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ABSTRACT

Ferrell and Berreman modes are absorption resonances in thin metal films and polar-dielectric media that arise from radiative bulk plasmon-
polariton and phonon-polariton excitations. Compared to surface polaritons, Ferrell and Berreman modes occur due to volume charge oscil-
lations across the medium and provide a unique pathway for light–matter interactions. Though the resonances are studied individually, strin-
gent polarization and material requirements have prevented their observation in one host medium. Here, we show simultaneous excitation of
Ferrell and Berreman absorption resonances in refractory epitaxial TiN/Al0.72Sc0.28N plasmonic metal/polar-dielectric hyperbolic metamate-
rials in the visible and far-infrared spectral ranges. The nanoscale periodicity of the superlattices enables the coupling of bulk plasmons (and
longitudinal optical phonons) across different TiN (and Al0.72Sc0.28N) layers and allows polarization matching with free-space light that
results in Ferrell (and Berreman) mode excitations. Ferrell and Berreman absorption resonances can be used for strong light confinement in
radiative cooling, thermophotovoltaics, and other dual-band applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150185

Plasmons are quantized quasiparticles that represent the collec-
tive (plasma) oscillation of the free electron gas density.1 Plasma oscil-
lation in metals is longitudinal, where electron motion and plasma
movement follow the same direction. On the other hand, free-space
propagating light is a transverse wave. Due to this polarization mis-
match, electromagnetic waves do not couple with the plasma oscilla-
tions. However, at the surface of thin metallic foils, image forces
constraint electrons to remain inside the metal, which leads to an
uncertainty in the momentum perpendicular to the foil.2 As a result,
the plasma oscillation acquires a transverse character and couples with
p-polarized light at oblique incidence, which produces resonances
known as the Ferrell modes2 [see Fig. 1(a)]. Unlike surface plasmon
polaritons that are dark and correspond to the charge oscillations on

metal surfaces, Ferrell modes result from the volume charge oscillation
across the metal foil and are radiative.3 Due to the sharp and intense
resonance, Ferrell absorption can be used for applications such as
polarization control,4 sensing,5 imaging,6 and solar energy harvesting.7

Similar to the Ferrell modes, ultrathin polar-dielectric materials
also exhibit a sharp and strong IR absorption band close to their longi-
tudinal optical (LO) phonon frequencies, referred to as the Berreman
mode8 [see Fig. 1(b)]. These leaky TM (transverse magnetic)-polarized
polaritonic resonances9 originate spectrally close to the LO phonon in
ultrathin polar-dielectric media and acquire transverse character due
to the coupling between top and bottom interfaces. Berreman resonan-
ces provide an effective way to achieve strong light–matter interactions
in the (far)-IR spectral regime and could be useful in thermal
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emitters,10 passive radiative cooling,11 diagnosis tools for cancer detec-
tion,12 biomolecular fingerprinting,13 etc.

Ferrell and Berreman absorption have usually been studied sepa-
rately in thin metals and polar-dielectric films. For example, electron
beam irradiation3,14 has been used to study the Ferrell modes in ele-
mental metals such as Ag, Au, Cu, Al, and Ti.15,16 In contrast, alkali
halides such as LiF8 and well-established polar dielectrics such as
AlN,17 GaN,18,19 and SiC20 are used to excite the Berreman modes.9

The narrow-band Berreman resonance in AlN has also been proposed
as a selective thermal emitter.10 Furthermore, active tuning of the
Berreman modes with LO phonon-plasmon coupling and embedded
eigenstates based on Berreman modes have been demonstrated.21

However, the development of dual-band absorbers hosting both
Ferrell and Berreman modes is yet to be demonstrated due to the con-
flicting material and optical property requirements. Several emerging
technologies often demand for large absorbance in both the UV-VIS
and the near IR spectral range.22–25 To accomplish such a task, the so-
called “metamaterials” offer unparalleled design opportunity.26–29

