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Abstract: In this paper, we investigate supercollimation and negative group refraction 

properties of Van der Waals crystals. Van der Waals crystals, such as Bi2Se3, show both type 

I and type II hyperbolic dispersion at terahertz (THz) frequencies. An all angle negative 

group index of refraction is observed at frequencies that exhibit type I hyperbolic dispersion. 

However, a negative group index of refraction is observed at higher angles in the type II 

spectral region. The supercollimation effect is achieved at the inversion point of type II and 

the Reststrahlen band, where the resonance cone angle is close to zero. We further show 

broadband tunable hyperbolic dispersion from THz to mid infrared frequencies and a 

widening of the negative group index spectral band using topological insulator- dielectric 

insulator based superlattice structures.  
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1. Introduction 

Hyperbolic metamaterials (HMMs) have attracted substantial attention over the past few 

years due to their extreme anisotropic permittivity and ease of fabrication using conventional 

thin film physical vapor deposition techniques [1]. HMMs are artificial uniaxial media that 

exhibit hyperbolic dispersion, which results from the different signs of dielectric constants in 

and out of the plane of the HMM layers. Importantly, HMMs support propagation of bulk 

plasmon polariton modes (high-k modes) across the structure with infinitely large momentum 

in the effective medium limit [2]. The exceptional properties of high-k modes associated with 

HMMs have been proposed for various applications such as subwavelength imaging [3-5], 

spontaneous emission enhancement [6-7], single photon sources [8], biosensing [9-10], 

perfect absorption [11-12], thermal emitters [13], and negative refraction [14-15]. 

It has been shown that different material combinations were required to realize 

hyperbolic metamaterials from ultraviolet (UV) to terahertz (THz) frequencies. In the UV and 

visible frequencies, the hyperbolic dispersion is usually achieved by combining noble metals, 

such as Au and Ag, and dielectrics such as SiO2, Al2O3, MgF2, TiO2, Si and PMMA [16-20]. 

Since noble metal-based HMMs are severely limited due to the strong dispersive nature of 

metals at visible frequencies, TiN has been proposed to replace the metallic layers in visible 

photonics applications [21]. For infrared hyperbolic dispersion, noble metals are unsuitable 

due to their high reflectivity. Therefore, heavily doped oxide semiconductors, such as Al: 

ZnO, InGaAs, and SiC have been used as an alternative plasmonic material [14, -22]. Since 

graphene is a low-loss and tunable plasmonic material at both infrared and THz frequencies, 

graphene-dielectric stacks have been used to realize hyperbolic dispersion and active HMMs 

in those frequency bands [23-24]. In addition, reconfigurable HMMs have been demonstrated 

using tunable materials, such as electride materials [25], hexagonal boron nitride [26], and 

phase change oxides and chalcogenides [27-28].  
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Recently, topological insulators [29] have been investigated for active HMM applications. In 

particular, bismuth-based topological insulators (Tis) were theoretically proposed to realize 

hyperbolic dispersion at THz frequencies [30]. The layered TIs, such as Bi2Se3 and Bi2Te3, 

are characterized by unusual gapless edge or surface states and a full insulating gap in the 

bulk [31]. These TIs support hyperbolic phonon polaritons, which are highly directional and 

deeply subdiffractional modes. In addition, the dispersion relation of TI-based HMMs can be 

tuned by doping the surface states [30]. Such TI-based active HMMs may offer different 

venues for achieving high-speed dynamically tunable THz photonic devices.   

Interestingly, in addition to a single resonance causing ɛ to be less than zero, optical 

anisotropy plays a major role in HMMs with negative refraction [14]. However, double 

resonances, ɛ and µ are simultaneously less than zero, and extreme nanofabrication 

techniques are required in thin wire- and split ring-based metamaterials to achieve negative 

refraction. Negative refraction at mid-infrared frequencies has been experimentally 

demonstrated using heavily doped oxide semiconductors-based HMMs [14]. In addition, 

tunable graphene-based HMMs have been investigated for negative refraction at THz 

frequencies [15]. 

In this paper, we numerically investigate supercollimation and negative refraction in 

Bi2Se3 at THz frequencies. Moreover, we show that the hyperbolic dispersion band can be 

tuned from THz to mid-infrared (M-IR) frequencies, whilst negative group index spectral 

band can be widened using Bi2Te3-GeTe based superlattice HMMs.  

