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Abstract


The terahertz spectral range (frequencies of 0.1–10 THz) has recently emerged as the next frontier in non-destructive imaging and sensing. Here, we review amplitude-based and phase-based sensing modalities in the context of the surface wave enhanced sensing in the terahertz frequency band. A variety of surface waves are considered including surface plasmon polaritons on metals, semiconductors, and zero gap materials, surface phonon polaritons on polaritonic materials, Zenneck waves on high-k dielectrics, as well as spoof surface plasmons and spoof Zenneck waves on structured interfaces. Special attention is paid to the trade-off between surface wave localization and sensor sensitivity. Furthermore, a detailed theoretical analysis of the surface wave optical properties as well as the sensitivity of sensors based on such waves is supplemented with many examples related to naturally occurring and artificial materials. We believe our review can be of interest to scientists pursuing research in novel high-performance sensor designs operating at frequencies beyond the visible/IR band.
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1. Introduction


The extreme spatial confinement of surface plasmon polaritons (SPPs) in the visible spectral range has led to a revolution in sensing [1]. Plasmonic waves propagate along the metal/dielectric interface, featuring a deeply sub-wavelength (100 nm–1 µm) modal size [2,3,4], and optical properties that are highly sensitive to changes in the refractive index or geometrical structure of the analyte in the direct vicinity of the metal surface. These properties make surface plasmon polaritons ideal for high-sensitivity surface sensing applications and characterization of deeply sub-micron-sized objects (such as proteins, cell organelles, viruses, etc.) that have been immobilized or captured at the metal surface [5]. At the same time, due to extreme confinement of plasmons in the visible spectral range, they are not optimal for measuring bulk properties of a neighbouring analyte nor characterization of the larger super-1 µm size objects (such as bacteria, dust particles, etc.).



Recently, the THz spectral range (frequencies of 0.1–10 THz, wavelengths of 3 mm–30 µm) has emerged as the next frontier in non-destructive imaging and sensing. Key advantages when operating in the THz band are the ability to detect the complex electric field of THz waves (phase and amplitude), availability of both pulsed (sub-1 ps) and continuous wave (CW) THz systems, as well as ability of conducting dynamic measurements with sub-1 ms temporal resolution [6]. Additionally, relative transparency of dry dielectrics to THz radiation, strong absorption of THz waves by water and other polar solutions, as well as the non-ionizing nature of THz light enable many applications in non-destructive 2D imaging, 3D tomography, industrial sensing, bio-imaging/sensing, and security [7]. In the context of surface sensing, due to a relatively large size of THz waves, they can be used, in principle, for detection, characterization, and dynamic monitoring of changes in super-micron-sized objects (such as bacteria, cells, micro-organisms and some organelles, fine powders, aerosols, suspensions, condensates, etc.) conveniently localized on a flat surface [8]. Unfortunately, generation of highly-confined surface modes using simple metals (ex. gold, silver) proved to be challenging in the THz spectral range. This is because, in the THz band, the dielectric constant of most simple metals is almost purely imaginary in contrast to the visible spectral range where it is almost purely real and negative. While excitation of surface waves at the metal surface in THz is still possible, such waves tend to significantly extend into the neighboring dielectric (100–1000 wavelengths) [9]. Such surface modes also tend to have low loss (defined by the dielectric material) and can be used in principle for bulk sensing applications.



The main goal of this paper is to go beyond surface plasmon polaritons at the interface with simple metals. In what follows we present a critical comparative analysis of alternative materials, different surface wave types, and sensor modalities that could be used to design surface wave enhanced sensors operating in the THz spectral range. We demonstrate that very different surface sensing modalities can be realized in the THz band that are characterized by different degrees of field localization in the vicinity of the material surface. Thus, true surface sensors with sub-wavelength probing depths can be realized using surface plasmon polaritons on semiconductors and zero-gap materials, surface phonon polaritons on polaritonic materials, as well as spoof plasmons and spoof Zenneck waves on structured materials with high absolute values of the dielectric constant. At the same time, bulk sensors that utilize surface waves with super-wavelength probing depths can be realized using surface plasmon polaritons on simple metals, as well as Zenneck waves on high-k dielectrics and polaritonic materials.



The paper is structured as follows: we first present a theoretical foundation for the amplitude and phase-based sensor detection modalities, and then develop expressions for the corresponding sensor sensitivities. We then present a brief theory of surface waves, their classification, and their optical properties such as modal size and modal propagation distance. Next, for each wave type we consider natural or artificial materials that can be used for its realization in the THz spectral range, as well as surface wave optical properties as related to such practical materials. Finally, we summarize our findings by classifying different wave types according to their potential in the surface or bulk sensing applications as well as projected sensitivity.