The necessity of having plasmonic and polar-dielectric materials
in one meta-structure can be obtained in epitaxial plasmonic metal/
polar-dielectric superlattices [see Fig. 1(c)]. However, most demonstra-
tions of metal/dielectric multilayers involve Au or Ag as plasmonic
components and amorphous dielectric such as SiO2 and TiO2 that
exhibit covalent character.7,30 Moreover, due to the significant surface
energy mismatches, the multilayers mentioned earlier generally do not
possess atomically sharp and abrupt interfaces, leading to additional

complexity in analyzing their properties. Nevertheless, Ferrell modes
have been recently demonstrated in Ag/SiO2 metal/dielectric multi-
layers.31 However, due to the covalent nature of SiO2, achieving polar
phonon modes and Berreman excitation in such multilayers is
challenging.

The dual-band Ferrell and Berreman absorption can be achieved
in TiN/Al0.72Sc0.28N metal/polar-dielectric superlattices. TiN is a
refractory transition-metal nitride, exhibits an epsilon-near-zero
(ENZ) resonance at �470nm, and is regarded as an alternative plas-
monic material to gold. TiN exhibits a high melting temperature of
2600 �C, is corrosion resistant, shows a high mechanical hardness of
24GPa, and can be deposited in thin film and ultrathin film form.32,33

Similarly, rock salt-Al0.72Sc0.28N is a polar dielectric developed with
the solid-state alloying of AlN and ScN to lattice-match with TiN.34

AlN17 and ScN35,36 are polar semiconductors, and rock salt-
Al0.72Sc0.28N exhibits a LO phonon frequency at 848 cm�1 close to the
LO phonon frequency of AlN. Epitaxial TiN/Al0.72Sc0.28N superlattices
show hyperbolic photonic dispersion with both type-I and type-II
characteristics34 and significantly high densities of photonic states.
Plasmonic properties of TiN/Al0.72Sc0.28N multilayers with varying
dielectric thicknesses have been observed and discussed recently.37 As
TiN’s plasmonic properties vary with the mechanical strain present in
the film,38 achieving lattice-matched interfaces of TiN with
Al0.72Sc0.28N is crucial for achieving the high-quality Ferrell modes. In
this work, we demonstrate the coexistence of both Ferrell and
Berreman absorption resonances in refractory CMOS-compatible and

FIG. 1. Excitation of Ferrell and Berreman modes in TiN/Al0.72Sc0.28N metal/polar-dielectric superlattices. (a) Schematic of Ferrell absorption on a thin metallic film close to its
epsilon-near-zero frequency (xENZ ). (b) Schematic of Berreman absorption on a thin polar dielectric close to its LO phonon frequency. (c) Schematic of Ferrell and Berreman
absorption in a metal/polar-dielectric superlattice. Ferrell modes in superlattice appear due to absorptions from radiative bulk plasmon-polariton mode, while Berreman mode
appears due to the coupling of light with LO phonon-polariton in Al0.72Sc0.28N. Experimentally measured transmission spectra of (d) p-polarized and (e) s-polarized light through
a 20 nm/20 nm TiN/Al0.72Sc0.28N metal/dielectric superlattice. The dip in absorption at �470 nm in p-polarized transmission corresponds to the Ferrell absorption. No such
transmission dip is observed in s-polarized light. Simulated (f) p-polarized and (g) s-polarized transmission spectra calculated with the transfer matrix approach (the finite ele-
ment method, see supplementary material Fig. S5) showing the Ferrell absorption.
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epitaxial TiN/Al0.72Sc0.28N metal/polar-dielectric superlattices with
nanoscale layer thicknesses that translate to nanoscale periodicity.