2. Results and discussion 

Bi2Se3 is composed of Se-Bi-Se-Bi-Se quintuple atomic planes that are separated by 

insulating Van der Waals bonds. The layered structure is depicted in the inset of Fig. 1b. This 

layered structure exhibit strong anisotropy of their phonon modes. The dominant (x-y)-axis 

and z-axis phonon frequencies of Bi2Se3 are 1.92 THz and 4.05 THz, respectively [32]. Since 
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these phonon mode frequencies are separated by a factor of two, Bi2Se3 exhibits extremely 

anisotropic dielectric permittivity. The real part of the uniaxial permittivity components, 

)( x and )( z are indefinite for a certain range THz frequency band. That is, 

0)()(   zx . As a result, Bi2Se3 exhibits hyperbolic dispersion at THz frequencies for 

transverse magnetic (TM) polarization, 
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hyperbolic phonon polaritons, which are deeply subdiffractional and highly directional 

collective modes [30].  

To determine the uniaxial permittivity components of Bi2Se3, we use the following 

model [30],    
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The parameters used in the calculations are, x

  = 29, z

 = 17.4, 
x

to 1, = 1.92 THz, x

p 1, = 21.1 

THz, x

to 2, = 3.75 THz, x

p 2, = 1.65 THz, z

to 1, = 4.05 THz, z

p 1, = 8.5 THz, z

to 2, = 4.61 THz, 

z

p 2, = 4.67 THz and  j = 0.105 THz. The real and imaginary parts of permittivity 

components ( )( x and )( z  ) are shown in Fig. 1a and Fig. 1b, respectively. It is clear 

that the real permittivity components alter sign from positive to negative with frequency, 

whilst both imaginary components are always positive. In Fig. 1a (inset), regions A 

represents dielectric band ( 0)(  x and 0)(  z ), region B represents type II hyperbolic 

band ( 0)(  x and 0)(  z ), region C represents Reststrahlen band 

( 0)(  x and 0)(  z ) and region D represents type I hyperbolic band 

( 0)(  x and 0)(  z ). This implies that Bi2Se3 supports both type I and type II 

hyperbolic dispersion at THz frequencies, which is not possible using graphene-based HMMs 

[15]. In particular, type II hyperbolic dispersion has a maximum bandwidth of 2.14 THz, 
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which belongs to the bandwidth difference between two phonon frequencies at 1.91 THz and 

4.05 THz. However, the Reststrahlen band (4.05 THz to 4.4 THz) and type I hyperbolic band 

(4.6 THz to 4.9 THz) are narrow with a bandwidth of 0.35 THz and 0.3 THz, respectively.  

 

Figure 1. Frequency dependent uniaxial permittivity components ( )( x and )( z ) of 

Bi2Se3 (a) real and (b) imaginary components. Inset of (b) represents the schematic of 

quintuple-layered Bi2Se3.   
  

We now investigate negative refraction in Bi2Se3 in both the type I and type II 

hyperbolic bands. The Poynting vector (S), which points in the direction of energy flow and 

wavevector (k), directed along the wavefront normal are not parallel in anisotropic materials 

because the electric field vector (E) and electric displacement vector (D) are not parallel. 

These materials exhibit negative refraction with respect to S, but positive refraction with 

respect to k when the boundary condition in which the tangential component of k is 

conserved at the interface [14]. Importantly, the directions of k and S depend on the effective 

phase (np) and group (ng) indices of refraction, respectively. As a result, Bi2Se3 with 

indefinite permittivity ( 0)()(   zx ) exhibits negative refraction with respect to S for 

TM polarization. However, both k and S refract normally in the case of transverse electric 

(TE) polarization because the TE polarized light does not experience anisotropy. According 

to Snell's law, the effective phase and group indices of an anisotropic medium are related to 
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the angle of incidence ( inc ). At low material absorption, phase and group indices can be 

obtained from [33],    
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where, 0 is the permittivity of the incident medium (air).  

 The calculated group and phase indices of refraction with angles of incidence are 

shown in Fig. 2a and Fig. 2b, respectively. It is evident that the group index is negative, and 

the phase index is positive in both type I and type II hyperbolic bands. It shows that Bi2Se3 

exhibits negative refraction with respect to S and positive refraction with respect to k, which 

allows forward wavefront propagation and negative energy refraction. In particular, all angle 

negative group index of refraction is obtained in the type I hyperbolic band, however, 

negative group index of refraction is obtained at higher incident angles (above 35°) in the 

type II hyperbolic band. This feature of negative refraction was previously predicted using a 

heavily doped oxide semiconductor-based type I HMM [14] and a type II graphene-based 

HMM [15]. It is important to note that Bi2Se3 shows both angle independence and angle 

dependent negative energy refraction due to the existence of both type I and type II 

hyperbolic bands respectively.  