2. Amplitude and Phase-Based Sensor Modalities Using Surface Waves


Here we consider a subset of sensors that use surface waves to detect and quantify changes in the refractive index of a neighboring analyte. The wave is assumed to propagate at the interface between a functional material (such as metal, semiconductor, etc.) and a simple dielectric (analyte) characterized by the refractive index    n d   . The complex effective refractive index of a surface mode is defined as    n  e f f    (   n d   )    and both its real part (phase) and its imaginary parts (loss) are sensitive to the variation in the refractive index of a dielectric medium.



As complex dispersion relations for many surface waves are known analytically, then surface wave sensitivity to changes in the analyte refractive index can also be derived in the analytical form. This allows intimate understanding of the effects of material and design parameters on sensor performance. Importantly, the study of surface wave sensitivity should be supplemented with the analysis of surface wave extent into the analyte region, which determines the sensor probing depth and allows its characterization (somewhat ambiguously) as the “surface” or “bulk” sensor.



Alternatively, one can perform sensor characterization by studying surface wave sensitivity to changes in the thickness of a thin layer deposited at the interface. In fact, this modality is directly relatable to many practical implementations of the surface sensors. Theoretically, however, this arrangement is somewhat cumbersome to analyze as one must specify the refractive index the initial thickness of the deposited layer. The addition of these two free parameters makes analysis cumbersome and more graphical than analytical, which is the main reason why we chose a more theoretically elegant approach for the characterization of sensor sensitivity with respect to changes in the analyte refractive index complemented by the study of the surface wave probing depth.



2.1. Amplitude Sensing Modality


Amplitude sensing modality offers the simplest sensor implementation as it only requires monitoring of the sensor transmission amplitude. A simplified schematic of an amplitude-based sensor is presented in Figure 1. The amplitude sensing detection modality is mostly used to detect variations in the imaginary part of the analyte refractive index.



Within the amplitude-based modality, a small variation in the refractive index   δ n   of the analyte can be quantified by measuring changes in the modal transmission loss   α  (   n d   )   , which is, in turn, related to the imaginary part of the surface mode effective refractive index    n  e f f  i   (   n d   )    as:


   n  e f f    (   n d   )  =  n  e f f  r   (   n d   )  + i  n  e f f  i   (   n d   )   



(1)






  α  (   n d   )  =  k 0   n  e f f  i   (   n d   )        ;        k 0  = ω / c  



(2)







Transmission losses can be obtained by monitoring intensity of the transmitted light    I  o u t     at the sensor output end as:


   I  o u t    (   n d  + δ  n d   )  =  I  i n    e  − 2 α  (   n d  + δ  n d   )  L    



(3)




where    I  i n     is the light intensity at the sensor input end, and L is the sensor length. Thus, by comparing light intensities before    I  o u t    (   n d   )    and after    I  o u t    (   n d  + δ  n d   )    changes in the analyte refractive index took place, from Equation (3) we can write:


     I  o u t    (   n d  + δ  n d   )     I  o u t    (   n d   )    = exp  (  − 2   ∂ α  (   n d   )    ∂  n d    L · δ  n d   )  =  e  −  S A  δ  n d     



(4)




where parameter    S A    characterizes the amplitude sensitivity and is proportional to the sensor length. Recognizing that the maximal sensor length    L  m a x     is limited by the propagation loss of the surface mode:


   L  m a x   ~  1  α  (   n d   )     



(5)







We can estimate the maximal value of the amplitude sensitivity and relate it to the modal refractive index (using Equations (1) and (2) as:


   S  m a x  A   [   1  R I U    ]  = 2   ∂ α  (   n d   )    ∂  n d     L  m a x   ~  2   n  e f f  i   (   n d   )      ∂  n  e f f  i   (   n d   )    ∂  n d     



(6)







Finally, Equation (4) also allows us to estimate sensor resolution. Particularly, defining      (  δ I / I  )    m i n     to be the smallest reliably detectable difference in the relative amplitude (which is typically smaller than 0.01), from Equation (4) it follows that the smallest detectable change in the analyte refractive index will be:


     (  δ  n d   )    m i n  A  ~      (  δ I / I  )    m i n      S  m a x  A     



(7)








2.2. Phase Sensing Modality


Phase sensing modality, compared to amplitude-based strategy, offers a considerably more precise and better controlled technique for monitoring changes in the analyte refractive index. A simplified schematic of the phase-based sensor is presented in Figure 2. In such a sensor one frequently uses a Mach–Zehnder interferometer to convert a relative phase difference of light traveling along the reference and sensing pathways into an easily detectable amplitude variation. Phase sensing detection modality is, therefore, mostly used to detect variations in the real part of the analyte refractive index.



