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Terahertz Volume Plasmon-Polariton Modulation in
All-Dielectric Hyperbolic Metamaterials

Stefano Campanaro, Luca Bursi,* Stefano Curtarolo,* and Arrigo Calzolari*

The development of plasmonics and related applications in the terahertz range
faces limitations due to the intrinsic high electron density of the standard
metals. All-dielectric systems are profitable alternatives, which allows for cus-
tomized modulation of the optical response upon doping. Here, plasmon-based
hyperbolic metamaterials are realized stacking doped IlI-V semiconductors
that have been shown to be optically active in the terahertz spectral region. By
using a multi-physics multi-scale theoretical approach, the role of doping and
geometrical characteristics (e.g., thickness, composition, grating) in the modu-
lation of high-k plasmon-polariton modes across the metamaterial is unraveled.

1. Introduction

Hyperbolic metamaterials (HMMs) are artificial systems char-
acterized by extreme optical anisotropy as they behave as
metals in one direction and as dielectrics in the perpen-
dicular direction."?) This implies that their dispersion rela-
tion [w(k) = costant] is geometrically described by an open-
surface hyperboloid and not by a closed ellipsoid, as in the
case of ordinary materials. As such, HMMs can sustain ex-
traordinary electromagnetic (EM) traveling modes with high-k
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wavevectors,’] whose propagation is fully
described by classical electrodynamics,
once the dielectric functions of the compos-
ing materials are known. Usually, HMMs
are realized through stacked alternation
of metallic (e.g., Au, Ag, Cu, TiN) and
dielectric (e.g., TiO,, ZnO, Al,O;) lay-
ers, and the high-k modes are the Bloch
modes of the metal-dielectric superlat-
tice. They are volume plasmon-polaritons
(VPPs) able to propagate along sharp
cones across the stack® that arise from
the resonant coupling of surface plasmon-
polaritons (SPPs) at each metal/dielectric
interface.’] These unique optical properties make HMMs suit-
able candidates for many advanced optical applications like
super-resolution imaging,!® plasmonic sensors,[”?] new stealth
technologies,!”1 and thermal emitters.[!12]

The majority of HMMs realized in the last years are hyperbol-
ically active in the near-infrared (IR) to ultraviolet (UV) spectral
range (see e.g., Refs. [13-20]). However, it would be of great tech-
nological interest having HMMs working in the terahertz (THz)
region, from 300 GHz to 10 THz. This would bridge the gap be-
tween electronics and optics, traditionally challenging for THz
radiation generation, confinement, and detection.?!??] Terahertz
technology holds substantial potential for a broad range of emerg-
ing applications in the fields of non-destructive material inspec-
tion and quality control,*l medical diagnostics,!**] imaging,!®!
defense and security.[?°]

Because of the intrinsic high electron density (e.g., n, ~ 10%
— 10% cm™3), plasmonic metals — including noble metals,?”]
transition metal nitrides,[?3% and high entropy carbides!>1-33]
— are not suited to achieve the THz region, having the (screen)
plasmon resonance in the near-IR or visible range. The large
carrier densities of metals also lead to significant ohmic losses
and offer limited spectral tunability, further hindering their
use in low-frequency HMM platforms. On the contrary, all-
dielectric metamaterials represent a profitable alternative, where
the conductive components are realized by doped semiconduc-
tors that have lower (e.g., n, ~ 10*® — 10* cm~3) and control-
lable electron densities. Doped semiconductors offer reduced
ohmic losses, and allow for full compatibility with high-quality
epitaxial growth. In particular, narrow-gap III-V semiconduc-
tors (such as InAs and InSb) are well suited for THz and mid-
IR plasmonics,>*-38] thanks to their low effective masses, high
mobility, and the strong tunability of their plasmonic response
through doping,**] temperature,**] and electric fields.*!] Re-
cent experimental reports“*~* have demonstrated the possibil-
ity to realize hyperbolic metamaterials in the mid-IR and THz
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frequency range, by using III-V semiconductor-based multilay-
ers, highlighting the technological potential of this materials plat-
form.

More generally, while realization of all-dielectric metamateri-
als has been experimentally proved,[**~*9 their theoretical charac-
terization remains more subtle. Indeed, the optical properties of
semiconductors are system-specific and strongly depend on the
growth conditions (e.g., composition, doping, defect concentra-
tion, etc.). Thus, the dielectric function is obtained through ex-
perimental means, otherwise modeling the high-k modes in all-
dielectric HMMs would be impossible. Furthermore, even when
experimental permittivities are available, they cannot be directly
transferred to predict the hyperbolic response of other, albeit
similar, compositions. On the theoretical side, while a few re-
ports evaluate the plasmonic properties of doped semiconductors
through simulations from first-principles that take explicitly into
account the role of composition and doping modulation, >3] the
ab initio description of HMMs remains limited to the homoge-
nized medium treatment of the dielectric function.[>*>°¢] This
effective model does not include the effects of structural param-
eters (such as number of layers, thickness, grating coupler) that
are crucial for the characterization and the prediction of the ex-
traordinary waves within the metamaterials. This highlights the
need for new theoretical approaches that combine materials sci-
ence, quantum optics, and electromagnetism, where: i. the de-
scription of materials goes beyond the use of single empirical
parameters (e.g., dielectric constant) tabulated for the reference
bulk materials; and ii. the structural setup and the interface with
the external environment are explicitly considered.