To further confirm the negative group index feature of Bi2Se3, the fraction of incident 

light reflected and transmitted at the air-Bi2Se3 interface as a function of incident angle was 

calculated by solving Fresnel’s equations. A two-dimensional (2D) map of the reflection and 

transmission spectrum as a function of incident angle and frequency is shown in Fig. 2c and 

Fig. 2d, respectively. Note that both reflection and transmission TM polarized spectra were 

normalized with TE polarized spectra as TE polarized light does not experience the 
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anisotropy. The solid blue-yellow curve shown in Fig. 2c (ω <1.9 THz and ω >4.9 THz) 

shows the frequency dependence of the Brewster angle of TM-polarized light on the Bi2Se3 

crystal, which is dielectric across this frequency band. Note, that an angular dependent 

discontinuity in the reflection (reflection peak) and transmission spectra (transmission dip) 

were obtained in the type I and type II hyperbolic bands. This was due to the negative group 

index of refraction of Bi2Se3 in both of these hyperbolic bands. Similar reflection and 

transmission spectral behavior were previously demonstrated using negative index HMMs 

[14-15]. Therefore, it can be concluded that the quintuple-layered Bi2Se3 provides extreme 

anisotropy and supports negative group index of refraction for TM polarization in hyperbolic 

bands. 

 

 

Figure 2. Frequency dependent (a) group and (b) phase indices of refraction with different 

angles of incidence. Two-dimensional map of (c) reflection and (d) transmission spectra as a 

function of incident angle and frequencies.  
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Since the hyperbolic phonon polariton mode supported by Bi2Se3 is highly directional and 

deeply subdiffractional, Bi2Se3 HMM can be used for super-collimation of light and super-

lensing [3]. The propagation of wave inside HMM within the hyperbolic dispersion spectral 

band is allowed at the resonance cone (RC) angle. The half of the RC angle is given 

by,  2/1))(/)((tan  zx

RC a  . The condition for supercollimation of light is that 

when 0RC , which is possible either 0)(  x  or )( z . The calculated half of the 

RC angle for Bi2Se3 HMM is shown Fig. 3a. The minimum angle close to zero is obtained at 

the inversion point of type II and Reststrahlen band, which is at 4.05 THz.  

The supercollimation effect and sub-wavelength focusing at terahertz frequencies is 

important for the realization of high resolution terahertz imaging devices for potential 

applications such as security screening, biodetection and weather navigation [34-35]. In order 

to verify the supercollimation properties of Bi2Se3 HMM at THz frequencies, we performed 

numerical simulation using 2D finite difference time domain (FDTD) method. In the 

simulation model, light coming from an 85 µm slit placed on top of the Bi2Se3 for different 

frequencies were analyzed. The quintuple-layered Bi2Se3 is considered as a single layer with 

thickness 150 nm and uniaxial permittivity components. The incident light was set to TM-

polarization, and periodic and perfectly matched layer boundary condition was implemented 

along x and z-axis of the model, respectively. The propagation of plane wave at four different 

frequencies, corresponding to type II (3.5 THz), the inversion point of type II and 

Reststrahlen band (4.05 THz), the inversion point of Reststrahlen band and type I (4.6 THz) 

and type I (4.8 THz) were simulated and shown in Fig.3b. A line profile of normalized 

intensity recorded at bottom of the Bi2Se3 is shown in Fig. 3c. The supercollimation effect is 

evident at 4.05 THz where the RC angle is close to zero. It is also clear from the figures that 

intensity spectrum broadens with increase in RC angle.   
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Figure 3. (a) Half of the resonance cone angle as a function of THz frequencies. (b) 

Propagation of plane wave through Bi2Se3 HMM at four THz frequencies. (c) Line profile of 

normalized intensity recorded at the bottom of quintuple-layered Bi2Se3.    