To introduce the phase sensitivity parameter, we have to analyze amplitude of the detected signal at the output of a Mach-Zehnder interferometer shown in Figure 2. Particularly, the electric fields after propagation along the length  L  in the reference and sensing branches of the interferometer are given by:


  E  (   n d  ,   L  )  =  E  i n    e  i  k 0   n  e f f    (   n d   )  L    



(8)






     E  (   n d  + δ  n d  ,   L  )  =  E  i n    e  i  k 0   n  e f f    (   n d  + δ  n d   )  L        



(9)







Assuming that the two branches show similar losses (  α  (   n d   )  ≈ α  (   n d  + δ  n d   )   ), then the interference of light coming from the two branches will result in the following output intensity:


       I  o u t    (   n d  + δ  n d   )  =    |  E  (   n d   )  + E  (   n d  + δ  n d   )   |   2                    = 4  E  i n  2  exp  (  − 2 α  (   n d   )  L  )  cos  (     k 0  L  2    ∂  n  e f f  r   (   n d   )    ∂  n d    δ  n d   )                    = 4  E  i n  2  exp  (  − 2 α  (   n d   )  L  )  cos  (   S P  δ  n d   )       



(10)







Here, parameter    S P    characterizes the phase sensitivity and is proportional to the sensor length. Recognizing that the maximal sensor length    L  m a x     is limited by the propagation loss of the surface mode    L  m a x   ~ 1 / α  (   n d   )   , and using Equation (2), the maximal phase sensitivity can be estimated as:


   S  m a x  P   [    r a d   R I U    ]  =    k 0   L  m a x    2    ∂  n  e f f  r   (   n d   )    ∂  n d    ~  1  2  n  e f f  i   (   n d   )      ∂  n  e f f  r   (   n d   )    ∂  n d     



(11)







Finally, Equation (10) also allows us to estimate sensor resolution. Particularly, defining   δ  φ  m i n     to be the smallest reliably detectable variation in the phase of an output signal (which is normally much smaller than  π ), from Equation (10) it follows that the smallest detectable change in the analyte refractive index will be:


     (  δ  n d   )    m i n  P  ~   δ  φ  m i n      S  m a x  P     



(12)









3. Theory of Surface Waves in the Context of Sensing Applications


In what follows, we analyze the performance characteristics and application scenarios of the amplitude and phase sensing techniques described in the previous sections in the context of surface waves propagating at the interface between a functional material and an analyte (see Figure 1 and Figure 2). Particularly, we aim at understanding the fundamental relations between the sensor sensitivity, the extent of the modal field of a surface wave into the analyte, and the maximal propagation length of a surface wave. Also, we consider a sensor to be a “surface sensor” if the modal field extent of a surface wave into the analyte (probing depth) is subwavelength or at most several wavelengths, while we consider a sensor to be a “bulk sensor” if the modal field extent of a surface wave into the analyte is many wavelengths. Remarkably, we find that in the case of low-loss analytes, and for many types of surface waves, sensor sensitivity correlates strongly with the modal probing depth. Thus, bulk sensors characterized by long probing depths tend to have higher sensitivities than the surface sensors characterized by subwavelength probing depths.



3.1. Dispersion Relation of Surface Waves


Interaction between electromagnetic (E and M) waves and free charge carriers can yield surface plasmon polaritons (SPP) excitation at the metal or semiconductor/dielectric interfaces, while interaction of E and M waves with lattice vibrational modes lead to surface phonon polaritons at the polar media/dielectric interface. Moreover, well-confined surface-bound E and M states can be excited at the interface with a high-k dielectric having high material losses, which are known as a Zenneck surface waves. Finally, surface waves can be excited at the interface with a naturally-occurring or artificially-structured anisotropic media, in which case such waves are known as Dyakonov surface waves. Each one of these surface waves has its advantages and limitations and requires a particular set of material properties for their excitation. Moreover, due to variations of the material properties with frequency, such surface waves can have completely different optical properties depending on the frequency range of operation. In this work we focus specifically on surface waves in the THz spectral range.



We first review the necessary conditions for the excitation of surface waves at the interface between two distinct materials, one of them being lossless dielectric with positive dielectric permittivity    ε d    and another material with dielectric permittivity    ε m    that can have either negative real part (metal, semiconductor, polar media just above the resonance) or positive real part (polar media just below the resonance, high-k dielectric). Figure 3 shows planar interface between two materials (OXY plane), and a TM-polarized electromagnetic (E and M) wave that has the only component of its magnetic field directed along the OY axis.