In this article, we attempt to bridge the gap between the ex-
perimental observations and the microscopic understanding of
HMMs, by exploring their intrinsic properties. We systemati-
cally investigate metamaterials composed entirely of binary III-
V semiconductors, demonstrating: i. their feasibility in realizing
HMMs active in the THz, ii. their optical modulation with doping
and multilayer geometry. We also provide a comprehensive the-
oretical analysis of VPP modes, offering insights into how these
metamaterials can be engineered to achieve desired optical char-
acteristics. In particular, we implemented a multiscale approach
that combines the microscopic descriptions of materials with the
macroscopic representation of traveling EM waves, integrating
atomistic first principles simulations, effective medium theory,
photonic band structure analysis, and continuum EM techniques
based on scattering matrix method.

This research aims to advance the understanding of HMMs de-
sign principles, by enriching the EM description of VPP modes
with system-tailored materials properties. The resulting critical
insights could drive the optimization of semiconductor-based
HMMs for applications in areas such as optoelectronics, sensing,
and thermal management in the THz region.

2. Theoretical Methods and Computational Details

2.1. Materials Characterization

Atomistic simulations based on density functional theory (DFT)
were carried out to calculate the electronic structure and the
complex dielectric functions of both undoped and doped III-V
semiconductors. All simulations were performed using the DFT
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engine (pw.x) included within the Quantum ESPRESSO (QE)
suite.’”>8] PBE generalized gradient approximation® was ap-
plied to the exchange-correlation functional. Electron-ion interac-
tions were described using norm-conserving pseudopotentials(®!
from the ONCVSP library.[®!l Single-particle wavefunctions were
expanded in planewaves with a kinetic energy cutoff of 120 Ry. A
uniform mesh of (16 x 16 x 16) k-point was used to sample the
Brillouin zone in self-consistent DFT cycles, and a denser (60 X
60 x 60) k-grid was exploited in non-self-consistent field calcula-
tions needed for optical properties. Lattice parameters were op-
timized using the variable-cell minimization method. All struc-
tures were fully relaxed by using a total-energy-and-force opti-
mization scheme, until forces per atom are less than 0.03 eV/
A. Undoped semiconductors were simulated in the primitive
fec cell, while Si-doped InAs systems were modeled with peri-
odic supercells of different sizes (see Section Results). The well-
known DFT underestimation of energy band gap was corrected
by using a pseudo-hybrid Hubbard implementation of DFT+ U
within the Dudarev formulation,[®?] namely ACBNO,[%*%4 which
involves the use of the effective parameter U,y = U — ], where
U is the corrective Hubbard term and J accounts for the energy
cost associated with the exchange interaction. The ACBNO ap-
proach is implemented in the PAOFLOW code,[®*! which oper-
ates in a joint loop with the DFT-based executables of QE. The
calculated U, values for each chemical species are collected in
Table S1 (Supporting Information).

The complex dielectric function £ (w) = €, + ig, is evaluated us-
ing the code epsilon.x, also included in the QE suite. This code im-
plements an independent particle formulation of the frequency-
dependent (w) Drude-Lorentz model for solids, %] which explic-
itly includes both intraband and interband transitions between
Bloch states, along with Drude-like and Lorentz-like relaxation
terms, which account for the finite lifetime of the electronic exci-
tations and the effects of the dissipative electron scattering.[®®]

2.2. Effective Medium Theory (EMT)

Effective medium theory!®! is used to describe the overall optical
properties of a periodically repeated (i.e., infinite) multilayer at
the macroscopic level. Under this approximation — valid when
the thickness of each constituent layer is much smaller than the
wavelength of the probing radiation — the effective dielectric
functions in the directions parallel (¢;) and perpendicular (e,)
to the optical axis (Figure 1a) are:

€1 =fm€m +fz‘i£d 4 (1)
Em€q

g = —/——
I f;igm +fm€d

where ¢, (¢,) is the complex dielectric function of the metallic
(dielectric) material resulting from DFT+U calculations; f; (j =
{m, d}) is the layer filling factor defined as f; = d,/d,, where d,,, =
d,, + d, is the thickness of the periodic unit cell (Figure 1a). The
macroscopic conditions for VPP excitation and the angle between
the extraordinary wave and the optical axis are analysed through
the angular dielectric function €, and the angle ®, which are
geometrical functions of ¢ and ¢, ; see Section S1 (Supporting
Information).

(2)
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Figure 1. a) Schematic representation of a finite stacked metamaterial composed of alternating metallic (m) and dielectric (d) layers, each characterized
by its dielectric function ¢; and thickness dj, where j = {m, d}. Gray regions indicate the embedding media for reflection and transmission, also charac-
terized by the respective dielectric functions ¢;, and €,,,. The optical axis is aligned along the z direction. b) Scattering matrix formulation for a single
layer. Forward (c7, ¢;) and backward (c7, ¢;) propagating wave amplitudes are related through the elements Sjj of the scattering matrix.

