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Abstract: We predict the existence of confined transverse electric (TE) phonon polaritons in an ultrathin 

hexagonal boron nitride (hBN) slab below hBN's second transverse optical frequency. The skin depth of TE 

phonon polaritons can be decreased to subwavelength scale by increasing the thickness of hBN to several 

nanometers. Due to the strong spatial confinement, these TE phonon polaritons, different from TE graphene 

plasmons, can stably exist even when the permittivities of the superstrate and substrate are largely different. 

These revealed advantages of TE phonon polaritons might lead to potential applications of hBN in the 

manipulation of TE waves, such as the design of novel waveguides, polarizers, and the exploration of negative 

refraction between TE polaritons. 
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1. Introduction 

Highly squeezed polaritons, such as plasmon polaritons in graphene and phonon polaritons in 

hexagonal boron nitride (hBN) [1-4], have attracted intensive attention and can enable many potential 

applications, including hyperlens [5], negative refraction [6], subwavelength guidance [7,8], and 

optoelectronics devices [9]. This is mainly due to their unique ability to control the flow of light at the 

nanoscale. However, most of previous studies are focused on the transverse magnetic (TM, or p-polarized) 

polaritons, and the transverse electric (TE, or s-polarized) polaritons are comparatively less discussed. This 

is because the spatial confinement of TE graphene plasmons is extremely weak, as being pointed out by the 

pioneering work in 2007 [10] which firstly proposed the concept of TE plasmon polaritons in graphene. 

Moreover, the existence of TE plasmons in monolayer and even multilayer graphene [11] are very sensitive 

to the temperature, the chemical potential [12], and especially the surrounding dielectric environments [13]. 

For example, the TE graphene plasmons are known to exist only when the permittivities of the substrate 

and superstrate are almost the same [14], otherwise they will turn into the leaky TE modes. These facts 

unavoidably limit their practical applications. Actually, although the work in 2007 ignited many researches 

of TE plasmon polaritons in graphene [15-18] and other 2D materials [19-21], only a few of their potential 

nanophotonic applications have been reported, such as polarizers [22], waveguide phase and amplitude 

modulators [23], optical sensors [24] and Brewster effects [25]. Therefore, it is highly desirable yet 

challenging to enhance the spatial confinement of TE polaritons, which can further enable their potential 

applications. Due to the abundant types of polaritons existing in 2D materials [1,2], it shall be judicious to 

explore other TE polaritons in 2D materials, such as TE phonon polaritons supported by hBN. It is worthy 

to note that while TM phonon polaritons [1,2,4] in hBN slabs have been extensively discussed, the existence 

of TE phonon polaritons in hBN slabs along with their basic properties still remain elusive. 

Here we reveal that the well-confined TE phonon polaritons can stably exist in an ultrathin hBN slab 

mainly in the range of 39-41 THz, which is close to hBN’s second transverse optical frequency (i.e. 41 

THz). In this work, the thickness of the hBN slab considered is at least 100 times smaller than the 



3 

 

wavelength in free space, and henceforth the term “ultrathin” is used. For the monolayer structure, the 

spatial confinement of hBN’s TE phonon polaritons is found to be much better than that of TE graphene 

plasmons. Moreover, the spatial confinement of these TE phonon polaritons is largely enhanced by 

increasing the thickness of the hBN slab, with their skin depth being able to be decreased to subwavelength 

scale. This makes the existence of TE phonon polaritons in an ultrathin hBN insensitive to the surrounding 

dielectric environment, where the permittivities of the substrate and superstrate can be largely different. 

These revealed advantages indicate that hBN can provide a versatile platform for the future demonstration 

of TE phonon polaritons and for the manipulation of TE waves. We note that while in hBN, the wavelength 

of TM phonon polaritons can be two orders of magnitude smaller than the wavelength in free space [1,2,4], 

the wavelength of TE phonon polaritons is still comparable to the wavelength in free space. 

2. Results and discussion 

In order to find out the general existence condition of TE polaritons, we begin with the analytical 

derivation of the dispersion for TE polaritons. We consider that there is a surface conductivity 𝜎𝑠 at the 

dielectric interface (parallel to the 𝑥-𝑦 plane) between region 1 (𝑧 > 0) and region 2 (𝑧 < 0); see figure 1. 