On either side of the interface we assume a single TM polarized planewave of frequency ω and the corresponding E and M wavevectors    k  d , m   =  (   k x  , 0 ,  k z  d , m    )   . The corresponding magnetic and electric fields on either side of the interface are given by:


   H  d , m    (  r , t  )  =  y ^   H  d , m    e  i  k  d , m   r − i ω t    



(13)






     E  d , m    (  r , t  )  =    H  d , m    (  r , t  )  ×  k  d , m      ε  d , m    k 0    ,  



(14)




where    k 0  = ω / c = 2 π / λ  , and the wavevectors satisfy the standard dispersion relations:


   k  d , m  2  =  ε  d , m    k 0 2  =  k x 2  +    (   k z  d , m    )   2   



(15)







The E and M field components parallel to the interface must be continuous across the interface (   y ^   H d   (  0 , t  )  =  y ^   H m   (  0 , t  )  ;  x ^   E d   (  0 , t  )  =  x ^   E m   (  0 , t  )   ), thus leading to the following equation for the    k z   (  d , m  )     :


     k z d     ε d    −    k z m     ε m    = 0  



(16)







Using dispersion relations (Equation (15), as well as definition of the modal effective refractive index    k x  =  n  e f f    k 0   , Equation (16) admits a simple analytical solution for the surface mode dispersion relation:


   ε  e f f   =  n  e f f  2  =    ε d   ε m     ε d  +  ε m    ;    (   k z  d , m    )   2  =  k 0 2       (   ε  d , m    )   2     ε d  +  ε m     



(17)







While Equation (17) is a solution of Equation (16), it does not necessarily describe a bound surface state as Equation (16) is just a condition of E and M field continuity across the interface. In order for Equation (17) to describe a surface state, one must require that the electromagnetic fields are decaying away from the interface (evanescent fields), which amounts to additional requirements:


  Im  (   k z d   )   <  0       ;     Im  (   k z m   )   >  0  



(18)




and define exponentially decaying fields in both media. Finally, for a surface-bound state we define its propagation length    L x    as well as its extents into a dielectric    L d    and a second material    L m    as characteristic distances over which the E and M fields decay by the factor e:


   L x  =  1  Im  (   k x   )          ;        L  d , m   =  1  ∓ Im  (   k z  d , m    )     



(19)







Now we detail several types of surface states propagating at the interface between a classic lossless dielectric with    ε d  > 0   and a second material that can be either a metal, a polar material, a zero-gap material, or a lossy high-k dielectric. Particularly, in the case of simple Drude metals and semiconductors, their frequency-dependent dielectric constant is described as [9]:


   ε m   ( ω )  = 1 −    ω p 2     ω 2  + i γ ω    



(20)




where    ω p    is a plasma frequency and γ is a damping coefficient. Similarly, the dielectric constant of many polar materials near the resonance frequency    ω 0    can be described using the Lorentz model:


   ε m   ( ω )  = 1 −    ω p 2     ω 2  −  ω 0  + i γ ω    



(21)




while lossy high-k dielectrics are characterized by    ε m  =  ε m ′  + i  ε m  ″    , where    ε m ′  ≫ 1  .




3.2. Lossless Materials


We first consider the case of ideal (lossless) materials   γ = 0   operating at frequencies where their dielectric constant is negative so that the two following conditions are satisfied    ε m  < 0   and    ε d  +  ε m  < 0  . In this case, the surface mode effective dielectric constant as given by (17) is purely real and positive    ε  e f f   >  ε d   . For metals and polar materials, this limits the operation frequency to:


  Metals : ω <    ω p      1 +  ε d            ;        Polar   materials  :    ω 0  < ω <    ω 0 2  +    ω p 2    1 +  ε d       



(22)







At such frequencies, the OZ components of the two wavevectors are purely imaginary and their imaginary parts have the opposite signs:


   k z  d , m   = ∓ i  k 0     |   ε  d , m    |       |   ε m   |  −  ε d       



(23)




thus defining a true surface state, which is called a surface plasmon polariton in case of metals and surface phonon polariton in case of polar materials. Electromagnetic fields of such a surface state decay exponentially fast away from the interface. The surface mode propagation length    L x    is infinite as    n  e f f     is purely real, while the surface mode extents into a dielectric    L d    and a material    L m    are given by Equation (24):


   L  d , m   =  λ  2 π        |   ε m   |  −  ε d       |   ε  d , m    |     



(24)







Note that plasmon polariton or phonon polariton extents into the two media become deeply subwavelength    L  d , m   ≪ λ   when    |   ε m   |  ~  ε d   , which happens near the following frequencies:


  Metals : ω ∼    ω p      1 +  ε d            ;        Polar   materials  :   ω ∼    ω 0 2  +    ω p 2    1 +  ε d       



(25)







In Figure 4 we present a typical lossless surface plasmon polariton dispersion relation as well as dependence of its penetration depths into a dielectric and metal as a function of frequency. The surface plasmon-polariton extent into metal is always deeply subwavelength    L z m  ≪ λ  , while its extent into the dielectric is generally comparable or even smaller than the wavelength of light    L z d  < λ   at higher frequencies.



In Figure 5 we present similar results for a surface phonon polariton, and arrive to a similar conclusion that somewhat above the resonant frequency    ω 0   , the surface phonon-polariton extent into a polar material is always deeply subwavelength    L z m  ≪ λ  , while its extent into the dielectric is generally comparable, or even smaller than the wavelength of light    L z d  < λ   at higher frequencies.