1’ 2)

2.3. Scattering Matrix Method (SMM)

The VPP propagation through a finite 3D multilayer”7!l is de-
scribed through the scattering matrix (S-matrix),l’? as imple-
mented in the AFLOW-EMERALD code.[”! By simulating fi-
nite multilayers with a defined number N of periods, AFLOW-
EMERALD provides the reflectivity, transmissivity, and absorp-
tion of EM waves across the stack, accounting for the interference
effects at each interface and resonant phenomena due to the in-
ternal structure of the superlattice, as well as the coupling with
the external environment. For non-magnetic materials, the scat-
tering matrix is calculated for each layer and depends on the fre-
quency of incident monochromatic radiation, its planar wavevec-
tor (k,), and the dielectric permittivity (£) that we obtained from
DFT+U simulations. The matrix S relates the amplitude coeffi-
cients of the forward (c*) and backward (c”) propagating compo-
nents of the electric and magnetic fields at the left (1) and right
(2) interfaces of the n-th layer, as illustrated in Figure 1b. The re-
flectivity (R), transmissivity (T), and absorption (A) functions are
calculated from the resulting EM fields being reflected, transmit-
ted, and absorbed through the entire multilayer;!”*) see Section S1
(Supporting Information) for further details.

2.4. Photonic Band Structure (PBS)
The Bloch modes of periodic metal-dielectric superstructures are

studied through the evaluation of the photonic band structure,
whose formulation is derived from photonic crystal theory.”*
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The 3D translational invariance of the periodic multilayers im-
plies that the dielectric function is also invariant under trans-
lation by Bravais vectors R, i.e., e(r + R) = ¢(r). This leads to
the validity of the Bloch—Floquet theorem and the formation
of allowed (photonic bands) and forbidden (photonic gaps) EM
states. Photonic band structures are calculated with the AFLOW-
EMERALD code!”®] by expanding the electric and magnetic fields
on a planewaves basis set, as detailed in Section S1 (Support-
ing Information). The dielectric function is derived from the first
principles simulations of the composing bulk materials.

3. Results

The theoretical approaches employed in this work operate at com-
plementary levels and together provide a coherent multiscale
description of the metamaterials. EMT, informed by the mate-
rial dielectric functions computed from first principles, offers a
macroscopic picture of an infinite multilayer, described as a sin-
gle, homogenized medium, and predicts the spectral regions in
which the system behaves as Type-I, Type-1I HMM, or as a di-
electric. SMM extends the analysis to finite stacks, explicitly ac-
counting for interface reflections, grating-assisted momentum
matching, and coupling to the external environment, thus en-
abling the description of the propagation of EM waves through re-
alistic metamaterials. Finally, PBS analysis identifies the allowed
Bloch modes of the periodically repeated multilayer and rational-
izes which modes can be excited under the boundary conditions
imposed by the finite-thickness stack and the matching coupler.
Here, we considered ideal interfaces, this approximation can be
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systematically relaxed at different levels of the multiscale frame-
work. The hierarchical use of EMT, SMM, and PBS enables us
to connect material properties with propagating VPP modes in
tailor-made metamaterial structures.

3.1. Optical Proprieties of Multilayer Components

Along the lines of the experimental structures described in Refs.
[42, 43], we have modeled the HMMs as binary superlattices com-
posed of alternating layers of dielectric (III-V semiconductors)
and metallic (Si-doped InAs) materials, stacked along the z axis. A
schematic representation of an all-dielectric HMM multilayer is
shown in Figure 1a. In the experiments of reference, the range of
interest of the electromagnetic radiation was A ~ (2 — 20)um (i.e.,
THz to mid-IR range) and the thickness of the building layers
within the stack was of the order of 100 nm. Since the wavelength
of the incoming radiation is much greater than the thickness of
the individual components, the homogenization assumptions(®!
are largely satisfied, quantum confinement effects can be ne-
glected, and the complex dielectric functions of the single bulk
materials are sufficient to fully characterize the optical response
of the overall metamaterials.

As first step, we evaluated electronic and optical properties of
the nine III-V binary semiconductors (namely, AIP, AlAs, AlSb,
GaP, GaAs, GaSb, InP, InAs, and InSb) in the fec zincblend
phase. The resulting lattice parameters (4,) and the band gap
values (E,) are summarized in Table S1 (Supporting Informa-
tion). The results indicate that the DFT+ U approach correctly
reproduces the semiconducting behavior (E, > 0) of all the sys-
tems, including narrow-gap semiconductors, such as InAs, that
result semimetallic (E, < 0) in standard DFT calculations.””!
The band gap underestimation is significantly reduced with the
DFT+U correction, albeit a residual underestimation remains
for all systems. The corresponding band structure plots (see Sec-
tion S2, Supporting Information) well agree with theoretical re-
sults obtained by using higher-level DFT approaches, such as
hybrid functionals, or many-body GW approximation.”®’”) The
frequency-dependent dielectric functions of the III-V semicon-
ductors have been calculated by using a single-particle Drude—
Lorentz approach.[”® The results of the simulations very well con-
cur with previous theoretical calculations!””! and with experimen-
tal data.®>-82] The results for the nine I1I-V compounds are col-
lected in Section S3 (Supporting Information). All the main spec-
tral features of both €, and ¢, (i.e., peak energies and peak inten-
sities) are accurately reproduced for all systems. Yet, with respect
to the experimental data, we observe a small but systematic rigid
redshift in the inter-band optical absorption threshold, which is
reminiscent of the residual underestimation of the simulated en-
ergy band gap discussed above.

