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Graphene attracts enormous interest for photonic applications as it provides a degree of freedom to
manipulate electromagnetic waves. In this paper, we present new graphene-based aperiodic multi-
layer structures as selective, tunable, and switchable thermal emitters at infrared frequencies. For
these optimized aperiodic thermal emitters, we investigate the effect of the chemical potential and
number of graphene layers on the range of selectivity, tunability, and switchability of thermal emit-
tance. We find that the proposed thermal emitters show about an order of magnitude narrower
thermal band, e.g., improved selectivity. The tunability of thermal power emitted from the structure
with 32 graphene layers is ~3.5 times larger than that of the structure with eight graphene layers,
changing from 4 = 3.34 um to 2.85um by increasing the chemical potential from 0.0eV to 1.0eV.
We demonstrate that the arrangement with 32 graphene layers can decrease by ~83% of the power
emitted for A = 3.34 um, providing ~4.5 times stronger switchability than for the structure with
eight graphene layers. The electrically dynamic control of the proposed graphene-based aperiodic
multilayer structures can pave the way for a new class of in situ wavelength selective, tunable, and

switchable thermal sources. Published by AIP Publishing. https://doi.org/10.1063/1.5048332

l. INTRODUCTION

At finite temperatures, all materials emit electromagnetic
radiation due to the thermally induced motion of particles
and quasiparticles." A perfect thermal emitter follows
Planck’s law of blackbody radiation, which is broadband,
incoherent, and isotropic, with a spectral profile and intensity
that are dependent on the emissivity of a material and vary
only with changes in temperature. The spectral features of
the thermal emission (e.g., wavelength, bandwidth, peak
emissivity, and angular characteristics) are strongly depen-
dent on the choice of both materials and structures of the
emitters. However, it is desirable to realize an arbitrary
shaping of thermal emission spectra that radiates only within
a specific frequency bandwidth, e.g., a single-peak ultra-
narrowband emission for mid-infrared (IR) sensing2 or a
stepwise emissivity spectrum for thermophotovoltaics.’
Coherent infrared thermal radiation with tunable emitting fre-
quencies in a broad spectral range is highly desired for
numerous promising applications in energy harvesting,®
chemical sensing,5 infrared (IR) sources,6 thermal CiI‘CllitS,7
antennae,® and radiative cooling.” Nanoengineered structures
can control the directionality and coherence of blackbody
emission as patterned gratings,'™'" photonic crystals,'*"?
microcavity resonators,'*'> metasurfaces,"'® and graphene
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nanostructures.'’ Photonic bandgaps can achieve a selective
emitter in photonic crystals composed of metallic and
dielectric structures.'”'® Electromagnetic fields are strongly
decreased below the plasma frequency of metals,'>*° and
thereby they introduce flexibility in creating a thermal emitter
with broadband frequency selectivity.”'** Also, metals are
potentially suitable for near-infrared selective thermal emit-
ters, since they have significant absorption in these frequen-
cies with stable properties at high temperatures. However,
conventional metals have high reflectivity in mid- and far-
infrared frequencies and consequently structures composed
of metals can potentially exhibit low emissivity.”> As such,
the surface is required to be modified periodically by an
array of grooves>* or holes®” to enhance emission at infrared
frequencies.

A narrowband thermal emission can be achieved using
metallic nanostructures so that the optical resonant modes,
confined in the so-called Fabry—Perot cavity,” are excited on
the metal surface, leading to enhanced emissivity at those
resonant wavelengths.'®*® According to the Purcell effect,”’
thermal radiation from an optical resonator can be dramati-
cally modulated by the resonance mode designed in the infra-
red range, leading to narrow-band thermal emission at the
resonant frequency. Liu ef al”® demonstrated that the
matched mode of the emitter could be lost when the reso-
nance mode is electrically quasi-static, i.e., the electric field
oscillates in phase, resulting in the fundamental limit of the

Published by AIP Publishing.
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spectral thermal emission power from an optical resonator.
Metamaterials based structures have also led to narrowband
thermal emission.””° The effective permittivity and perme-
ability of the entire formation are artificially controlled by
combining subwavelength metallic elements with thin dielec-
tric layers in a properly designed structure, leading to perfect
emittance (maximum emission) at the resonant wave-
lengths.*' However, the strong free carrier absorption due to
metals leads to undesired radiation over an extensive wave-
length range together with the broadening of the emission
peaks in selective thermal emitters designed by photonic
crystals and metamaterials.>? Moreover, a narrowband
resonance achieved in these structures cannot be changed
dynamically to other operating frequencies due to the
limitation in the properties and functionalities of available
conventional metals.