3.3. Lossy Materials


When material losses are small:


  Metals : γ ≪    ω p      1 +  ε d            ;        Polar   materials  : γ ≪    ω 0 2  +    ω p 2    1 +  ε d      −  ω 0   



(26)







Conclusions drawn in the case of lossless materials will still hold virtually unchanged, while corrections to the modal optical properties could be found using perturbative expansions with respect to the imaginary part of the dielectric constant. In some cases, however, material losses cannot be ignored as imaginary part of the material dielectric constant can be comparable or larger than its real part. This is notably the case of Drude metals at very low frequencies   ω ≪ γ   operating in the THz and microwave spectral ranges. At such frequencies, the metal dielectric constant is essentially purely imaginary. Remarkably, even at very low frequencies a well-defined surface state with complex dispersion (Equation (17) still exists, as we will see in the following sections.




3.4. Lossy High-k Dielectrics


A lossy surface-bound E and M state (also known as a Zenneck wave) can be excited at the interface between two distinct dielectrics both having positive real parts of the dielectric constants. In what follows we assume that one dielectric is lossless    ε d  > 0  , while another is a high-k lossy dielectric    ε m  =  ε m ′  + i  ε m  ″    , where, additionally,    ε m ′  ≫  ε d   . One can then directly use the expressions for the modal effective refractive index (17) and modal extents into the dielectric materials (Equation (19), while choosing the signs of the transverse wavevectors in both media to satisfy the surface-bounded wave condition (Equation (18). Resultant expressions can be further simplified in the limit    ε m  ″   ≪  ε m ′   , which is the case for most high-k dielectrics to obtain the following expressions for the modal propagation distance (limited by material losses), and modal extents into the two dielectrics:


   n  e f f    ≈   ε m  ″   ≪  ε m ′         ε d   ε m ′     ε d  +  ε m ′       (  1 + i    ε d   ε m  ″     2  ε m ′   (   ε d  +  ε m ′   )     )   ≈   ε d  ≪  ε m ′     n d  −    n d 3    2  ε m ′    + i    n d 3   ε m  ″     2    (   ε m ′   )   2     



(27)






     L d   ≈   ε m  ″   ≪  ε m ′     λ π       ε d       ε m  ″        (  1 +    ε m ′     ε d     )     3 2     ≈   ε d  ≪  ε m ′     λ π       (   ε m ′   )     3 2       ε m  ″    ε d       



(28)






     L m   ≈   ε m  ″   ≪  ε m ′       L d    2 +  ε m ′  /  ε d     ≈   ε d  ≪  ε m ′     L d     ε d     ε m ′    ≪  L d     



(29)






     L x   ≈   ε m  ″   ≪  ε m ′     L d       ε m ′     ε d      ≫  L d     



(30)







From these expressions we note that, in the case of high-k dielectrics,    ε m ′  ≫  ε d   , the Zenneck wave is well-defined as its propagation distance is much larger than the modal extents into both dielectrics    L x  ≫  L  m , d    . In this limit Zenneck waves are also known as Brewster waves [10]. At the same time, modal extent into the high-k dielectric is much smaller than that into the lossless dielectric    L m  ≪  L d   . At the same time, achieving strong confinement of Zenneck waves near the surface is somewhat problematic due to inverse dependence of its transverse size on the loss of a high-k dielectric. Nevertheless, as it follows from the further analysis of (28), (17) and (19) by using high-k dielectrics with high material losses   Im  (   ε m   )  ~ Re  (   ε m   )    allows modal size Ld in the   2 λ − 10 λ   range, thus making lossy high-k dielectrics viable candidates for surface wave excitation.




3.5. Summary of Surface Waves and Their Classification


Here we summarise the optical properties and classify the surface waves presented so far (classification and naming convention follows that of [10]). To simplify presentation, we define    λ d  = λ /    ε d      to be the wavelength of light in the lossless dielectric. In Figure 6 we plot the value of the surface wave relative extent into dielectric    L d  /  λ d    calculated using Equations (17)–(19) as a function of the normalized real and imaginary parts of the material dielectric constant    (  Re  (   ε m   )  /  ε d  , Im  (   ε m   )  /  ε d   )   .



We first note that for any choice of the material dielectric constant    ε m    one can show that the surface wave penetration into material is always smaller than the surface wave penetration into dielectric    L m  <  L d   . Furthermore, in Figure 6 we show a black solid line that separates the regime of subwavelength confinement    L d  <  λ d    from the regime of super-wavelength confinement    L d  >  λ d     ; here we note that subwavelength confinement is achieved within a certain bounded region of absolute values of the material dielectric constant   1 <  |   ε m  /  ε d   |  < 50  . Additionally, inside a red region near the origin (dielectric constant values    |   ε m  /  ε d   |  < 1  ) surface waves are not well defined as their propagation distance along the surface becomes smaller than their extent into dielectric    L x  <  L d   , while outside of the red zone, surface waves are well-defined in the sense    L x  >  L d   .