In line with the experimental case,*>*] the metallic com-
ponent in our multilayers is Si-doped InAs (Si:InAs) that we
simulated at different Si concentrations in order to unravel the
role of free charge density on the plasmon-polariton proper-
ties across the metamaterials. Si:InAs is modeled by including
In-substitutional Si atoms in extended InAs supercells, within
the virtual crystal approximation (Figure 2a). The doping con-
centration is defined as ¢ = Ng/N,,, where N is the num-
ber of Si dopant atoms, and N,, is the total number of In

Adv. Optical Mater. 2026, 14, e02630 02680 (4 of 12)

www.advopticalmat.de

atoms in an equivalent undoped supercell. In the experimental
references,[****! doping concentration is determined in terms of
the resulting free electron density n, ~ 102 cm=3, which corre-
sponds to a nominal Si concentration ¢~ 2.2%. Here, we generate
three models (labeled 1, 2, and 3) at varying doping concentra-
tions in the range 1.6 — 3.7%, which includes the experimental
case. The details relative to concentration and cell size are sum-
marized in Table 1. After full atomic relaxation, the results indi-
cate that Si imparts a slight local distortion in the structure that
is almost insensitive to the doping concentration.

As expected, the ground state electronic structure of all mod-
els corresponds to an n-type degenerate conductor, as shown in
Figure 2b, for the case of medium-doping model 2. The density
of states (DOS) of Si:InAs exhibits all the spectral features of un-
doped InAs. Yet, the pristine energy gap of the host is slightly
reduced in the doped system, while no Si-derived peaks appear
in the gap region. Si donates its extra 3p electron to the host con-
duction band, without changing much the shape and the curva-
ture of the conduction band minimum. As a consequence, dop-
ing causes a shift of the Fermi level into the conduction band, and
the system acquires a metal-like behavior. The other two models
show very similar DOS spectra, which differ only in the position
of the Fermi level with respect to the bottom of the conduction
band (AE; in Table 1) that corresponds to a different injected
charge, which increases with Si concentration. By inverting the
Drude formula in the parabolic approximation, it is possible to
estimate, a posteriori, the effective free electron density gener-
ated by doping. The results are of the order of n, ~ 10'° cm=3 for
model 1, and n, ~ 10?° cm~3 for models 2 and 3, slightly lower
than the nominal values but still in agreement with the experi-
mental data.[*>4]

The dielectric functions of Si:InAs configurations have been
calculated with the same computational procedure and the same
parameters detailed above. Figure 2 shows the resulting plots for
the real (panel c) and imaginary (panel d) parts of the dielectric
functions as a function of the doping concentration. While the
doping only marginally affects the optical properties above E ~
2 eV, it completely changes the dielectric function in the low-
energy part of the spectrum. At low frequencies (i.e., E — 0), the
optical properties of Si:InAs differ from the original InAs, being
similar to a simple metal. E, identifies the energy at which the
real part of the dielectric function changes sign [¢,(E,) = 0], i.e.,
the energy at which the system undergoes an optical switch from
metal- to dielectric-like. This is a key parameter in the character-
ization of the hyperbolic properties of the metamaterials (see be-
low). In all Si:InAs models, €, (E,) is also negligible (Figure 2d).
This corresponds to the possibility of exciting a collective elec-
tronic oscillation of a reduced part of the free-electron density,
known as a screened plasmon resonance in the THz range. In
this case, E, represents the THz plasmon energy for the sys-
tem. While for pure metals, E, is an intrinsic property that can-
not be changed, for doped-semiconductors the plasmon energy
can be tuned by controlling the electron density, i.e., by changing
the doping conditions (Table 1). Finally, it is worth noticing that
the permittivity for low-doping concentration model (1) exhibits
an extra peak at ~0.3 eV, absent in the other two doping mod-
els. This structure arises from residual interband transitions in
lightly doped InAs, occurring just above the fundamental gap.
As the doping level increases, the Fermi level moves deeper into
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Figure 2. a) Atomic structure of Si:InAs supercell. b) Total (black line) and Si-projected (red line) density of states (DOS) of Si:InAs (model 2). c) Real
and d) imaginary parts of the dielectric function of Si:InAs as a function of Si concentration.

the conduction band, the Pauli blocking progressively suppresses
these transitions, and the corresponding absorption feature natu-
rally disappears at higher electron densities. The presence of this
spectral feature does not change the plasmonic character of the
Si:InAs model.

3.2. Hyperbolic Multilayers

By treating metamaterials as homogeneous, EMT predicts the hy-
perbolic behavior of the multilayers and the spectral features of
the VPPs within the stacks. The optical properties of HMMs are

Table 1. Si-dopant concentration (c), supercell lattice parameter (ay), Si-In
and Si-As nearest neighbors distances for the three Si:lnAs models de-
scribed in the text. AEf is the energy difference between the Fermi level
(Ef) and the bottom of the conduction band; E, is the plasmon energy.

Model ¢ (%)  ao(A)  Siln(A)  SiAs(A)  AEr(eV)  E,(eV)
1 156% 2423 4.24 2.41 0.12 0.46
2 3.129% 1817 424 241 0.21 0.62
3 3.70% 1212 424 241 0.25 0.65
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evaluated by combining the bulk dielectric functions of the in-
trinsic I11-V semiconductors (¢,) and Si:InAs (¢,,) calculated from
first principles. Equations (1-2) are used to compute the perpen-
dicular (e,) and parallel (¢;) components of the effective dielec-
tric tensor with respect to the optical axis (Figure 1a). Nine multi-
layers have been considered by mixing the ITI-V semiconductors
with model 2 of Si:InAs. Figure 3 shows the real (solid lines) and
imaginary (dashed lines) parts of the parallel (red lines) and per-
pendicular (blue lines) dielectric functions of equal-composition
(f. =f1 = 0.5) Si:InAs/AlSb stack, taken as reference. The results
for the remaining Si:InAs/III-V multilayers are summarized in
Section S4 (Supporting Information).