The dynamic control of thermal radiation has been dem-
onstrated through in situ modification of material emissivity.
This control has been achieved with nanophotonic structures
that incorporate phase change materials so that the emissivity
can be electronically manipulated by controlling the charge
injection and consequently the polariton modes in the struc-
ture. Cong et al.®® demonstrated that a tunable selective
absorber could be designed by InSb, whose carrier density
can be adjusted by utilizing an optical pump or changing the
surrounding temperature, altering the resonance frequency of
split rings. Similarly, tunable perfect thermal emitters could
be designed by the genesis of new materials.

Graphene, an atomic layer of carbon, has zero bandgap
with high carrier mobility that allows strong interaction with
terahertz and mid-infrared waves.** The propagation of these
waves can be actively controlled by varying the chemical
potential in graphene, which can be tuned by chemical
doping, voltage bias, external magnetic field, or optical exci-
tation.>> As such, graphene provides a unique platform for
electrically controlling the spectral properties of thermal
emittance. The absorption coefficient of graphene exceeds
5% 10" m™" in the visible wavelength if it is normalized to its
atomic thickness, which is more than ten times larger
than those in gallium arsenide and silicon.>® However,
single-atom-layer of graphene has low single-pass optical
absorption so that total absorption can be only achieved
by novel designs of graphene-based nanostructures.
Thongrattanasiri e al.'” demonstrated perfect tunable absorb-
ers with graphene ribbon array on a dielectric spacer and a
metallic substrate.'”*¢ Wang et al®” showed an infrared (IR)
frequency-tunable selective thermal emitter made of
graphene-covered silicon carbide (SiC) grating whose reso-
nance frequency can be dynamically tuned by ~8.5% by
varying graphene’s chemical potential. Fang er al.*>® demon-
strated tunable selective absorption in graphene disk arrays.

In this paper, we propose new graphene-based aperiodic
multilayer structures as selective, tunable, and switchable
infrared thermal emitters. We optimize the structures using
the genetic optimization algorithm for the sake of narrow-
band thermal power at A =3.34 um for zero bias condition.
For the optimized structures, we investigate the selectivity,
tunability, and switchability of thermal emittance by varying
the chemical potential of graphene layers. We demonstrate
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that the in siru control over the chemical potential of gra-
phene layers that can be electrically changed by the perpen-
dicular electric field results in tunability of 0.5um at
mid-infrared wavelengths for the structure with 32 graphene
layers. We find that the emitted power of this structure signif-
icantly decreases at the optimized wavelength, introducing a
promising design for dynamic switchability of thermal
energy. We also investigate the effect of the number of gra-
phene layers on the selectivity, tunability, and switchability
of thermal emittance. Our results show that the structure with
a more significant number of graphene layers has lower
selectivity, but higher tunability and switchability.

The paper is organized as follows: Sec. II explains the
structure of the proposed thermal emitters and provides the
required theoretical background such as the optimization
method and the optical conductivity of graphene. This
section is followed by a discussion of the effect of changing
the chemical potential on graphene’s refractive index for
designing a new class of tunable and switchable thermal
sources. Then, in Sec. III, we demonstrate the optimized ape-
riodic multilayer structures composed of graphene and hexag-
onal Boron Nitride (hBN) layers. More specifically, we
maximize the normalized power emitted from different aperi-
odic thermal emitters with 8, 13, 23, 28, and 32 sheets of
graphene to the perfect value of unity for normal light inci-
dence at a single mid-infrared wavelength. The rest of this
section is dedicated to the simulation results including the
effect of varying chemical potential of graphene and the
number of graphene layers on the selectivity, tunability, and
switchability of the proposed infrared thermal emitters.
Finally, our conclusions are summarized in Sec. VL.

