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Abstract: Natural materials with hyperbolic responses can confine light with well-defined 
propagation directions inside the micro/nanostructure. Here we theoretically demonstrate that 
strong resonance absorption can be achieved in one-dimensional gratings made of hexagonal 
boron nitride (hBN) due to hyperbolic phonon polaritons. The radiative properties of both 
trapezoidal and square resonators are calculated using anisotropic rigorous coupled-wave 
analysis. The resonance wavelengths can be theoretically predicted and are shown to follow 
the anomalous or traditional scaling laws depending on the hyperbolicity. These findings may 
benefit the applications including photodetection, color filters, and optomechanics. 
© 2017 Optical Society of America 
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1. Introduction 
Resonance absorption plays an important role in many applications such as optoelectronics, 
chemical sensing, optomechanics, and quantum optics [1–4]. By confining light within the 
resonators of miniaturized sizes, one can increase the photon density of states and thus 
enhance the light-matter interaction to achieve strong resonance absorption. Examples of this 
nature include nanoparticles of different shapes [5,6], gratings that support localized 
resonances [7–9], and surfaces with metamaterial resonators [10]. Another approach is to 
utilize hyperbolic metamaterials, such as metal-dielectric multilayers and nanowire array, 
whose isofrequency surface can extend to infinity such that waves with large wavevectors are 
allowed to propagate inside the material [11]. Resonators made of hyperbolic metamaterials 
thus can confine light in a scale smaller than the diffraction limit [12]. However, the 
maximum allowed wavevector is limited by the size of the unit cell of the metamaterials for 
the sake of the validity of effective medium approximation [11]. This in turn hinders the 
degree of confinement of light inside artificial hyperbolic metamaterials. 

One of the solutions is to use natural hyperbolic materials such as hexagonal boron nitride 
(hBN), which possesses two hyperbolic regions in the mid-infrared range with different 
hyperbolicities. Since the unit cell of these materials is at the atomic scale, an extremely high 
degree of confinement can be achieved [13–16]. It has been experimentally demonstrated that 
hyperbolic phonon polaritons (HPPs) can be supported by an hBN film with a thickness that 
is only several nanometers [17]. Therefore, resonators made of hBN may enable highly 
concentrated strong resonance absorption. More interestingly, due to the extreme 
confinement, the propagation of HPPs is highly directional and can be well described based 
on the dielectric function of hBN [15, 18]. This unique property of HPPs has attracted 
significant attention because of the potential applications in sub-diffraction imaging and 
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focusing [15, 18]. However, using HPPs to create resonance absorption has not yet been 
explored and hyperbolic gratings may provide another way to create strong absorption. 

In this work, we theoretically demonstrate that perfect or nearly perfect absorption can be 
achieved with hBN resonators due to different resonant modes. The frequency of the 
resonance modes can be well predicted based on the propagation direction of HPPs and the 
geometry of the resonators. Resonance modes with higher orders may oscillate at a higher or 
lower frequency, depending on which hyperbolic region the resonance occurs. 

2. Strong resonance absorption 
A 1D trapezoidal hBN grating over a Ag film (substrate) is illustrated in Fig. 1(a). The grating 
is periodic in the x-direction with a period of Λ. In each period, hBN is shaped to an isosceles 
trapezoid with its height, short and long bases being h, tt, and tb, respectively. The dielectric 
function of Ag is obtained using a Drude model [7, 19]. Incident plane waves have an 
incidence angle θ  and a wavevector inc 0 0ˆ ˆsin cosk kθ θ= +k x z  , where 0k  is the magnitude 
of the wavevector in vacuum. The plane of incidence is the x-z plane and the incident waves 
are transverse-magnetic (TM) polarized with the magnetic field oscillating in the y-direction. 
The right-side trapezoid also shows HPP propagation to be discussed later. The optical 
property of hBN is described by a tensor, ( )hBN diag , ,ε ε ε ε⊥ ⊥=



  , with the optical axis in the 
z-direction in the given coordinate [20]. The real and imaginary parts of the dielectric 
function are respectively denoted as ε ′  and ε ′′  hereafter. The phonon modes of hBN result 
in a Type-II hyperbolic region ( 0ε⊥′ <  and 0ε ′ >



) from about 6.2 μm to 7.3 μm and a Type-
I hyperbolic region ( 0ε⊥′ >  and 0ε ′ <



) from 12 μm to 12.8 μm, respectively. In this work, 
we focus on the Type-II hyperbolic region but the discussed findings are also applicable in 
the Type-I region. The absorptance is obtained by one minus the reflectance. Anisotropic 
rigorous coupled-wave analysis is employed to calculate the reflectance and field 
distributions [21]. The grating is discretized using 100 layers in a stairwise manner. 