The hyperbolic dispersion implies the condition ¢, - ¢, < 0. At
low energy (E < E;; = 0.44 eV in Figure 3), Re[e, ] is dominated
by e,, and Re[e|] by e,. This implies that the perpendicular com-
ponent (blue lines) has a metal-like behavior similar to Si:InAs,
while the parallel component (red lines) has a typical dielectric
character similar to those of the undoped semiconductor. Thus,
the multilayer acts as Type-IIl HMM. In the range E € {0.44 —
0.47} eV, Re[e ] has a zero, switching from negative to positive
for all systems. This happens when Re[e,,] = —Re[e,], which in
turn corresponds to a maximum of €. Beyond this resonance
energy, Re[e|] decreases until it crosses the zero, switching sign
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Figure 3. Real (solid lines) and imaginary (dashed lines) parts of the
parallel (red lines) and perpendicular (blue lines) dielectric functions of
Si:InAs/AISb multilayer (c; = 3.12% and f,, = 0.5). Top bar indicates the
spectral optical character of the multilayer — namely Type-| (orange) and
Type-Il (blue) hyperbolic, and dielectric (gray). Vertical dashed lines mark
characteristics energies discussed in the text.

from positive to negative, with a typical Lorentz-like character.
The energy value of the Lorentz resonance depends on the III-V
semiconductor used as dielectric. For E > E; = 0.47 eV the trend
is inverted, with ¢, driven by ¢, and ¢ by ¢,,. As a consequence,
€ has a metal character, while ¢, has a dielectric behavior, corre-
sponding to a Type-I HMM. For E > E, = 0.62 €V, both compo-
nents (III-V and Si:InAs) are dielectric-like, and the same holds
for the multilayer.

A direct comparison with the experimental results of Refs.
[42, 43] indicates that our theoretical spectra are in very good
agreement with all the experimental features of the multilayer,
including the alternation of the hyperbolic type character as a
function of the radiation energy. For a better comparison with
experimental data, Figure S11 (Supporting Information) reports
the dielectric function of Figure 3) as a function of wavelength,
instead of energy. Yet, our theoretical spectra are affected by a
slight blueshift, when compared with the experiments. This mi-
nor discrepancy is mostly ascribable to: (i) the residual band gap
underestimation of the pristine semiconductors calculated at the
DFT+U level; (ii) the exact doping level, which may differ from
the exact experimental value; (iii) the assumption of ideal, defect-
less interfaces in the theoretical modeling. Despite these minor
details, the agreement with the experimental results confirms a
posteriori the accuracy of the joint DFT+ U/EMT approach used
in this work.

The effects of composition, thickness, and doping on the hy-
perbolic behavior of the multilayers are illustrated in Figure 4.
To better appreciate the differences in the optical properties of
HMMs in the low energy part of the spectrum, these results are
expressed in terms of wavelength (1) instead of energy. The nine
metamaterials (Figure 4a) exhibit a variable behavior as a func-
tion of the radiation wavelength. The hyperbolic character ap-
pears for A > 4, = he/E, = 2.0"um (ie,, E < E, = 0.62 eV). All
systems have a prevalent Type-II character (blue area), except for
an intermediate range, where they exhibit a Type-I dispersion (or-
ange area). The former type is correlated to the negative value of
€, while the latter is associated with the Lorentz-like inversion of
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€ < 0. At shorter wavelengths (4 < 4,), the radiation overcomes
the plasma frequency of the metal, and the multilayer is globally
dielectric (gray area). Since the plasmon energy of Si:InAs varies
with the doping (Table 1), the hyperbolic range can be tuned by
controlling the dopant concentration. An increase in the doping
concentration (Figure 4b) imparts a blueshift of the plasma fre-
quency that sets the transition between the hyperbolic and the
elliptic (i.e., dielectric) dispersion behavior. In the case of ¢; =
1.56%, and f,, = 0.5, the Si:InAs/AISb multilayer exhibits only
a Type-II character in the hyperbolic range. However, for metal-
lic filling factors between 0.70 and 0.95, the system also devel-
ops narrow frequency intervals in which it displays a Type-I hy-
perbolic response. Supplementary plots (Figure S12, Supporting
Information) — analogous to Figure 4c — for the lowest (c;) and
highest (c;) doping concentrations confirm that the onset of Type-
I and Type-II hyperbolicity depends on both doping level and
metallic filling factor.

Figure 4c displays the trend associated with the variation of the
composition filling factor f,,, which measures the amount of the
metallic component within the multilayer: f,, = 0 (f,, = 1) corre-
sponds to pure dielectric (metallic) system. For 1 > 4, the ac-
tual hyperbolic range depends on the filling factor. In general,
a metal/dielectric ratio of ~#40 — 60% provides a wider spectral
range with hyperbolic dispersion, which progressively reduces to
longer wavelengths as much as one of the components becomes
predominant. In summary, by controlling the chemical species,
the doping, and the geometry of the stack it is possible to fine
tune the optical character of the multilayers and achieve hyper-
bolic behavior across the near-IR to THz spectral range.