Il. THEORY

The thermal radiation from bulk materials, e.g., tungsten,
is characterized by incoherent, isotropic, and broadband radi-
ation spectra, which is not a characteristic of the materials in
the object and exclusively depends on the surface tempera-
ture of the object. An idealized blackbody absorbs all radia-
tion that falls into the full range enforced by the temperature
of the object. The thermal radiation spectra can be drastically
altered by utilizing textured surfaces or aperiodic multilayer
structures. The normalized power radiated per unit area and
unit wavelength by a non-blackbody in the normal direction
as a function of wavelength and temperature can be calcu-
lated as follows:

5 = Et1oat A, T) BA, T)
HA) = max Bz )]

(D

where B(A, T) is the power radiated per unit area and unit
wavelength, T is the ambient temperature, and A is the wave-
length. E7py L) = [ €72 W)+ Emr (V)]/2 is the averaged
emittance of the optimized structures from both TE and TM
polarizations in the normal direction. The value of i(1) indi-
cates how well the multilayer structure emits photons at a
given wavelength in the normal direction. Figure 1 shows the
schematic of our proposed structures composed of alternating
layers of graphene and hBN insulator, which are sandwiched
between two thick silicon carbide (SiC) layers. This
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FIG. 1. (a) Structure of the proposed
thermal emitter composed of alternat-
ing layers of graphene and hBN insula-
tor, which are sandwiched between
two thick silicon carbide (SiC) layers.
A semi-infinite tungsten (W) layer is

: i v used as the substrate. (b) Lattice struc-
hexagonal Boron tures of graphene and hBN buffer

;r . = e Nitride (hBN) monolayer have similar hexagonal
g g Sy gy gy ~ ;
e -~ . honey-comb architectures.
Yy vy vwww

aperiodic multilayer structure may provide spectra-altering layers in the aperiodic multilayer structures, a hybrid optimi-
properties similar to that of more complex and harder-to- zation method*? consisting of a micro-genetic global optimi-
fabricate two- or three-dimensional structures, indicating a  zation algorithm coupled to a local optimization algorithm is
proof of concept to design and implement more complex employed. The genetic algorithm is an iterative optimization
structures. The atomic thickness of hBN monolayers is procedure which starts with a randomly selected population
~0.33 nm, similar to graphene®**° [Fig. 1(b)]. The hBN and of potential solutions and evolves toward improved solutions;
graphene layers can be deposited layer-by-layer to construct ~ once the population converges, the local optimization algo-
a graphene-hBN heterostructure,*' providing accurate control  rithm finds the local optimum. The process retains the best
of the spacing between the graphene layers in the proposed structure found and is iteratively repeated. Using this algo-
aperiodic multilayer structures. A semi-infinite tungsten  rithm, the optimized thicknesses for maximizing the absorp-
(W) layer is used as the substrate. Since tungsten substrate  tion coefficient to the perfect value of unity can be found at a
is taken to be semi-infinite, the transmittance is identically prespecified wavelength and zero bias condition.*?

zero, so that Argmy(A) = 1 — Rrg/ry(A), where Arg/ry(4) In the proposed structure, the density of charge carriers
is the TE/TM absorptance, Ryg (1) is the TE/TM reflec- associated with the chemical potential in graphene layers
tance, and A is the wavelength. The calculated absorptance can be controlled by applying a DC bias electric field per-
can be equated to emittance €y, because of Kirchhoff’s pendicular to the graphene/hBN surfaces, leading to the

second law and conservation of energy under thermal equilib- electrical control of graphene’s refractive index.*> However,
rium. Utilizing the transfer matrix method,'* the absorptance, the refractive index is not well defined for 2D graphene
which is equal to the emittance, of the graphene-based struc- because there is no rigorous definition for the induced
ture is calculated. polarization per unit volume. A more suitable physical