 

Fig. 1. (a) Schematic of the proposed structure with hBN trapezoidal grat ings on a Ag 
substrate. The right-side structure also shows the propagation of HPPs. (b) The absorptance 
spectrum for TM waves at normal incidence (θ = 0°) of the structure shown in (a) with the 
grating parameters given in the figure. (c) Angular dependence of the resonance absorptance of 
the same structure. 

Figure 1(b) shows the absorption spectrum of the structure when Λ = 3 μm, tt = 0.04 μm, 
tb = 2 μm, and h = 1 μm. Several strong absorption peaks occur within the Type-II hyperbolic 
region. The first five predominate peaks are at λ = 6.56 μm, 6.72 μm, 6.85 μm, 6.97 μm, and 
7.05 μm with the absorptance (α) being 0.83, 1.0, 1.0, 0.99, and 0.94, respectively. The high 
absorptance indicates a strong light-matter interaction. Note that the highly reflecting silver 
substrate is critical to the strong absorption in the hBN gratings, and the absorptance would 
decrease if a transparent substrate were used. The resonances are insensitive to the change of 
incidence angle as illustrated by the contour plot shown in Fig. 1(c), and more explanations 
will be given later. To demonstrate the nature of the resonances, the local power 
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dissipation, ( ) ( )2 2
00.5 x zw x,z E Eε w ε ε⊥′′ ′′= +



 with 0 andε ω   respectively being the vacuum 

permittivity and angular frequency, is calculated at the first, third, and fifth predominant 
absorptance peak, as shown in Fig. 2(a), (b), and (c), respectively [21, 22]. Almost all the 
absorbed power is dissipated inside the hBN resonators. Thus the coupling between the 
adjacent trapezoids can be neglected and each of the trapezoids acts as an individual 
resonator. It is clear that some straight bright rays show up inside the hBN trapezoid, 
indicating a highly localized strong absorption. They are caused by HPPs as will be discussed 
in the next. 

 

Fig. 2. Local power dissipation contours in the structure for (a) λ = 6.56 μm; (b) λ = 6.86 μm;  
and (c) λ  = 7.05 μm. The dashed line with an arrow shows the directional propagation of HPPs  
(one branch) inside the trapezoidal resonator whose geometry is the same as for Fig. 1(b). The 
incidence electric field is 1 V/m and the unit for w is 105 W/m3. The white dashed line shows 
the interface below which is the Ag substrate. 

3. Hyperbolic phonon polaritons (HPPs) 
For TM waves, the hyperbolic regions allow waves with unbounded wavevectors to 
propagate as can be seen from the isofrequency curve 2 2 2

0x zk k kε ε⊥+ =


, where ( ),x zk k=k  
represents the allowed wavevector. Since the allowed wavevectors follow a hyperbola, both kx 
and kz can extend to very large values that are limited only by the atomic distances between 
hBN monolayers. It has been demonstrated theoretically and experimentally that an hBN film 
can support multiple orders of HPPs with wavevectors that can extend to more than 100k0. 
The large wavevectors make the isofrequency curve approach the asymptotic lines described 
by z xk kε ε⊥= ± −



, and thus the propagation angle of the HPPs, defined as the angle 
between z-axis and the energy flux of the polaritons, is almost independent of the 
wavevectors and can be described as [14, 15, 18] 

 arc tan
ε

β
ε
⊥

 
= −  

 

 (1) 

This formula provides a way to calculate the propagation angle of HPPs at any given 
wavelength. 

For the trapezoid resonators, the dissipation toward the top is stronger as shown in Fig. 2, 
indicating a concentrated electric field therein. Due to local scattering, concentrated electric 
field with high wavevectors are generated near the edge of trapezoid [14], and HPPs are 
lunched predominantly from the two upper edges, resulting in polariton rays with strong 
dissipation. This can be justified by a close analysis on the direction of the strips, which 
agrees well with the propagation angle of the HPPs predicted by Eq. (1). The HPPs 
experience total internal reflections on the sides, and based on the field plots, they end at the 
bottom corner of the trapezoid to form a resonance. The dashed lines indicate one of the two 
paths that HPPs follow. The resonance conditions can be predicted based on this picture by 
considering the right-side resonator shown in Fig. 1(a). The dashed lines show the two 
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branches of HPPs. Note that the reflection of the HPPs on the sides of the trapezoid are not 
specular but anomalous, meaning that the reflection of HPPs are not affected by the slope of 
the sides and the polaritons reflect as if the sides are vertical, as has been experimentally 
justified in a similar cone nanostructure [23]. Based on Eq. (1), one can obtain the order of the 
resonances, which equals the number of reflections HPPs experience on the sides: 

 ( )ln
2 tanln
2 tan

t b

b t

b t

t t
n

h t t
h t t

b
b

=
 − +
 + − 

 (2) 

Since propagation angle β depends on wavelength, only at a specific wavelength can the 
right-hand-side take integer values, yielding a way to predict the resonance conditions. Based 
on this method, the predicted wavelengths for the first five orders (i.e. n = 1 to 5) are 6.56 μm, 
6.68 μm, 6.83 μm, 6.95 μm, and 7.03 μm, matching well with the simulation and justifying 
that the resonances are caused by the directional propagation of HPPs. The three resonances 
shown in Fig. 2 are thus the first three odd orders. 