The relative permittivities of lossless regions are denoted as 휀𝑟1 and 휀𝑟2, respectively. For TE waves, the 

electric field only has the component in the y direction, i.e. 𝐸𝑦. From the electromagnetic theory [26], one 

can set the electric fields in each region as;   

                                                       �̅�1 = �̂�𝐸1𝑒𝑖𝑞𝑥𝑒−𝑖𝑘1𝑧𝑧                                                                            (1) 

                                                      �̅�2 = �̂�𝐸2𝑒𝑖𝑞𝑥𝑒+𝑖𝑘2𝑧𝑧                                                                            (2) 

In the above equations, q and 𝑘𝑧1,2 = √
𝜔2

𝑐2 휀𝑟1,2 − 𝑞2 are the components of the wavevector parallel and 

perpendicular to the interface, respectively. The magnetic fields in each region can be obtained by 

using 𝛻 × �̅� = 𝑖𝜔𝜇0�̅�. By enforcing the boundary conditions [26] and after some algebra, one can obtain 

the dispersion of TE polaritons as: 
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                                                        𝑘𝑧1 +  𝑘𝑧2 +  𝜎𝑠𝜔𝜇0 = 0                                                                    (3) 

where 𝜇0 is the permeability in free space. Since 𝐼𝑚(𝑘𝑧1,2)  > 0 for TE polaritons, equation (3) requires 

𝐼𝑚(𝜎𝑠) to be negative for the existence of TE polaritons [10]. From equation (3), the solution of 𝑘𝑧1 and 

𝑘𝑧2 can be expressed as follows:  

                                                             𝑘𝑧1 =  
𝜔

𝑐
[

(𝜎𝑠𝜇0𝑐)2+(𝜀𝑟1−𝜀𝑟2)

−2𝜎𝑠𝜇0𝑐
]                                                                            (4) 

                                                               𝑘𝑧2 =  
𝜔

𝑐
[

(𝜎𝑠𝜇0𝑐)2−(𝜀𝑟1−𝜀𝑟2)

−2𝜎𝑠𝜇0𝑐
]                                                                            (5)  

where c is the speed of light in free space. From equations (4-5), one can see that the value of 𝑘𝑧1,2 is a 

function of both the surface conductivity and the relative permittivities of the surrounding environment. In 

particular, when the structure is symmetric, i.e. 휀𝑟1 =  휀𝑟2 =  휀𝑟, one has 𝑘𝑧1 =   𝑘𝑧2  =
−𝜎𝑠𝜔𝜇0

2
.  

The surface conductivity in equation (3) can be attributed to the existence of an ultrathin dielectric 

slab at the interface. For example, for an ultrathin hBN slab, the effective surface conductivity can be 

obtained from its relative in-plane permittivity 휀𝑟⊥,ℎ𝐵𝑁(𝜔) (the component of permittivity perpendicular to 

the z direction or the optic axis [27,28] of hBN) as follows: 

  𝜎𝑠,ℎBN,𝑑 = [휀𝑟⊥,ℎBN(𝜔) − 휀𝑟⊥(∞)]휀0𝜔𝑑     (6) 

where 휀𝑟⊥(∞) = 𝑙𝑖𝑚
𝜔→∞

휀𝑟,ℎBN(𝜔) = 4.87 [29], 휀0 is the permittivity of free space, and d is the thickness of 

hBN. We note that the surface conductivity and the relative in-plane permittivity of hBN have a similar 

dependence on the frequency; see Fig.3(a) and Fig.S1. The relative in-plane permittivity of hBN is given 

as [29]: 휀𝑟⊥,ℎBN(𝜔) =  휀𝑟⊥(∞) +  𝑠𝑣
𝜔2

𝑣

𝜔2
𝑣−𝑖𝛾𝑣𝜔−𝜔2 , where the normal frequency of vibration  ℏ𝜔𝑣 =

170.1 meV, the amplitude decay rate ℏ𝛾𝑣 = 0.87 meV, the dimensionless coupling factor 𝑠𝑣 = 1.83, and 

ℏ is the reduced Planck’s constant. We note that the electromagnetic properties of hBN can be quite 

different when its thickness decreases down to monolayer, which may have large influence on the properties 
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of TE phonon polaritons (see more discussion in Fig.S2). For graphene, since the TE plasmons have the 

wavevector 𝑞 very close to the wavevector in the surrounding materials, the nonlocal response can be 

neglected. This way, the Kubo formula can be used to model graphene’s surface conductivity [22], i.e. 