We found that for a non-optimized multilayer structure  quantity to explain the optical properties of graphene is
with equally spaced graphene layers, not only the peak emit- optical conductivity, a complex number associated with the
tance is not close to the perfect value of unity but also the surface current induced in graphene by light,** which is
structure is not tunable. Thus, applying the genetic optimiza- sensitively dependent on the chemical potential (Fermi

tion algorithm is crucial to obtain a tunable and switchable  energy). Graphene’s conductivity may be modeled using
thermal emitter. To find the optimum thicknesses of the  the Kubo formula**

ie*(w + i2I) 1 J°° <8np(e) Onp(— e)> ]o ng(— €) — ng(e)
— — ede —

h? (@ + 2i0)? de de S+ 2iT)? — 4(e /n)

O-d(w9 #(;’ rs T) =

; 2

0

where np(e) = 1/{1 + exp[(e —u.)/(kgT)]} is the Fermi- and interband parts, which correspond to free carrier absorp-
Dirac distribution, o is the radian frequency, e is the electron  tion and transition from the valence band to the conduction

charge, 7 is the reduced Planck constant, 7" is the temperature, band, respectively. In Eq. (2), the first term is due to intraband
U, is the chemical potential, kg is the Boltzmann constant, contribution and the second term is related to interband transi-
vr = 10%m/s is the Fermi velocity, and ' = e v%/2u, is the  tions contribution. While the closed-form approximations are
charged particle scattering rate. The scattering rate for gra- presented for intraband and interband transitions contribution

phene used here is realistic for multilayer structures, as  under the condition of KzT < |u,| and KzT < ho,"° they are
verified by previously reported relevant experiments.*’ not strong assumptions for the high ambient temperature
Graphene’s optical conductivity is divided into the intraband of thermal emitters; thus, the general form in Eq. (2) is
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numerically evaluated in our study to obtain a more accu-
rate refractive index of graphene. The dielectric permittivity
of monolayer graphene is given by eg(o,u., I, T)=
io,/wepts, where fg is the thickness of a single graphene
layer and g is the free-space electric permittivity.

The zero-bandgap and the linear dispersion of graphene
imply that there will always be an electron-hole pair with
high carrier mobility for broadband illumination, which is
very different from semiconductors with bandgap and para-
bolic dispersion relations. The contributions of intraband and
interband transitions in the optical conductivity significantly
depend on the carrier density, so that each part has different
strength at different frequency ranges. These contributions
are also directly related to the chemical potential in graphene.
By increasing the chemical potential, the absorption due to
the interband transition contribution is reduced by Pauli
blocking because the vacant states in the conduction band are
all occupied when the pumping light is intense enough for a
specific relaxation process.*” In other words, graphene acts
like a semi-metal with an electrically variable bandgap
because the interband transition contribution significantly
decreases behaving as a step-like function with a threshold
2|Eg| (small value when the photon energy is below the
threshold and significant value when the photon energy is
above the threshold). This effect leads to an electrically con-
trollable absorption that is proportional to the real part of the
optical conductivity.*®

For short wavelengths (visible and near-IR), graphene’s
optical conductivity is dominated by interband transitions
contribution, making the real and imaginary parts of graphe-
ne’s refractive index nearly independent of the chemical
potential as shown in Figs. 2(a) and 2(b). For longer wave-
lengths in the mid-infrared range, the intraband transition
contribution becomes comparable with the interband transi-
tion contribution so that the control over intraband transitions
and consequently the refractive index can be obtained by
tuning the chemical potential in graphene. While this control
is increased in far-infrared and THz ranges, these wave-
lengths correspond to weak thermal power (low-temperature
substrate). Two important properties that are required for the
proposed device are strong thermal emission and highly
tunable graphene refractive index via the chemical potential.
Both of these properties are satisfied at the wavelength of
3.34 um that we chose for our design. We note that, if we
choose a different wavelength of operation at which both of
these properties are satisfied, the results and conclusions of
this paper will still hold. The maximum emission of a black-
body at the mid-infrared range with the peak at A =3.34 um
is considered corresponding to thermal radiation at an
ambient temperature of 873 K. For infrared radiation at this
temperature, our results from the Kubo formula show the
larger contribution of intraband transitions to the total optical
conductivity of graphene and thereby even better control over
its refractive index. For other materials such as hBN, SiC,
and W, the wavelength-dependent indices of refraction (both
real and imaginary parts) are obtained from experimental
data.**>° All materials used in the structure can tolerate high
temperatures due to their high melting points,** and the
effect of layer thickness variations due to thermal expansion
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FIG. 2. (a) Real and (b) imaginary parts of the refractive index obtained
by the Kubo formalism as well as the equivalent changes in their values
for visible and infrared radiation for chemical potential of u.=0.0eV and
H1-=0.6eV. The refractive index of graphene is depicted at the ambient tem-
perature of 873 K corresponding to the maximum emission of a blackbody at
the mid-infrared range with the peak at A =3.34 um. For visible wavelength,
the graphene optical conductivity is dominated by interband transitions con-
tribution, making the real and imaginary portions of graphene’s refractive
index nearly independent of the chemical potential. For mid-infrared wave-
lengths, the intraband transition becomes comparable with the interband tran-
sition contribution; thereby, the control over the intraband transition and
consequently the refractive index can be obtained by tuning of the chemical
potential in graphene.