Now we consider the regime of   Re  (   ε m   )  < −  ε d    and   Im  (   ε m   )  ≪ Re  (   ε m   )    where Fano-type surface waves can be excited that correspond to classical surface plasmon polaritons and surface phonon polaritons. Surface plasmon polaritons of this type are typically observed in the visible and near-IR spectral range using simple metals, while at lower frequencies (THz, microwaves) one has to resort to semiconductors to excite this type of a wave. Surface phonon polaritons of this type can be observed in the mid-IR and lower frequencies (THz, microwaves) using various types of polaritonic (ex. ferroelectrics) materials. In this regime both sub- and super-wavelength probing depths into dielectric are possible depending on the value of the negative real part of the material dielectric constant. In this regime, the probing depth into the material is deeply subwavelength,    L m  ≪  λ d   .



Next, we consider the regime of   Re  (   ε m   )  > 0   and   Im  (   ε m   )  ≫ Re  (   ε m   )    where Zenneck-type surface waves can be excited. Many practical materials that support Zenneck waves also feature high conductivities so that   Im  (   ε m   )  ≫  ε d   . In this regime the probing depth into dielectric of Zenneck waves is typically significantly super-wavelength,    L d  ≫  λ d   , while their penetration into the material is deeply subwavelength,    L m  ≪  λ d   . In fact, from Figure 6 we note that from the point of view of surface wave confinement, there is no conceptual difference between classic Zenneck waves and the waves excited on materials with negative value of the dielectric constant   Re  (   ε m   )  < 0  , as long as   Im  (   ε m   )  ≫ Re  (   ε m   )   , and   Im  (   ε m   )  > 30  . This type of surface waves can be observed at lower frequencies (THz, microwaves, radio waves), for example, in materials featuring high electronic conductivity (simple metals in THz and microwaves, Earth as a conductive ground for radio waves).



Then, we consider the regime of   Re  (   ε m   )  > 0   and   0 < Im  (   ε m   )  ≪ Re  (   ε m   )    where Brewster-type surface waves can be excited. In this regime surface wave probing depth into dielectric can become super-wavelength,    L m  >  λ d    (located below white solid line in Figure 6). Additionally, in the case of lossy high-k dielectrics featuring   Re  (   ε m   )  ≫  ε d   ,   Im  (   ε m   )  ≫  ε d   , the probing depths into the dielectric are somewhat super-wavelength,    L d  >  λ d   , while their penetration into the material are weakly subwavelength,    L m  <  λ d   .



Finally, another interesting regime (located within a cyan circle in Figure 6) is near the origin where evanescent waves can be excited. These surface waves are well defined as their propagation length can be much longer than their extent into the dielectric,    L x  >  L d   , while at the same time both the modal extent into dielectric, as well as modal propagation length, are subwavelengths    L d  ≪  λ d   ,    L x  <  λ d   .





4. Sensor Sensitivities


We now derive expressions for the sensor sensitivities for the amplitude and phase sensor modalities when using various types of surfaces waves. For completeness, we also present expressions for the modal probing depths into dielectric    L d   , as well as modal propagation length    L x   .



4.1. Plasmon Polaritons on Simple Metals


In the THz spectral range for most simple (Drude) metals   ω ≪ γ  , and their dielectric constant (Equation (20)) is almost purely imaginary    ε m  ″   ≫  |   ε m ′   |   , thus:


   ε m   ( ω )  =  ε m ′  + i  ε m  ″    ≈  ω ≪ γ   −    ω p 2     γ 2    + i    ω p 2    γ ω    



(31)







Additionally, for most analytes in the THz spectral range    ε d  ≪  |   ε m ′   |    and, in this limit, the effective refractive index of the surface wave given by Equation (17) becomes:


   n  e f f    (   n d   )   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d     n d  −    n d 3   ε m ′    2    (   ε m  ″    )   2    + i    n d 3    2  ε m  ″      



(32)




while modal probing depth into the dielectric and modal propagation length are:


   L d   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d     λ   2  π        ε m  ″        ε d     



(33)






     L x   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d     λ π     ε m  ″      n d 3       



(34)







Then, by substituting Equation (32) into the expressions for the amplitude (Equation (6)) and phase (Equation (11)) sensitivities we get for plasmon polariton waves on simple metals in the THz spectral range:


   S A   [   1  R I U    ]   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d     6   n d     



(35)






     S P   [    r a d   R I U    ]   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d       ε m  ″      n d 3    ≈ π  (     L x   λ   )  ≈ 2  π 2   n d     (     L d   λ   )   2     



(36)







We note that while amplitude sensitivity of the THz surface plasmon-polariton sensors is mostly frequency independent, their phase sensitivity is strongly frequency dependent and scale proportionally to the square of the wave probing depth    L d    into the analyte.