3.3. Volume Plasmon-Polaritons

The spectral analysis of VPP excitations is obtained from the an-
gular dielectric function ¢,,(E) and the propagation angle ©(¢),
where E is the energy and ¢ is the angle between the wavevector
of the incoming radiation k within the metamaterials and the op-
tical axis z (see Section S1, Supporting Information, for further
details). Here, we focus on the reference case of Si:InAs/AlSb
multilayer (doping concentration ¢, = 3.12% and filling factor f,,
= 0.5). Since ¢, is a function of the energy of the incoming ra-
diation, we selected a few representative energies (E;) marked by
vertical dashed lines in Figure 3. Energies E; = 0.18 eV and E, =
0.29 eV correspond to a Type-II hyperbolic character, while E; =
0.55 eV corresponds to a Type-I HMM.

In the case of E; and E,, the real part of ¢, is negative at
small angles and it becomes positive beyond a critical angle ¢,
which increases when the energy is increased (¢, < @,,). The
trend is inverted for E; where €, is positive at small angles and
changes sign at @ _; ~ 65°. This behavior follows the distinct topol-
ogy of the underlying hyperboloids that describe the dispersion
isosurfaces —two-sheeted in the Type-I case and one-sheeted in
the Type-II case. Indeed, the condition Re[e,] = O determines
the angular boundary between the metallic and dielectric re-
sponse of the metamaterial (the analogous of plasmon excitation
in bulk materials), and determines the critical angle ¢, that satis-
fies the wavevector refraction conditions at the interface between
the metamaterial and the external environment (Figure 1a). For

each energy, tan(p,) = k,/k, = /e, /¢ represents the asymptote
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Figure 4. Spectral optical character — namely Type-| (orange) and Type-II (blue) hyperbolic, and dielectric (gray) — of HMMs composed of: a) IlI-V semi-
conductors/Si:InAs (c; = 3.12%, f,, = 0.5) as a function of the dielectric component; b) Si:InAs/AISb (f,, = 0.5) as a function of Si doping concentration;
c) Si:InAs/AISb (c; = 3.12%) as a function of the filling factor f,, in the range (0.05 — 0.95)%.

to the hyperboloid that describes the dispersion isosurface of the
metamaterial (Figure 5b). Thus, for a Type-I (Type-1I) HMM, ¢,
is the maximum (minimum) angle that the incoming radiation
must have to propagate within the stack. As such, the three in-
tersections @, in Figure 5a correspond to the extreme geomet-
rical conditions for the excitation of conic VPPs, whose angular
radii are given by the corresponding © angles (Figure 5a, bottom
panel). For all the considered energies, © is negative for all the
allowed ¢ angles. This is the signature of the excitation of back-
ward waves, where the Poynting vector S and the wavevector k are
in opposite, lateral directions. This anomalous refraction effect is
the basis for advanced transformation optics and EM cloaking ap-
plications.

In real experimental conditions, the angle ¢ is not a free vari-
able but is dictated by the number of bilayers in the stack as
well as by the matching setups (e.g., prism or grating) used to
compensate the momentum mismatch between the incident ra-
diation and the VPP. This means that, given the actual geome-
try of the overall system (HMM + coupler), only a few energies
and specific angles ¢ may effectively excite a VPP. These aspects,
along with the multiscattering effects deriving from the internal
metal/dielectric interfaces, cannot be caught by EMT that con-
siders the entire multilayer as a single homogenized medium. A
proper description of these effects is necessary to be predictive in
designing/optimizing customized heterostructures.

In order to overcome these limitations, we solved the electro-
magnetic problem of a finite multilayer composed of alternat-
ing metal/dielectric materials, by employing the scattering ma-
trix method. This approach allows us to model the behavior of
the EM waves that propagate through the metamaterial and to
explicitly include the boundary conditions imposed by the grat-
ing layer. Along the line of the experimental samples,[*>*] we
considered a metamaterial composed of N = 10 periods of al-
ternating Si:InAs/AISb bilayers, with the following parameters:
doping concentration ¢, = 3.12%, filling factor f,, = 0.5, and thick-
ness of a single bilayer d,,, = 100 nm (Figure 1a). The dielectric
functions that characterize the individual layers are those calcu-
lated at the DFT+ U level for the respective bulk materials. A gold
grating layer with variable periodicities A = 0.97um, 1.3 um, and
1.8 um, respectively, is introduced on top of the multilayer stack.
The value A = 1.8 um corresponds to the experimental condition
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used in Ref. [42]. The entire system — comprising both multilayer
and grating — is embedded in air, modeled as a medium with di-
electric constant € = 1.0.

Figure 6a shows the reflectivity spectra (R) calculated by vary-
ing the spacing of the grating coupler. In the hyperbolic energy
range (E < E, = 0.62 eV), the excitation of VPP modes corre-
sponds to local minima in the reflectivity spectra. For example,
in the case of A = 0.9 um, three distinct resonances — labeled
VPPO, VPP1, and VPP2 and marked with yellow symbols — can
be identified. The corresponding transmittance and absorption
spectra are reported in Figure S13 (Supporting Information).
Resonance VPPO occurs in the Type-I hyperbolic region, while
VPP1 and VPP2 occur in the Type-II domain. Here, the hyper-
bolic character is derived from EMT (Figure 3a). The remain-
ing minima for E > E, correspond to usual interband excitations
in dielectrics. VPPO has the most pronounced reflection mini-
mum, hardly modified by the grating geometry. The increase in
the grating period causes a reduction of the reflection dips. Even
though these three VPP modes lie in the mid-IR, this does not
limit the operational range of the HMM to the THz region. In-
deed, these VPP energy values result from a specific combina-
tion of doping, stack geometry, and momentum-matching con-
ditions imposed by the grating coupler. When the grating period
is increased (especially for A = 1.8um), the VPP branches as-
sociated with VPP1 and VPP2 undergo a redshift with respect
to the A = 0.9um case. These redshifted modes fall squarely in
the mid-IR to THz range, in agreement with the experimental
findings.[*>43]