on emittance/absorptance can be neglected. Similarly, the
possible thickness variations of hBN and SiC layers due to
the manufacturing process have a negligible effect on the
emittance/absorptance spectra, demonstrating the robustness
of the optimized aperiodic multilayer structure. Multilayer
graphene-based devices, such as the one proposed in our
paper, have been previously reported in the literature. The
layers in such devices can be grown by methods such as
molecular beam epitaxy (MBE) and plasma-enhanced chemi-
cal vapor deposition (PECVD).*> Graphene flakes can be
deposited by mechanical exfoliation and confirmed to be
monolayers with Raman spectroscopy.*’ The chemical poten-
tial of graphene can be adjusted by applying an external
voltage. The electrodes required to apply the voltage can be
deposited by laser lithography, electron-beam evaporation of
the metals, and lift-off fabrication procc&:sses.45
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lll. RESULTS AND DISCUSSION

We optimize multiple aperiodic multilayer structures
with a different number of graphene layers to determine the
best dimensions of thermal emitters for the sake of improved
selectivity, tunability, and switchability. Figure 3(a) shows
five aperiodic thermal emitters including alternating layers of
hBN insulator and graphene (black lines) with 8, 13, 23, 28,
and 32 layers of graphene. For a fair comparison, the overall
thicknesses of these structures are kept approximately equal,
1 um to minimize the potential effect of the total thicknesses.
Figure 3(b) shows (1) [Eq. (2)] as a function of wavelength
for the structure. It can be observed that through the interac-
tion of the normal light incidence with the graphene-based
nanostructures, all the proposed thermal emitters exhibit
almost perfect emission at 4 =3.34um and enable narrow-
band infrared emittance. Even though the structure is opti-
mized to achieve near perfect emittance at a particular
wavelength, almost perfect impedance matching is achieved
at multiple other wavelengths, which leads to the multiple
peaks in the radiated power.** The blackbody bandwidth of
2.7um at T=_873 K reduces to 0.33 um for the structure with
eight graphene layers, showing more than eight times nar-
rower bandwidth compared to the blackbody radiation.
Interestingly, the increase in the number of graphene layers
does not result in narrower thermal emission. Thus, the band-
width of the power emitted from the structure with the small-
est amount of graphene layers, i.e., eight, is narrower than
the one with the largest number of graphene layers, i.e., 32.
However, this increase in the number of graphene layers
decreases the strength of undesired power emitted at shorter
wavelengths. Figure 4(a) shows the profile of the electric
field amplitude normalized with respect to the field amplitude
of the incident plane wave at 1=3.34 um for varying the
chemical potential in the optimized structure with 23 gra-
phene layers. It can be observed for u.=0.0eV, at which the
structure is optimized to achieve maximum absorptance, that
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the electric field amplitude of normal light incidence is
almost flat in air. This property suggests that the reflectance
of the structure is almost zero, and the absorptance is there-
fore almost unity. We found that, as the angle of incidence
increases, the peak emittance wavelength shifts toward
shorter wavelengths. In addition, increasing the angle of inci-
dence decreases the peak emittance. Figure 4(b) shows the
contribution of each graphene layer to the total emittance for
uu.=0.0eV, 0.4eV, and 1.0eV. It is obvious that the contri-
bution of graphene layers to the total power emitted from the
proposed structure drastically decreases by increasing the
chemical potential. The relative contribution to the energy
absorbed in the aperiodic multilayer structures is proportional
to the product of the square of the field amplitude, the
absorption coefficient, and the real part of graphene’s refrac-
tive index,”’ which can be manipulated by changing the
chemical potential of graphene. The change in the properties
of the thermal emittance, induced by changing the chemical
potential of the graphene layers, enables an electrically
controllable thermal emitter.

