

emits electromagnetic thermal radiations in all directions.

Various techniques have been used for bandgap maximization with different

structural configurations4,6; here we use triangular lattice of low dielectric constant

cylinders inside a material with high dielectric constant to obtain a full and wide

bandgap at ultra-high frequencies positioning within the maximal phonon frequency

ranges. By defining the primitive lattice vector R12 and obtaining its reciprocal

lattice vectorsG12, we apply periodic boundary conditions with subsequent Maxwell

equations by confining the eigenvalue problem to the photonic crystal unit cell and

acquire the band structure of our 2D model along the edges of IBZ which has

enough electromagnetic bandgap to trap thermal radiations, as shown in Fig. 2(b).

The results show that with the designed 2D configuration a wide bandgap appears

at the frequency range of 27–30 THz for both TE and TM polarities, which takes

the form of thermal phonon insulators as the frequency range includes the maximal

phonon frequency range and can help in improving the flow of thermal radiation

propagation generated through thermal phonon and photons within the waveguide

core.

After cautiously scheming the triangular array of air holes in 2D photonic crys-

tals which results in enough electromagnetic bandgap within the thermal phonon

frequency range of 27–30 THz, we design a thermal waveguide by using our designed

2D photonic crystals as a clad to trap thermal radiations produced due to photon

and phonon within its bandgap structures within the same frequency range.

Figure 3(a) shows the schematic diagram of a 2D thermal waveguide with a

2 µm wide core surrounded by a 2D periodic dielectric material with a triangular

array of air columns. Waveguide core contains thermal emission source modeled by

using the theory of Langevin approach to Brownian motion of a particle in a field of

force, which emits thermal radiation in all directions within the waveguide and the

designed periodic triangular procedure of air holes in a dielectric substrate is used
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Fig. 3. (Color online) (a) Schematic diagram of 2D thermal waveguide with a microcavity sur-

rounded by dielectric substrate with a triangular array of air columns and the flux monitors m1,

m2 and m3. (b) Flux spectra of flux monitor m1. (c) Flux spectra of flux monitor m2. (d) Flux
spectra of flux monitor m3.

as heat-proofing for thermal radiations so that heat energy can be confined within

the waveguide core. To measure the intensity of thermal radiations, thermal flux

monitors have been positioned at three limited places in the designed waveguide:

one situated inside the cavity to quantify the concentration of thermal emission

inside the core cavity and the other one around the core in designed 2D photonic

crystals clad and the third one in free space around the waveguide.

Figure 3(b) demonstrates the flux strength of the monitor located at the flux

monitor m1 which is inside the core of the waveguide within the frequency range

of 27–30 THz with the highest flux intensity of 90 on 28 THz frequency, which

is the highest gain of the intended thermal waveguide. Figure 3(c) illustrates the

flux strength of monitor sited at flux monitor m2 positioned within the clad of the

thermal waveguide; the intensity of thermal flux drops to the maximum highest

peak of 25 inside our designed triangular array of air holes in the dielectric substrate

due to the presence of forbidden gaps. Figure 3(c) shows the flux intensity of the

flux monitor m3 placed outside the waveguide in free space, with a further reduction

of thermal flux to 18.
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The simulation results prove that by finding bandgap frequencies of 2D photonic

crystals assembled through a triangular array of air holes in dielectric materials and

manipulating high-temperature modes through bandgap structures, the proposed

model of thermal radiation control through thermal phonon insulators can increase

the thermal emission propagation within the waveguide core and heat energy is not

allowed to escape out of the waveguide clad.

4. Conclusion

In this paper, we design thermal phonon insulators by using a periodic dielectric

structure with air-holes as a clad which have sufficient electromagnetic bandgap

to restrict thermal radiations generated through the photons and phonons within

a thermal waveguide core. A radiating heat source has been modeled under the

theory of Langevin approach to Brownian motion of a particle in the applied electric

field within the core of the waveguide, which collides with the waveguide clad and

creates molecular vibration within the waveguide core. Simulation results prove

that the designed periodic dielectric structure can act as thermal phonon insulators

at maximal phonon frequency range as it has enough electromagnetic bandgap to

manipulate thermal radiations generated through phonons and photons within their

stopbands. Our designed model can boost thermal radiations within the waveguide

core and heat is not allowed to escape out of the waveguide through the designed

thermal phonon insulators, which may offer prospects for applications that implicate

the spectral control of radiation management at ultra-high frequencies.
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