𝜎𝑠,𝑔𝑟 = 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟 ; 𝜎𝑖𝑛𝑡𝑟𝑎 =  
𝑖𝑒2𝑘𝐵𝑇

𝜋ℏ2(𝜔+ 𝑖 𝜏⁄ )
[(𝜇𝑐 𝑘𝐵𝑇)⁄ + 2𝑙𝑛(𝑒−𝜇𝑐 𝑘𝐵𝑇⁄ + 1)]  and 𝜎𝑖𝑛𝑡𝑒𝑟 =

 
𝑖𝑒2(𝜔+ 𝑖 𝜏⁄ )

𝜋ℏ2 ∫
𝐹(−𝑥)−𝐹(𝑥)

(𝜔+ 𝑖 𝜏⁄ )2−4(𝑥 ℏ⁄ )2 𝑑𝑥
∞

0
 represent the contribution from the intraband and interband transitions, 

respectively; 𝐹(𝑥) = [𝑒(𝑥−𝜇𝑐) 𝑘𝐵𝑇⁄ + 1]
−1

 is the Fermi distribution function; T is the temperature, and 𝑒 is 

the electron charge. In this work, we consider the chemical potential to be 𝜇𝑐 = 0.42 𝑒𝑉 and the relaxation 

time to be 𝜏 =  0.2 𝑝𝑠. The corresponding electron mobility is 𝜇 = 4800 cm2V-1s-1, which is achievable in 

experiments [30, 31]. 

We first discuss the basic properties of TE plasmon polaritons in a monolayer graphene surrounded 

by air in figure 2. Figure 2(a) shows the surface conductivity of monolayer graphene. When ℏ𝜔/𝜇𝑐 > 1.67 

(1.63) at 0 (300) K, one has 𝐼𝑚(𝜎𝑠,𝑔𝑟) < 0, which fulfills the existence condition of TE graphene plasmons 

as stated in equation (3). Figure 2(b-c) shows the dispersion and the skin depth [i.e. 𝛿 = 1/𝐼𝑚(𝑘𝑧)] of TE 

graphene plasmons at different temperatures, respectively. Since 𝑅𝑒[𝑞 ⁄ (𝜔/𝑐)] is very close to one, the 

spatial confinement for TE graphene plasmons is extremely poor, where the skin depth is much larger than 

the wavelength in free space. See more discussion of the temperature effect on the TE graphene plasmons 

in the supporting information.  

As comparison, figure 3 shows the properties of TE phonon polaritons supported by a monolayer 

hBN surrounded by air. Figure 3(a) shows the surface conductivity 𝜎𝑠,ℎBN,𝑚𝑜𝑛𝑜 of a monolayer hBN. One 

has 𝐼𝑚(𝜎𝑠,ℎBN,𝑚𝑜𝑛𝑜) < 0 when 
𝜔

2𝜋
<  41 THz, and the large negative value of 𝐼𝑚(𝜎𝑠,ℎBN,𝑚𝑜𝑛𝑜) mainly 

exists between 39 − 41 THz. This indicates that the TE phonon polaritons can exist below 41 THz, and the 

well-confined TE phonon polaritons mainly exist within the range of 39-41 THz. Figures 3(b-c) show the 

dispersion and the skin depth of TE phonon polaritons supported by a monolayer hBN, respectively. It can 



6 

 

be seen that hBN’s TE phonon polaritons in figures 3(b-c) is better confined than TE graphene plasmons 

in figures 2(b-c). It is worthy to note that our work here is different from Ref. [20], which studied the TE 

plasmons supported by hBN in the visible regime.  

Since a large propagation length of polaritons is favorable for practical applications, we compare 

the propagation characteristics of TE polaritons supported by a monolayer hBN and graphene in figure 4. 