Figures 5(b)-5(f) depict the effect of the increase in the
chemical potential on the normalized power emitted from the
five optimized structures with 8, 13, 23, 28, and 32 layers of
graphene, and the thermal power emitted from bulk tungsten
at T=873 K is shown in Fig. 5(a) as a reference. The com-
parison indicates that our graphene-based aperiodic multi-
layer structures enable not only the narrowband thermal
emittance at a mid-infrared wavelength but also provide
tunable and switchable thermal emitters. For the optimized
thermal emitter with eight graphene layers in Fig. 5(b), it can
be observed that the increase in the chemical potential results
in a spectral shift toward shorter wavelengths, and in nar-
rower thermal emission. Comparing these results to the ones
for the other optimized structures with a more substantial
number of graphene layers in Figs. 5(c)-5(f), one can notice
the more pronounced effect of chemical potential variation

1F T T
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*g}rBaIt\)Ihene Number of Graphene Layers| Black Body
1000 f| S 09 8 13 23 28 32 Radiation )
mTungsten e )
08 T=873K |
800 fe= 0.0 eV
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g [ | sy 8032
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FIG. 3. (a) Five optimized aperiodic multilayer structures with 8, 13, 23, 28, and 32 layers of graphene at A = 3.34 um, u.=0.0 Ev, and 7= 873 K. The overall
thicknesses of these structures are kept at ~1 um for a fair comparison, minimizing the potential effect of the total thicknesses. (b) Normalized power radiated
per unit area and unit wavelength in the normal direction fi(1) of Fig. 1, as a function of wavelength. The optimized thermal emitters exhibit perfect emittance
at A =3.34 um, providing narrowband infrared emittance. The increase in the number of graphene layers does not result in narrower thermal emission, but this
increases the tunability and the switchability of thermal emittance as shown in Figs. 7 and 8. The thicknesses of each layer are in the supplemental material.
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FIG. 4. (a) Profile of electric field amplitude normalized concerning the field amplitude of the incident plane wave for the optimized structure for the parame-
ters given in Fig. 3 with 23 graphene layers at 4 =3.34 um. For the chemical potential of u.=0.0 eV, at which the structure is optimized to achieve maximum
absorptance, the electric field amplitude is almost flat in air. This effect suggests that the reflectance of the structure is nearly zero, and the absorptance is there-
fore nearly unity. (b) The percentage of the power absorbed inside each graphene layer to the total power absorbed in the structure shows an order of magnitude
reduction by increasing the chemical potential from ¢.=0.0eV to 0.4 eV and then 1.0eV. This is observed due to the change in the real part of graphene’s
refractive index manipulated by changing the chemical potential of graphene layers.

on the peak emission wavelength and the emission band-
width as the number of graphene layers is increased.

The switchability can be interpreted from Fig. 5 by
looking at the dotted line that corresponds to the wavelength
at which the structures are optimized. It can be observed
that for the optimized structure with eight graphene layers,
changing the chemical potential from 0.0eV to 1.0eV does
not result in a significant change in the normalized power
emitted from the structure. However, the normalized power
emitted from the optimized structure with the larger number
of graphene layers, i.e., 32, can be almost eliminated by
increasing the chemical potential in this range, so that
perfect emittance of unity for u.=0.0eV can be switched to
emittance of ~0.17 by setting u. equal to 1.0eV. For the
rest of the paper, the selectivity, tunability, and switchabil-
ity of the thermal emittance are studied for the optimized
aperiodic multilayer structures with 8, 13, 23, 28, and 32
graphene layers by changing the chemical potential from
0.0eVto 1.0eV.