TiN/Al0.72Sc0.28N superlattices with periodicity of 40nm (20nm/
20nm, eight periods), 20nm (10nm/10nm, eight periods), and 10nm
(5nm/5nm, 16 periods) are deposited on double-side polished (001)
MgO substrates with ultrahigh-vacuum DC-magnetron sputtering at a
base pressure of 1� 10�9Torr. Additionally, 80nm TiN and 100nm
Al0.72Sc0.28N films are deposited on (001) MgO and on 100nm TiN
coated (001)MgO substrates, respectively. TiN coating onMgO substrates
serves as metallic back plates. Details about the growth and material char-
acterization are presented in supplementary material sections 1–3.

Angle- and polarization-dependent transmission measurements
of 40 nm period superlattices show a dip in the transmission at
�470nm for the p-polarized light at oblique angles of incidence [see
Fig. 1(d)]. At less than 30� angles of incidence, the transmission dip is
less pronounced. This p-polarization transmission dip corresponds to
the Ferrell mode close to TiN’s epsilon-near zero (ENZ) frequency.
Due to their radiative nature, Ferrell modes allow for light absorption
at the ENZ frequency of the metal, which results in a dip in the
p-polarized transmission spectrum. No such dip is observed for the
s-polarization [see Fig. 1(e)] at any angle of incidence.

To investigate the origin of the transmission dip further, the
dielectric permittivity of the superlattices is measured with spectro-
scopic ellipsometry. Results show that TiN layers exhibit a zero cross-
ing of the real component of the dielectric permittivity (e1) at
�470nm that corresponds to its ENZ wavelength [see Fig. 2(a)]. This
transition is consistent with the dielectric-to-metallic crossover of a
thick TiN film (80nm thickness) that occurs at 2.637 eV (�470nm

see Fig. S4 in the supplementary material). On the other hand,
Al0.72Sc0.28N exhibits a dielectric optical response with real dielectric
permittivity (e1) close to 5.5 throughout the visible-to-near IR spectral
ranges [see Fig. 2(b)], which agrees well with the direct bandgap of
Al0.72Sc0.28N of�3.4 eV.39

While the individual layers act as metallic and dielectric, the con-
sidered superlattice behaves as an effective anisotropic hyperbolic opti-
cal medium with different in-plane (ek) and out-of-plane (e?)
dielectric permittivity in the principal component of the dielectric ten-
sor (eeff :) [see Eqs. (1) and (2)]. The anisotropic dielectric permittivity
determined with the first-order Maxwell Garnett effective medium
theory [see Eqs. (3) and (4)]29 shows that, consistent with previous
reports,34 TiN/Al0.72Sc0.28N superlattices exhibit a hyperbolic photonic
dispersion with different signs of the ek1 and e?1 [see Fig. 2(c)]. From
490 to 605nm, ek1 is positive, while e?1 is negative, leading to a so-
called type-I hyperbolic dispersion. However, beyond 605nm, the per-
mittivities reverse their sign, leading to a type-II hyperbolic dispersion.
Consistent with its hyperbolic photonic nature, the imaginary part of
the dielectric permittivity along the out-of-plane direction ðe?2 ) exhib-
its [see Fig. 2(d)] a peak at the epsilon-near-pole resonance (ENP), as a
signature of the type-I-to-type-II iso-frequency or Lifshitz transition,40

e ¼ e1 þ ie2; (1)

eeff : ¼ diag ½ek; ek; e?�; (2)

ek ¼ qem þ 1� qð Þed; (3)

e? ¼ q=em þ 1� qð Þ=ed
� ��1

: (4)