Here we use the inverse damping factor 
𝑅𝑒(𝑞)

𝐼𝑚𝑎𝑔(𝑞)
= 4𝜋 

𝐿𝑝

𝜆𝑠𝑝𝑝
 [19], which is a dimensionless figure of merit, 

to characterize the propagation length 𝐿𝑝 of TE polaritons, where 𝜆𝑠𝑝𝑝 is the polariton wavelength. From 

figure 4, the value of 𝑅𝑒(𝑞)/𝐼𝑚(𝑞) for both TE polaritons are very large, which is in the order of 106. In 

addition, the maximum value of 𝑅𝑒(𝑞)/𝐼𝑚(𝑞) for hBN’s TE phonon polaritons can be much larger (~4 

times) than that of graphene’s TE plasmon. Consequently, the corresponding maximum propagation length 

for hBN’s TE phonon polaritons is ~ 0.6 𝜇𝑚 at 39 THz, while that of TE graphene plasmons is 0.14 𝜇𝑚 at 

ℏ𝜔/𝜇𝑐 =  1.7 (the corresponding frequency is ~170 THz).  

The spatial confinement of TE phonon polaritons can be enhanced by increasing the thickness of 

the hBN slab, as shown in figure 5. Figure 5(a-b) shows the dispersion and skin depth of TE phonon 

polaritons in an ultrathin hBN slab (i.e. the multilayer hBN). When the hBN thickness increases from 10 

nm, 20 nm to 30 nm, the maximum value of 𝑅𝑒[𝑞/(𝜔/𝑐)] at 40.8 THz increases respectively from 1.2, 1.7 

to 2.3 in figure 5(a), far larger than the value of ~1.00018 at 40.8 THz for a monolayer hBN (~0.345 nm) 

[32] in figure 3(b). Consequently, the skin depth of TE phonon polaritons is largely decreases for a thicker 

hBN slab in figure 5(b). For example, when the hBN thickness increases from 10 nm, 20 nm to 30 nm, the 

minimum value of the normalized skin depth of TE phonon polaritons 𝛿ℎBN/𝜆 at 40.8 THz decreases from 

0.24, 0.12 to 0.08, respectively. This indicates that the minimum skin depths of TE phonon polaritons in an 

ultrathin hBN slab (with a thickness of several nanometers) in figure 5(b) can be subwavelength scale, while 

that for monolayer hBN is much larger than the wavelength in figure 3(c). These enhanced spatial 

confinements of TE phonon polaritons in an ultrathin hBN slab might facilitate their direct observation in 
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experiments. More discussion of TE phonon polaritons in an ultrathin hBN slab can be found in the 

supporting information.  In addition, all-angle negative refraction of highly confined TM plasmon and 

phonon polaritons in graphene-hBN heterostructure has been proposed [6]. By following the thought in Ref. 

[6], the enhanced spatial confinement might facilitate the further exploration of negative refraction between 

highly confined TE plasmon and phonon polaritons in graphene-hBN heterostructure. 

The existence condition of TE phonon polaritons supported by an ultrathin hBN slab in an 

asymmetric structure, i.e. 휀𝑟1 ≠ 휀𝑟2, is discussed, since the realistic experimental structures are generally 

asymmetric. Due to 𝐼𝑚(𝑘𝑧1,2 ) > 0 in equations (4-5), the general existence condition for TE phonon 

polaritons requires |휀𝑟1 − 휀𝑟2| < (𝜇0𝑐)2 [(𝑅𝑒(𝜎𝑠,ℎBN,𝑑))
2

+ (𝐼𝑚(𝜎𝑠,ℎBN,𝑑))
2

]; see detailed derivation in 

the supporting information. For the ideal lossless case (i.e. 𝑅𝑒(𝜎𝑠,ℎBN,𝑑) = 0), the existence condition 

above reduces to |휀𝑟1 − 휀𝑟2| < (𝜇0𝑐)2 (𝐼𝑚(𝜎𝑠,ℎBN,𝑑))
2
. Here we can see that the existence of loss allows 

a larger value of |휀𝑟1 − 휀𝑟2|, indicating a wider range of choice for the superstrate and substrate.  Therefore, 

the loss plays a positive role for the existence condition of TE phonon polaritons (which is quite 

counterintuitive), while the loss is generally detrimental to the propagation of TE phonon polaritons.  In 

order to investigate the influence of hBN's thickness, figure 4 show the critical existence condition of TE 

phonon polaritons, i.e. |휀𝑟1 − 휀𝑟2| = (𝜇0𝑐)2 [(𝑅𝑒(𝜎𝑠,ℎBN,𝑑))
2

+ (𝐼𝑚(𝜎𝑠,ℎBN,𝑑))
2

] for the lossless case 

(𝑅𝑒(𝜎𝑠,ℎBN,𝑑) = 0) and the lossy case (𝑅𝑒(𝜎𝑠,ℎBN,𝑑) ≠ 0), as a function of hBN’s thickness at 40.9 THz. 