While black-body thermal emission is broadband, nar-
rowband thermal radiation can be achieved using the opti-
mized nanophotonic structures. Figure 6 shows the effect of
changing the chemical potential on the bandwidth of the
thermal power emitted from the optimized structures with dif-
ferent numbers of graphene layers, i.e., the selectivity of the
structure. The bandwidth AA is measured at wavelengths at
which the normalized power emitted becomes 0.7 x max
[L(1)]. We observe that for all the optimized structures, the
selectivity of thermal radiation in wavelength becomes stron-
ger by increasing the chemical potential. At u.=0.0eV, the
arrangement with eight graphene layers has the power spec-
trum with the narrowest bandwidth, AA = 0.315um, i.e.,
better selectivity, while the power emitted from the structure
with 32 graphene layers has about three times broader band-
width. However, the larger number of graphene layers in the
construction provides stronger control of the bandwidth by
increasing the chemical potential. The power emitted from
the structure with 32 graphene layers becomes three times
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FIG. 5. (a) Normalized thermal power emitted [i(1) per unit area and unit wavelength in the normal direction from bulk tungsten versus wavelength and chemi-
cal potential at 7=873 K for the five optimized structures with (b) 8, (c) 13, (d) 23, (e) 28, and (f) 32 layers of graphene as shown in Fig. 3(a). The optimized
graphene-based aperiodic multilayer structures enable narrowband thermal emission in comparison with blackbody thermal radiation in (a). The increase in the
chemical potential results in a spectral shift toward shorter wavelength, enabling the electrically tunable thermal emitter, in which the range of tunability
increases by increasing the number of graphene layers. The dotted vertical line shows the wavelength of 4 =3.34 um at which the structure is optimized, and the
dash-dotted lines correspond to 0.7 x max[fi(4)], which is used to define the bandwidth of the emission. The thermal emittance from the optimized structure
with a larger number of graphene layers can be almost entirely eliminated by increasing the chemical potential so that perfect emittance of unity for the structure
with 23 graphene layers can be switched to zero by setting . equal to 1.0 eV.

narrower, changing from AA = 0.874um to0.256um by
increasing the chemical potential from 0.0eV to 1.0eV,
while the bandwidth of the eight-layer graphene structure
only varies from A1 = 0.315umt00.234um for the same
change in the chemical potential. As such, the nanophotonic
structure with 32 layers of graphene enables stronger selectiv-
ity for thermal emission, which is electrically controllable by
tuning the chemical potential of graphene layers.

Figure 7 shows the effect of changing the chemical
potential on the tunability of the thermal power emitted from
the optimized structures with different numbers of graphene
layers. We see that the normalized power emitted from all the
structures is shifted to lower wavelengths by increasing the
chemical potential in graphene. The range of tunability is
increased by increasing the number of graphene layers in the
aperiodic multilayer structures. For instance, the shift of the
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FIG. 6. Bandwidth A4, i.e., selectivity, of the thermal power emitted from the optimized structures with different numbers of graphene layers versus chemical
potential. The bandwidth is measured at the wavelengths at which the normalized power emitted becomes 0.7 x max[fi(4)]. The thermal emittance becomes
more selective due to increasing the chemical potential for all the optimized structures. The structure with eight graphene layers shows the narrower bandwidth
for u.=0.0eV, AA= 0.315um, but the larger number of graphene layers in the structure provides stronger control over the bandwidth by increasing the chemi-
cal potential. By increasing the chemical potential from 0.0 eV to 1.0 eV, the thermal emittance from the structure with 32 graphene layers becomes three times
narrower, changing from AA = 0.874 um to 0.286 um, while the bandwidth of the eight layer graphene structure only varies from A4 = 0.315um to 0.234 um.
All other parameters are as in Fig. 3(a).
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FIG. 7. The tunability of the peak normalized power emitted per unit area and unit wavelength in the normal direction for the optimized structures with a differ-
ent number of graphene layers when the chemical potential is varied. The range of tunability is increased by increasing the number of graphene layers in the
aperiodic multilayer structures as can also be observed from Fig. 5. By increasing x. from 0.0eV to 1.0 eV, the arrangement with 32 graphene layers shows
~3.5 times larger shift of the peak emission for the structure with eight graphene layers, changing from A =3.34 um to 2.85 um. Despite the tunability of the
structures, the normalized thermal emittance from the structures deviates from the one for perfect emitters, especially in the middle of the chemical potential

range. All other parameters are as in Fig. 3(a).