FIG. 2. Dielectric permittivity of TiN, Al0.72Sc0.28N, and TiN/Al0.72Sc0.28N metal/dielectric superlattice hyperbolic metamaterials. (a) Real and imaginary components of the
dielectric permittivity of TiN inside the superlattice (extracted from spectroscopic ellipsometry measurements) are presented. TiN exhibits an epsilon-near-zero (ENZ) wave-
length at �470 nm. (b) The dielectric constant of r-Al0.72Sc0.28N inside the superlattice is extracted similarly. (c) Anisotropic dielectric constant of TiN/Al0.72Sc0.28N metal/semi-
conductor superlattices calculated with the effective medium approximation. ek1 and e?1 represent the real component of the permittivity along the in-plane and out-of-plane
directions, respectively. Both type-I and type-II hyperbolic photonic dispersions are achieved from 490 to 605 nm and from 605 to 1500 nm, respectively. (d) Imaginary compo-
nent of the dielectric permittivity of the superlattices shows a high optical loss in e?2 at 605 nm. (e) The energy-loss function Imf�1=eg for TiN film (green curve), for superlat-
tice in-plane (red curve), and out-of-plane (blue curve). (f) Dispersion relation of SPPs at the interface between TiN with air (blue curves) and Al0.72Sc0.28N (red curves) along
with the light lines (dotted lines).
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Here, eeff : is the dielectric permittivity tensor of the superlattice that
constitutes a hyperbolic optical medium. em and ed are the complex
dielectric permittivities of the metal (TiN) and dielectric
(Al0.72Sc0.28N) layers, respectively, and q ¼ dm

dmþdd corresponds to the
metal volume fill fraction, where dm and dd are the thicknesses of the
metal and dielectric layers, respectively.

From the knowledge of the dielectric permittivity of the individ-
ual layers and the superlattices, it is clear that the dip in the p-polariza-
tion transmission occurs at the ENZ wavelength of TiN and cannot be
traced back to any ENZ, ENP, or interband transition of the superlatti-
ces. For interband transitions, the absorption should have been observ-
able for both the polarization states. The p-polarization transmittance
dip can be directly connected to the sharp maxima of the energy-loss
function Imf�1=e?ðxÞg of TiN, as shown in Fig. 2(e). The absence of
such a dip in the transmission spectra of an 80nm thick TiN film in
either p- or s-polarization [see Fig. 3(a)] confirms the radiative volume
plasmon-polariton nature of this resonance that appears as a Ferrell
mode in the superlattices due to the presence of thin TiN. Indeed,
since volume charge oscillations in bulk TiN (thick films) are purely
longitudinal, they cannot be excited with the free-space light.
Similarly, surface plasmon-polariton excitation modes at the TiN/
Al0.72Sc0.28N interfaces fall below to the right of the light cone and,
therefore, cannot be excited [see Fig. 2(f)].

Transmission measurements carried out on the other TiN/
Al0.72Sc0.28N superlattices (with 40, 20, and 10nm periodicity) also
show the p-polarization transmission dip at 470nm at high angles of
incidence, and no transmission dip for the s-polarized light [see Figs.
3(b) and 3(d)]. The dispersion-less nature of the dip, whose spectral
position remains unvaried while increasing the incidence angle, is a
further proof that it is a Ferrell mode rather than a Fabry–P�erot one.41

The mechanism of the Ferrell mode excitation in superlattices
has a slightly different physical origin than that of an isolated ultrathin
metal foil. Since the thicknesses of individual TiN layers inside the
superlattice are smaller than the optical skin depth (�40–50nm),42

volume charge oscillations across different interfaces couple with each
other and lead to a collective charge oscillation across the superlattice.
Therefore, the collective volume charge oscillation acquires a trans-
verse character that enables its interaction with free-space light.
According to the calculation of McAlister and Stern,43 the decay rate
(inverse of radiative mean lifetime) of the Ferrell mode is strongly
dependent on the angle of incidence, through the relation

s�1r �
2
e0

pd
k
sin h tan h � xp

pd
k
sin h tan h; (5)

where sr is the radiative mean lifetime, h is the angle of incidence
measured from the film normal, k is the wavelength, d is the thickness

of the film, and e0¼ dem
dx

� �
x¼xp

measured at the plasma frequency.