4.2. Phonon-Polaritons on Polar Materials, and Plasmon Polaritons on Semiconductors and Zero-Gap Materials


In addition to simple metals, plasmon-polaritons can also be excited at the interface with a semiconductor or a zero-gap material, while phonon-polariton can be excited at the interface with a polar material as long as    ε m ′  < 0  , and    |   ε m ′   |  >  ε d   . In this general case, material dielectric constant is often characterized by mostly real negative dielectric constant    ε m  ″   ≪  |   ε m ′   |  −  ε d   , and in this limit the effective refractive of a surface wave is given by:


   n  e f f    (   n d   )   ≈   ε m  ″   ≫  |   ε m ′   |  ≫  ε d     n d  −    n d 3   ε m ′    2    (   ε m  ″    )   2    + i    n d 3    2  ε m  ″      



(37)




while modal probing depth into the dielectric and modal propagation length are:


   L d   ≈   ε m  ″   ≪  |   ε m ′   |  −  ε d     λ  2 π  n d       (     |   ε m ′   |     ε d    − 1  )     1 2     



(38)






   L x   ≈   ε m  ″   ≪  |   ε m ′   |  −  ε d     λ π       |   ε m ′   |       ε m   ″         (     |   ε m ′   |     ε d    − 1  )     3 2     



(39)




and the sensitivities for the two sensor modalities are then given by:


   S A   [   1  R I U    ]   ≈   ε m  ″   ≪  |   ε m ′   |  −  ε d     6   n d       |   ε m ′   |     |   ε m ′   |  −  ε d     



(40)






     S P   [    r a d   R I U    ]   ≈   ε m  ″   ≪  |   ε m ′   |  −  ε d     1   n d 3         (   ε m ′   )   2     ε m   ″         



(41)







We note that both amplitude and phase sensitivities of thus described THz surface plasmon-polariton and surface phonon-polariton sensors can be strongly frequency dependent, especially in the vicinity of plasmon/phonon-polariton cutoff frequencies at which    ε m ′  +  ε d  = 0  .




4.3. Zenneck Waves


Finally, at the interface with a high-k dielectric (   ε m ′  > 0  ) for which    ε m  ″   ≪  ε m ′   , we use expressions presented in Section 3.4 for the Zenneck wave effective refractive index, modal probing depth into the dielectric, and modal propagation length to obtain the following sensitivities for the two sensor modalities:


   S A   [   1  R I U    ]   ≈   ε m  ″   ≪  ε m ′     6   n d       ε m ′     ε m ′  +  ε d     ≈   ε d  ≪  ε m ′     6   n d     



(42)






     S P   [    r a d   R I U    ]   ≈   ε m  ″   ≪  ε m ′     1   n d 3         (   ε m ′   )   2     ε m  ″      ≈   ε d  ≪  ε m ′    π  (     L x   λ   )  ∝  (     L d   λ   )     



(43)







We note that while amplitude sensitivity of the THz Zenneck wave on high-k dielectric sensors is mostly frequency independent, their phase sensitivity can be strongly frequency dependent and generally scale proportionally to the wave probing depth    L d    into the analyte (as both    S P    and    L d    are proportional to    ε m ′  /  ε m  ″    ).





5. Review of Materials, Corresponding Surface Waves, and Sensor Performance


In what follows, we review major classes of materials that support surface waves at THz frequencies and study their potential for sensing applications. We concentrate mostly on the uniform homogeneous materials which are the simplest to process and shape into desired devices, while only mentioning artificially structured materials in passing.



5.1. Simple Metals


First, we consider simple metals which are mainly used in the fabrication of SPR sensors operating in the visible and IR spectral ranges [11]. As an example, in Figure 7 we plot properties of a surface plasmon polariton propagating at the gold/gaseous analyte (   n d  = 1  ) interface in the THz spectral range and observe that while the surface state shows very low loss (long propagation distances)    L x  ≫ λ  , at the same time, it is highly delocalized into the dielectric material    L d  ≫ λ  . In fact, the probing depth of a surface wave into gaseous analyte can be as high as  ∼ 10 cm, thus making such sensors sensitive to the “bulk” changes in the analyte refractive index. Here, we used    ω p    = 2 π × 2175   THz and   γ = 2 π × 6.48   THz for gold [9].



We observe that in theory a phase-based sensor using gold as a functional material can be very sensitive to changes in the refractive index of analyte mainly due to low-loss of a surface plasmon, and as a consequence, very long sensor lengths. However, to achieve such high sensitivities as predicted by Equation (36), THz plasmon-polaritons must propagate along the gold-dielectric interface for up to the theoretical propagation length of   ∼ 10 –  100 m. It is important to note that the experimental values of the plasmon propagation lengths along planar gold interfaces are in fact few orders of magnitude smaller than the predicted theoretical values based on the Drude model [12]. This is to be expected as the model mostly describes bulk optical properties of simple metals, while conductive surfaces might demonstrate additional phenomena not captured by the Drude model [13,14,15,16], such as surface structure modification due to atomic surface reconstruction, oxidation, pollutants, etc., as well as additional scattering losses due to geometrical imperfections at the metal surfaces, such as roughness, clustering, etc. These effects tend to increase scattering loses at the metal surface, thus leading to smaller plasmon propagation lengths and lower sensitivities of sensors based on SPPs.