peak emission for the structure with 32 graphene layers is
~3.5 times larger than the one for the structure with eight
graphene layers. However, the normalized peak power
emitted from the structures deviates from the one for perfect
emitters, especially in the middle of the chemical potential
range. Overall, the aperiodic multilayer structures enable a
tunable thermal emitter that can be electrically controlled by
changing the chemical potential in graphene layers.

Figure 8 shows the effect of changing the chemical
potential on the thermal power emitted at A = 3.34 um for
the optimized structures with different numbers of graphene
layers. We observe that the normalized power emitted for all
the optimized structures significantly decreases by increasing
the chemical potential in graphene layers. For instance, by

increasing the chemical potential from 0.0eV to 1.0eV, the
normalized power emitted from the structure with eight gra-
phene layers decreases ~25%, changing from the perfect
value of unity to ~0.75. The range of change in thermal
emission increases by increasing the number of graphene
layers in the aperiodic multilayer structures, so that for the
structure with 32 graphene layers, the normalized emitted
power at u.=1.0eV decreases by ~83%, which is about 4.5
times larger decrease than for the structure with eight gra-
phene layers. As such, the proposed nanophotonic structure
can decrease the thermal power emitted from the tungsten
substrate, indicating a promising structure to use as switch-
able thermal power that can be electrically controlled by
changing the chemical potential of graphene layers.

I A
0.9+
FIG. 8. Switchability of the emitted
08 thermal power from the optimized
structures with a different number of
071 graphene layers as the chemical poten-
g o6 tial is varied at A=3.34um. The nor-
2 ’ malized thermal emittance of all the
2 o5k optimized structures can be signifi-
N He (V) cantly decreased at this wavelength by
é 0.4 1'8? increasing the chemical potential of
3 02 graphene layers. By increasing the
2 03k | P03 chemical potential form 0.0eV to 1.0
4:8:‘; | ) eV, the normalized thermal emittance
021|906 | A=334um yoo T ) 2 . from the structures with 8 and 32 gra-
X 07 81032 phene layers decrease by ~25% and
01|y 8:2 N“';‘berl‘;fG;a;he;;L?;'s - ~83%, respectively, indicating 4.5
1.0 -= == =2 =< times stronger switchability.
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IV. CONCLUSION

The spectral characteristics of the radiated thermal power
are dictated by the electromagnetic energy density and emis-
sivity, which are ordinarily fixed properties of the material
and temperature. In this paper, we presented new graphene-
based aperiodic multilayer structures as electrically con-
trollable mid-infrared thermal sources. More specifically,
we optimized five aperiodic multilayer structures with 8, 13,
23, 28, and 32 layers of graphene using the genetic optimiza-
tion algorithm to study the selectivity, tunability, and switch-
ability of thermal emitters by varying the chemical potential
of graphene. Despite the broadband spectra of thermal radia-
tion at the infrared range, all the graphene-based thermal
emitters enable narrowband emitted power, i.e., more consid-
erable selectivity. We demonstrate that the increase in the
number of graphene layers enhances the effect of the chemi-
cal potential, resulting in more substantial tunability so that
the shift of power emitted from the structure with 32 gra-
phene layers is ~3.5 times larger than that of the structure
with eight graphene layers. The increase in the number of
graphene layers also enhances the switchability by changing
the chemical potential so that the thermal power emitted
from the structure with 32 graphene layers has ~4.5 times
stronger decreases than for the structure with eight graphene
layers. The dynamic control of the proposed graphene-based
aperiodic multilayer structures, electrically by changing the
chemical potential of graphene layers, could pave the way to
a new class of tunable and switchable thermal sources in the
infrared range of the electromagnetic spectrum.

SUPPLEMENTARY MATERIAL

See supplementary material for the thicknesses of
optimized graphene-based aperiodic multilayer structures
depicted in Fig. 3(a).
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