Equation (5) suggests an extremely fast decay rate for the radiation
that is caused by the high degree of correlation for the long wavelength
plasmons. For an incident angle of 60� and 20nm TiN thickness, the
s�1r � 0:198xp. Therefore, while the interband and other types of
electronic transition usually exhibit a transition rate of 108 s�1, the
Ferrell mode exhibits a decay rate of a fraction of the plasma frequency
of�1015 s�1.2

Equation (5) also shows that the width of the transmission dip
(inverse of the lifetime) and its magnitude (strength of the absorption)
are determined not only by the slope of the real part of the dielectric
permittivity of the metal and the optical loss at the ENZ frequency,
but also by the angle of incidence and thickness of the metal. The
depth of the transmission dip and its width are calculated as a function
of the angle of incidence in Fig. 4. The plot shows that the transmis-
sion dip (namely, the Ferrell absorption) is strongest when h is
�50�–65 �. The width of the transmission dip is also maximized at
large angles of incidence at 60�–72� that supports the underlying phys-
ical mechanism. Furthermore, among the three superlattices studied
here, the strength of the Ferrell absorption shows maximum intensity
for the 20nm periodicity (see Sec. 6 in the supplementary material).

FIG. 3. Ferrell mode in TiN/Al0.72Sc0.28N metal/dielectric superlattices as a function of superlattice periodicity. Polarized transmission measurements of (a) 80 nm thick TiN, (b)
20/20 nm, (c) 10/10 nm, and (d) 5/5 nm superlattices are presented. Superlattices show a dip in transmission for the p-polarized light at higher angle-of-incidence representative
of the excitation of the Ferrell mode excitation. No such transmission dips are observed in the s-polarized light. 80 nm thick TiN does not exhibit any transmission dip, which is
consistent with the fact that Ferrell modes cannot be excited in thicker films.
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The experimental transmission spectra are further modeled with
transfer matrix approach (and the finite element method, see supple-
mentary material Fig. S5) utilizing the dielectric permittivity values of
the individual layers. As shown in Figs. 1(f) and 1(g), the calculated
p-polarized and s-polarized transmissions look similar to the experi-
mentally measured spectra with well-established dip in the transmis-
sion for p-polarized light. Though the amount of dip in the
transmission spectrum and, consequently, the strength of Ferrell mode
excitations are relatively low, further research on the reduction of
metal thickness and variations of the number of superlattice periods
and period thickness would lead to stronger Ferrell absorptions.
Similarly, compared to the metasurfaces and metamaterials that often
produce sharper resonances with larger Q-factor44–47 but require
costly nanofabrication and lithography processes, the present
approach is easily scalable from the nano- to the wafer-scale since it is
based on an intrinsic property of a material. Furthermore, the Ferrell
mode spectral positions occur at the ENZ position of the plasmonic
metal under investigation and do not depend on the size and shape of
the nanostructures that would be useful for absorption at targeted
spectral range applications.

Similar to the Ferrell mode excitation, reflectivity measurements
of the 20/20 nm TiN/Al0.72Sc0.28N superlattices [see Fig. 5(a)] show a
sharp dip close to the LO phonon frequency of Al0.72Sc0.28N layers at
848 cm�1 that represent the Berreman excitation.48 The full-width-at-
the-half-maxima (FWHM) of the Berreman absorption is 75 cm�1,
which results in a resonance Q-factor (x/Dx) of 11.3. As discussed
before, Berreman excitation follows nearly the same physical origin as
the Ferrell resonance, except that the Berreman modes represent polar
optical phonon vibrations. The experimentally measured reflectivity
spectrum in Fig. 5(a) is modeled with Fresnel’s equation (see the sup-
plementary material for details) accompanied by a Berreman term8

[Eqs. (6) and (7)],

RBerreman ¼ 1� 4d
Im ePDð Þ

Re ePDð Þ2 þ Im ePDð Þ2

 !" #
; (6)

where ePD represents the permittivity of Al0.72Sc0.28N layers, given by

ePD ¼ e1 1þ xLO
2 � xTO

2

xTO
2 � x2 � ixC

� �
: (7)

Here, xLO (xTOÞ is the LO (TO) phonon frequency of r-Al0.72Sc0.28N,
C is the damping of the phonons, and d/2p is the thickness of the

dielectric film, measured in vacuum wavelengths of the incident radia-
tion. The modeled reflectivity spectrummatches with the experiment.