Since the resonances are localized, they are insensitive to the change of incidence angle 
because of the spatial incoherence, as demonstrated previously in Fig. 1(c). Note that in the 
Type-II hyperbolic region, β increases as the wavelength becomes longer [15]. Thus, the 
resonances associated with lower orders are excited at shorter wavelengths. This is very 
different from traditional cavity resonances and a similar anomalous scaling law was 
demonstrated in a metal-dielectric multilayer hyperbolic metamaterials [12]. However, since 
the propagation direction of the polaritons can only be wavevector independent when extreme 
confinement is supported, the resonance in hyperbolic metamaterial resonators can hardly be 
analyzed using HPPs or similar polaritons like the case discussed here. Moreover, similar 
resonance effect is supported between 12 μm to 12.8 μm in Type-I hyperbolic region [14], 
though not shown here. In this region, however, β decreases as the wavelength becomes 
longer, and thus resonators show traditional scaling law. 

One may have noticed that the absorptance between 6.2 μm to 6.5 μm is not high. It is 
because the base angle of the considered trapezoid is 45.6° , and HPPs initiated from the top 
corners have to possess a propagation angle larger than this value to propagate inside the 
resonator. Thus, λ needs to be longer than about 6.5 μm, at which β = 45.6° , to form a 
resonance inside the resonator, indicating that one may manipulate the shape of the resonator 
to tune the absorptance spectrum. Figure 3(a) displays the absorptance of an hBN grating with 
Λ = 3 μm and h = tt = tb = 2 μm. In this case, the hBN grating strips have square cross 
sections. The resonance peaks can be clearly identified. The local power dissipation contours 
for the three dominate peaks at λ = 6.29 μm, 6.41 μm, and 6.56 μm are displayed in Fig. 3(b). 
The resonance peak at λ = 7.32 μm is possibly caused by the epsilon-near-zero mode [24] 
since it is close to the edge of the hyperbolic region. The square resonators show Fabry–
Pérot-like resonances. The order of the resonances can be denoted as (m,n), where m and n 
represent the resonance order in the x- and z-directions, respectively. Under this convention, 
the previously discussed resonances in trapezoid shape can be denoted as (1,n). The orders of 
the three resonances can be identified as (3,1), (3,2), and (3,3), respectively. In order to form 
such a resonance, the direction of the HPPs for resonance (m,n) needs to satisfy 
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Fig. 3. (a) Normal absorptance of an hBN grat ing with a square cross section for TM waves. 
The insert is a schematic of the structure with the geometric parameters indicated on the figure. 
(b) Power dissipation contours at three resonance wavelengths λ = 6.29 μm, λ  = 6.41 μm and λ  
= 6.56 μm. The unit of w  is W/m3, and the dashed line with an  arrow shows the direct ional 
propagation of HPPs. 

 tan n
m

β =  (3) 

Based on this equation, the wavelengths of the three resonances are obtained as λ = 6.27 μm, 
6.39 μm, and 6.55 μm, respectively, which agree well with the simulation. Note that Eq. (3) 
does not contain any geometric parameters of the resonator, indicating a possibility to create 
rectangular resonators with similar shapes but different dimensions that can resonate at the 
same wavelength. Since materials with natural hyperbolicity or intrinsic hyperbolic dispersion 
are accessible from the visible to the microwave range [25], similar hyperbolic resonators 
may be designed in different wavelength ranges. It should be noted that hyperbolic surface 
polaritons or Dyakonov plasmons [26–28] can also be supported by hBN when the optic axis 
lies in plane of the interface. A careful analysis of the field plots suggests that the discussed 
resonances in hBN grating are caused by bulk polaritons instead of surface waves. The 
hyperbolic surface polaritons may worth further explorations for their potentials to create 
resonance absorption. 

4. Conclusions 
In conclusion, this work demonstrates that hyperbolic materials such as hBN can be used to 
build resonators with wavelength-selective absorption and the absorption peak can reach 
unity. The resonances are caused by the directional propagation of HPPs, and the resonance 
wavelength can be well correlated to the shape of the resonator. Different resonators with the 
same shape but different sizes may be designed to resonate at the same frequencies. This 
methodology may be used to design resonators made of natural hyperbolic materials in 
different frequency ranges for applications such as photodetection, optical filters, 
optomechanical sensors, and energy harvesting. 
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