For non magnetic HMMs, only transverse magnetic modes
can be excited.®¥] The magnetic fields profile corresponding to
the three VPPs marked in Figure 6a are shown in Figure 7 (up-
per panel), which actually confirm that the EM waves propa-
gate within the stack. However, only VPP0 wave propagates with
significant intensity outside the multilayer, i.e., H > 0 in the
region on the right. For VPP1 and VPP2, the front-grating al-
lows for the excitation of the EM modes within the multilayer,
while the low-k mismatch — typical of Type-II HMMs — prevents
their transmission into the air region (see also the transmittance
plot in Figure S13, Supporting Information). As a result, these
modes can be excited but remain confined within the stack. A
different external dielectric material or the inclusion of a proper
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Figure 5. a) Real part of the angular dielectric function (e, top panel)
and allowed conic angles (®, bottom panel) of excited VPPs with respect
to optical axis for Si:lnAs/AISb multilayer (¢, = 3.12%, f,, = 0.5) corre-
sponding to the energies E;, E,, and E3 shown in Figure 3; b) 2D projected
k-dispersions for Si:InAs/AISb (straight lines) corresponding to E; (Type-l,
red lines) and E, (Type-Il, blue lines). Dashed lines correspond to hyper-
boloid asymptotes whose slopes correspond to critical angles ¢, marked
in panel a.

back-grating could facilitate the propagation of these modes out-
side the multilayer.

The VPP modes can be classified into distinct orders, based on
the number of nodes in the magnetic field within the metamate-
rial (Figure 7, lower panel). VPPO has zero nodes and represents
the 0-th order mode; VPP1 and VPP2 have one and two nodes and
correspond to the 1-st and 2-nd order modes, respectively. The
modulation of doping in the conductive layers further impacts
the VPP modes (Figure 6b), by varying the hyperbolic ranges as
well as the number and the energy position of the minima in
the reflectivity. In particular, low-dopant concentration causes an
overall flattening of the reflection spectrum, which indicates a
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higher energy loss of VPP modes. This implies that it exists a
minimum doping level to effectively sustain plasmon-polariton
waves across the multilayer.

This analysis confirms that this class of metamaterials may
sustain hyperbolic dispersion and VPP propagation down to THz
frequencies, while the details of the hyperbolic response criti-
cally depend on the number of layers and the grating geome-
try. For this reason, it is useful to calculate the photonic band
structure of the periodically repeated multilayer, which provides
the overall distribution of electromagnetic modes of the system
(i-e., Bloch states). The results for Si:InAs/AlSb (c, = 3.12%, f,,
= 0.5, d,, = 100 nm) are summarized in Figure 8. Because of
continuity conditions of the EM fields at the interface, the en-
ergy E and the wavefunction components parallel (k,) and per-
pendicular (k,) to the interface (Figure 1a) are not independent
variables. In Figure 8a, the pixel colors in the grayscale spectrum
represent the magnitude of the imaginary part of the complex
Bloch wavevector k, as a function of E and k,. Lighter regions
correspond to areas where the imaginary component is smaller,
indicating less attenuation of electromagnetic waves within the

a 10;

— A=0.9 um

0.8 1

Reflectivity

©
[N
X

0.0

Energy keV)

1.0
b A=0.9 um — 1.56%
— 3.12%
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Figure 6. S-matrix simulations of reflectivity spectra (R) for Si:InAs/AISb
multilayers as a function of: a) grating periodicity (A); b) Si-doping con-
centration. Yellow square, star and circle correspond to VPPO, VPP1, and
VPP2, respectively.
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Figure 7. Magnetic field intensity (top) and 2D profile (bottom) of the a) VPP2, b) VPP1, and c) VPPO modes identified in Figure 6a for Si:InAs/AISb
HMM (c; = 3.12%, f,, = 0.5, d,,, = 100 nm, N' = 10, and A = 0.9um). Green/gray areas identify metal/dielectric bilayers, violet areas mark the reflec-
tion/transmission embedding media (i.e., air); incoming light impinges on the left side of the multilayer, which includes also the grating layer. The 2D
field profiles are computed with a spatial resolution of 211 nm along the x direction and ~23 nm along the z direction.

metamaterial. Conversely, darker regions indicate higher attenu-
ation due to a higher imaginary component.

While the PBS plot provides continuous solutions for the exci-
tation of EM modes within the infinite multilayer, the application
of boundary conditions due to finite-thickness stack and a match-
ing coupler imposes selective rules, which restrict the possible
VPP modes that can be excited in the metamaterial. For exam-
ple, the inclusion of a grating layer imposes conditions on the
in-plane k, wavevectors, which depend on the grating periodic-
ity A. For this reason, in Figure 8a we plotted the bandplot as a
function of k, = k_/T,, where T, = 2z/A, and A = 0.9um. This
allows for the decomposition of grating refraction components in
multiple harmonics, as shown in Figure 8b. The integer values
k. =0,1,...,n (vertical red lines) correspond to the fundamen-
tal, the first, ..., the n"* harmonic, respectively; the higher the har-
monic, the lower the intensity of the refracted EM component.