The dielectric permittivity, extracted from the fitting of the reflec-
tivity spectrum [see Fig. 5(b)], shows that the Berreman frequency
appears close to the LO phonon frequency of Al0.72Sc0.28N layers. At
the LO phonon frequency, the dielectric permittivity of r-Al0.72Sc0.28N
exhibits an ENZ crossover, and the energy-loss function exhibits a
sharp maximum [see Fig. 5(c)], both of which are necessary conditions
for achieving the Berreman absorption. Similar to the superlattice with
a 40nm period thickness, the other two superlattices also show the
similar Berreman excitations at the same spectral position as expected
(see Sec. 7 in the supplementary material).

In conclusion, we demonstrate dual-band Ferrell and Berreman
optical absorption in epitaxial plasmonic TiN/polar-semiconducting
Al0.72Sc0.28N hyperbolic metamaterials in the visible and far-infrared
spectral ranges, respectively. The Ferrell and Berreman modes occur
near the ENZ frequency of TiN and the longitudinal optical (LO) pho-
non frequency of Al0.72Sc0.28N, respectively. Their excitation with free-
space light is enabled by the nanoscale thickness of the individual
layers constituting the superlattice that allows for the collective

FIG. 4. Angle-dependence of Ferrell
mode in TiN/Al0.72Sc0.28N metal/dielectric
superlattices. (a) Relative intensity (the
amount of decrease in the transmission
peak with respect to an undipped peak at
the ENZ point) and (b) width [full-width-at-
half-maxima (FWHM)] in 20/20 nm TiN/
Al0.72Sc0.28N metal/dielectric eight period
superlattice as a function of angle of
incidence. The intensity is higher for
h � 50 �–65 �, while the width gradually
increases with the angle.

FIG. 5. Berreman modes in TiN/Al0.72Sc0.28N metal/dielectric superlattices near the
LO phonon frequency of r-Al0.72Sc0.28N. (a) A sharp decrease in reflectivity corre-
sponding to the Berreman mode excitation (absorption) is shown on a 20 nm/20 nm
TiN/Al0.72Sc0.28N metal/dielectric superlattice. (b) Real and imaginary components
of the dielectric permittivity of r-Al0.72Sc0.28N in the far-infrared spectral range. Due
to its polar-semiconducting nature, e1 of r-Al0.72Sc0.28N exhibits a negative value
within a band encompassed by the LO and TO phonon mode frequencies, known
as the Reststrahlen band. (c) The energy-loss function Imf�1=eg for the
r-Al0.72Sc0.28N film.
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excitation of volume plasmons across different interfaces. Such a
mechanism endows these otherwise purely longitudinal waves with an
additional degree of transverse behavior. Unlike the surface plasmon
or phonon-polariton resonances, the Ferrell and Berreman excitations
are radiative and are characterized by fast decay rates. Demonstration
of the Ferrell and Berreman optical resonances in a single metamate-
rial marks a significant progress not only for the fundamental analysis
of their physical properties, but also for the development of dual-band
optical absorbers for solar-thermophotovoltaics, radiative cooling, and
other nano-photonic applications.

See the supplementary material for the details on structural char-
acterization of the superlattice, optical properties of TiN, details on the
electromagnetic simulation method, angle-dependent reflection spec-
tra, angle-dependence of Ferrell modes, and thickness dependence of
Berreman modes in TiN/Al0.72Sc0.28N superlattices.
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