 

The negative group index spectral band can be widened using topological insulator- 

dielectric insulator based superlattice structures. The proposed HMM superlattice structure 

comprises of alternating layers of Bi2Te3 and GeTe, which is shown in Fig. 4a (inset). The 

plasmons in topological insulator-dielectric insulator multilayer structures have been 

previously investigated [36]. The crystal structure of Bi2Te3 is similar to that of Bi2Se3 whilst 

GeTe is a phase change material. Indeed, these superlattice structures resemble the interfacial 

phase change material (iPCM) structure [37]. For the calculation of the HMM effective 

permittivity components, the permittivitties of Bi2Te3 were obtained from the Drude-Lorentz 

model,  
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  with   = 51, D = 207.06 THz, 

D = 5.507 THz, 1,p = 44.91 THz, 1,0 = 2.0095 THz and 1 = 0.2998 THz. The dielectric 

permittivity of GeTe was considered as 15, which that of amorphous GeTe at THz 

frequencies [38] and the TI fill fraction was set to 0.35. As shown in Fig. 4a, the calculated real 
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uniaxial permittivitties of Bi2Te3-GeTe HMM demonstrates broadband type II hyperbolic 

dispersion from THz to M-IR frequencies, where 0)(  x and 0)(  z . 

In Fig. 4b, we show the calculated group index of refraction with different angles of 

incidence. It is clear from Fig. 4b that a negative group index of refraction is obtained at 

incident angles greater than 35° and the negative group index spectral band is widened with 

increasing angles of incidence. In contrast to Bi2Se3 HMM (Fig. 2a inset), a broad group 

index spectral band (2 to 5 THz) is obtained due to the broadband type II hyperbolic 

dispersion of the Bi2Te3-GeTe HMM. A 2D map of calculated fraction of incident light 

reflected at the air/Bi2Te3-GeTe HMM interface as a function of frequency and incident angle 

is shown in Fig. 4c. The obtained solid blue-yellow curve above 30 THz represents the 

Brewster angle condition for TM-polarization because Bi2Te3-GeTe HMM behaves as an 

isotropic dielectric medium above 30 THz. It is important to note that a discontinuity in the 

reflection spectra (reflection peak) with incident angle (35° to 80°) is obtained in the negative 

group index spectral band (2 to 5 THz). This spectral behavior matches very well with the 

discontinuity in the reflection spectra obtained in the type II hyperbolic band of the Bi2Se3 

HMM (Fig. 2c). 

An important advantage of the Bi2Te3-GeTe HMM is that the hyperbolic dispersion 

properties can be tuned by switching the structural phase of the GeTe from amorphous to 

crystalline. As shown in the inset of Fig. 4d, both type I and type II hyperbolic bands are 

present in Bi2Te3-GeTe HMM when the GeTe is in the crystalline phase. In the calculation, 

the dielectric permittivity of crystalline GeTe was 300 at THz frequencies [38]. The 

calculated group index is shown in Fig. 4d. It is important to note that the angle independent 

positive and negative group index is obtained in the type II and type I hyperbolic band, 

respectively. The positive group index obtained in the type II hyperbolic band is due to the 

fact that the uniaxial permittivity component, )( z of crystalline Bi2Te3-GeTe HMM is 
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considerable larger after the GeTe amorphous to crystalline phase transition. This shows that 

the Bi2Te3-GeTe HMM is an alternative reconfigurable HMM for THz and mid infrared 

frequencies since the optical properties can be tuned by switching the phase of the GeTe from 

amorphous to crystalline as well as by doping the surface states of Bi2Te3.  

 

Figure 4. (a) Frequency dependent real uniaxial permittivity components of Bi2Te3-GeTe 

HMM. Inset shows the schematic of proposed Bi2Te3-GeTe HMM with GeTe is in 

amorphous phase. (b) Frequency dependent group index of refraction when GeTe is in 

amorphous phase. (c) Two-dimensional map of reflection spectra as a function of incident 

angle and frequencies. (d) Frequency dependent group index of refraction when GeTe is in 

crystalline phase.    

 

3. Conclusion 

In conclusion, the negative group index of refraction of the Bi2Se3 HMM was numerically 

analyzed. Since Bi2Se3 provides both type I and type II hyperbolic bands at THz frequencies, 

we showed that angle independent and angle dependent negative group index of refraction is 

possible in the type I and type II hyperbolic bands, respectively. The negative group index of 
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refraction properties was further confirmed by investigating the reflection and transmission 

spectra. Since highly directional hyperbolic phonon polaritons propagate within Bi2Se3 

HMMs, we demonstrated that supercollimation of THz light is possible for a particular 

frequency where the resonance cone angle is close to zero. We further propose a tunable 

Bi2Te3-GeTe based superlattice HMM that exhibits a broadband hyperbolic dispersion from 

THz to M-IR frequencies. In the hyperbolic bands, this HMM showed an angle dependent 

broadband negative group index spectral band for the amorphous phase of GeTe and an angle 

independent positive and negative group index spectral band for the crystalline phase of 

GeTe. The presented results could be useful to design high resolution terahertz imaging 

devices as well as other applications.      
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