As expected, the value of |휀𝑟1 − 휀𝑟2| increases when a thicker hBN slab is applied. For example, when the 

thickness of hBN is 30 nm the value of |휀𝑟1 − 휀𝑟2|  reaches ~19 and ~28  for the lossless and lossy cases, 

respectively. This indicates that the usage of a thin hBN slab (in the order of several nanometers), instead 

of a monolayer hBN slab, can provided more choices of the superstrate and substrate to support TE phonon 

polaritons. This is due to the enhanced spatial confinement of TE phonon polaritons in a thin hBN slab, as 

discussed in figure 5. 
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3. Conclusion 

In conclusion, we for the first time reveal the existence of infrared TE phonon polaritons in an ultrathin 

hBN slab, and systematically study their fundamental properties. These revealed TE phonon polaritons 

supported by a monolayer hBN are found to have better spatial confinement than TE plasmon polaritons 

supported by a monolayer graphene. Moreover, the spatial confinement of TE phonon polaritons can be 

largely enhanced by using a thin hBN slab, which can enable the robust existence of TE phonon polaritons 

in various asymmetric structures. Therefore, these well-confined TE phonon polaritons in an ultrathin hBN 

slab can help to pave a way for the future experimental detection and practical applications of TE polaritons. 
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Figure 1. Structural schematic. A surface conductivity 𝜎𝑠, which can either be an ultrathin hBN slab or 

graphene, exists at the interface between two dielectric regions. The optical axis of graphene and hBN is 

along the 𝑧 direction. 
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Figure 2. Properties of TE plasmons supported by a monolayer graphene at different temperatures. 

Graphene, with a chemical potential of 0.42 eV and a relaxation time of 0.2 ps, is surrounded by air. (a) 

Surface conductivity of monolayer graphene 𝜎𝑠,𝑔𝑟. 𝐺0  = 𝑒2 4ℏ ⁄ is the universal optical conductivity, (b) 

dispersion and (c) skin depth 𝛿𝑔𝑟 of TE graphene plasmons. The wavelength in free space is 𝜆 = 2𝜋𝑐 ⁄ 𝜔. 
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Figure 3. Properties of TE phonon polaritons in a monolayer hBN. The monolayer hBN, surrounded by air, 

is characterized by a surface conductivity 𝜎𝑠,ℎBN,𝑚𝑜𝑛𝑜. (a) Surface conductivity of monolayer hBN, (b) 

dispersion, and (c) skin depth 𝛿ℎBN of hBN’s TE phonon polaritons.  
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Figure 4. Inverse damping ratio 𝑅𝑒(𝑞)/𝐼𝑚(𝑞) of TE polaritons supported by (a) a monolayer hBN, and 

(b) a monolayer graphene at room temperature. Both graphene and hBN are surrounded by air. The setup 

of graphene is the same as that in Fig.2, and the setup of hBN is the same as that in Fig.3. 
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Figure 5. (a) Dispersion, and (b) skin depth 𝛿ℎ𝐵𝑁 of TE phonon polaritons supported by an ultrathin hBN 

slab with different thicknesses. The hBN slab is surrounded by air. 
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Figure 6. The critical existence condition of TE phonon polaritons i.e. |휀𝑟1 − 휀𝑟2| =

(𝜇0𝑐)2 [(𝑅𝑒(𝜎𝑠,𝑑))
2

+ (𝐼𝑚(𝜎𝑠,,𝑑))
2

] , as a function of hBN’s thickness at 40.9 THz. 𝑅𝑒(𝜎𝑠,ℎBN,𝑑)  is 

nonzero (zero) for the lossy (lossless) case. The red dot represents the critical existence condition (with the 

value of |휀𝑟1 − 휀𝑟2| very close to zero) for TE plasmons in a monolayer graphene. 

 