In a similar way, the finite number of repeated metal/dielectric
bilayers selects specific values for the possible k, perpendicular
to the stack. It is possible to excite just a finite number of Bloch
waves in the multilayer, and this happens when the thickness of
the stack is an integer multiple of half a wavelength of the incom-
ing radiation. This corresponds to satisfy the resonance condition
Ay, /27k, = (m+ 1)/2N, where d,, and N are the thickness and
the number of the repeated bilayers, respectively, and m is an inte-
ger ranging from 0 to A" — 1. The m-index indicates the number
of nodes of the EM field within the metamaterial and thus pro-
vides a direct correlation between the resonance values of k, and
the order of the VPP discussed above. Colored lines in Figure 8a
represent the isovalue lines corresponding to the first six reso-
nance k,, values for a Si:InAs/AISb composed of N' = 10 bilayers.
Once the grating and the thickness conditions are fixed, the in-
tersections between the vertical red lines and the colored isolines
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correspond to the unique possible EM fields that may be excited
within the metamaterials. Changing the values of A and/or N
shifts the position of the matching points in the photonic band
structure plot.

In the case of Figure 8a, for E > 0.6 eV the system has a dielec-
tric character, thus the resonance points (cyan diamonds) corre-
spond to the ordinary light refraction conditions. The values E =
0.74 and 0.89 eV at k, = 0 closely match the higher energy min-
ima in the reflectivity spectrum of Figure 6a. For E ~ 0.5 eV, the
system has a Type-I hyperbolic response, and the matching point
between the fundamental harmonic line k, = 0 and the m = 0
isoline represents the VPPO mode (yellow square), which corre-
sponds to the lowest minimum in the reflectivity spectrum. The
flat energy dispersion of the m = 0 isoline concurs with the in-
sensitivity of the reflection minimum with respect to the grating
periodicity A shown in Figure 6a. At lower energy, the system
has a Type-II character. In this case, the fundamental harmonic
does not contribute to higher order VPPs, i.e., no isoline intersec-
tions at k, = 0. The VPP1 (yellow star) and VPP2 (yellow circle)
resonances observed in reflection spectra mostly stem from the
second harmonic diffraction peak (k, = 2) and the isoline curves
for m =1 and m = 2. The proximity of these peaks to dark-color
edge in the plot (i.e., higher energy dissipation) goes in parallel
with the lower intensity of the corresponding reflection minima.
Higher order VPPs could be further excited at higher harmonic
conditions, but their low intensities make them hardly recogniz-
able in the reflectivity spectra.

4, Conclusion

By combining multiscale and multiphysics techniques, we
have investigated the possibility to excite and tune volume
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Figure 8. a) Photonic band structure of Si:InAs/AlSb (¢, = 3.12%, f,,, =
0.5, d,,; = 100 nm). Red vertical lines correspond to the lowest harmonic
contributions for A = 0.9 um, colored curved lines correspond to the first
six k, resonance values (m = {0 — 5}) for N = 10 metal/dielectric bilayers.
Colored symbols indicate EM solutions for the selected geometric condi-
tions: cyan diamonds correspond to ordinary dielectric refracted modes,
yellow symbols indicate the most intense VPP modes as in Figure 6a. b)
Schematic representation of harmonic generation from planar grating. In-
teger labels indicate the lowest diffracted harmonics and correspond to
red lines in panel (a).

plasmon-polaritons modes in hyperbolic metamaterials based
on III-V semiconductors. We analyzed the multi-dimensional
phase space, by varying chemical composition, doping concen-
tration, metallic filling factor, number of layers in the stack, and
the grating coupler. This allows us to have a direct comparison
with experiments and to gain a microscopic understanding of
the origin of the volume plasmon-polaritons modes in these hy-
perbolic metamaterials. First principles simulations are used to
evaluate the effect of doping on the dielectric function and the
plasmonic excitation of the composing materials. While effec-
tive medium theory provides insights on the overall optical re-
sponse of the metamaterials, the S-matrix approach is shown to
be a powerful tool for interpreting experimental spectra, which
keeps directly into account all the geometric features of the ex-
perimental setups. Finally, the photonic band structure is par-
ticularly useful to design and optimize the geometrical condi-
tions to tune the energy and the spatial distribution of the volume
plasmon-polaritons that may travel across the multilayer. Our in-
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tegrated approach paves the way to a unique material-geometry
co-design to realize optimal plasmon-based hyperbolic metama-
terials. Starting from an atomistic description of the constituent
materials, we demonstrate that the proper choice of composition
and geometry setup allows for the excitation of multiple VPP trav-
eling modes with high quality factors (i.e., low losses) across the
mid-IR and THz ranges. Their energies and propagation lengths
can be selectively controlled, opening new routes for bio-sensing
applications, thermal emission control, and THz detection. In
particular, the choice of III-V semiconductors (rather than no-
ble metals) promises better compatibility with epitaxial growth,
improving the monolithically integration with other semiconduc-
tor nanostructures (e.g., 2D materials, quantum wells, quantum
dots, etc.), and the realization of novel hybrid polaritonic THz de-
vices (e.g., on-chip optics, lasers, detectors, modulators) with en-
hanced performances and novel dispersion engineering. Further-
more, the high photonic density of states of HMMs, along with
the plasmon tunability of doped-semiconductors make these sys-
tems promising for enhanced thermal emission and radiative
thermal transfer, also beyond black-body limit.
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