5.2. Semiconductors


Next, we consider semiconductor materials which are directly analogous to simple metals and can often be described using a Drude model (Equation (20)). However, plasma frequency of semiconductor materials generally expressed as:


    ω p  =      e 2  N    ε 0   m *         



(44)




is generally significantly lower than that of the simple metals (and can even be pushed into the THz spectral range) due to lower concentrations of the free carriers  N . We are particularly interested in materials that have plasma frequency in the THz spectral range, while also having relatively small absorption loss so that    ε m ′  +  ε d  < 0   and    ε m  ″   ≪  |   ε m ′   |  −  ε d   . Under these conditions (see Section 4.2), such materials can support tightly localized surface states in the THz band that are directly analogous to plasmon polaritons in the visible spectral range.



As an example, consider InSb, a semiconductor with plasma frequency of 7.32 THz that can support highly localized surface plasmon-polariton modes [17]. In the THz spectral range it presents a great alternative to simple metal as it can be used to create waveguides and SPR sensors using industrial microfabrication process [18,19]. Moreover, its free carrier concentration (and, hence, surface wave optical properties) can be adjustment via temperature tuning and doping. Additionally, magnetic fields can be utilized to modulate electrical and optical proprieties of this magneto-optical material [20], thus enabling new sensor modalities.



Another example is an n-type and a p-type GaAs films produced by using two different doping types as reported [21] (Drude parameters are summarized in the Table 1).



In Figure 8 we present the complex dielectric function for the n-type and p-type GaAs films along with the expected plasmon propagation length and penetration depths into the analyte. We observe that the surface wave penetration depth into the analyte is smaller for the p-type (that has plasma frequency closer to the terahertz spectral range) than for the n-type. At the same time, more tightly localized surface waves propagating on the p-type semiconductor are lossier that those propagating on the n-type one, consequently, their phase sensitivity is smaller compared to that of the surface waves propagating on the n-type semiconductor, a behavior that is consistent with that of simple metals (see Equation (36)). We, thus, conclude that doping could be used as a design parameter to tune the surface weave probing depth into the analyte depending on the desired sensor application.



The ability to design or tune semiconductor electronic properties (such as plasma frequency and loss) make semiconductors a potent platform for surface wave sensing applications in THz spectral range.




5.3. Polar Materials


Now, we consider polar materials, which are characterized by the complex dielectric permittivity that also depends on the intermolecular and intramolecular resonance frequencies. The Lorentz model is typically used to model the frequency response of the dielectric function of polar materials [22]:


   ε  ( ω )  =  ε ∞   [  1 −    ω p 2     ω 2  −  ω 0 2  + i γ ω    ]     



(45)




where    ε ∞    is the dielectric constant at high frequency,    ω p    is the plasma frequency,    ω 0    is a resonance frequency and γ is the damping coefficient. The real and imaginary parts of the dielectric constant (Equation (45)) can be expressed as:


    ε ′   ( ω )  =  ε ∞   [  1 −    ω p 2   (   ω 2  −  ω 0 2   )       (   ω 2  −  ω 0 2   )   2  +  γ 2   ω 2     ]     



(46)






      ε ″   ( ω )  =    ε ∞   ω p 2  γ ω      (   ω 2  −  ω 0 2   )   2  +  γ 2   ω 2         



(47)







For such polar materials, the real part of the permittivity can be negative near the resonance frequency   ω >  ω 0   . As the nature of the resonance, especially at THz frequencies, is often related to the vibrational movements of macromolecules or material domains, then the resultant surface waves can be called phonon polaritons. Table 2 summarizes the Lorentz parameters for some polar materials:



In Figure 9 we present dielectric properties of the PVDF material along with the phonon-polariton propagation distance and penetration depth into the analyte. We observe that the surface wave confinement is more significant at higher frequencies, especially closer to the phonon-polariton cutoff frequency at which    ε m ′   (   ω  c u t o f f    )  +  ε d  = 0  . We also note that at frequencies right below the resonance frequency    ω 0   , polar material dielectric constant can have very large and positive values of both their real and imaginary parts, which is similar to the case of lossy high-k dielectrics. As a result, immediately below the resonance frequency    ω 0   , polar materials support Zenneck waves, while above the resonance frequency    ω 0    they support phonon polaritons. We also observe that the surface wave probing depth into the analyte is subwavelength for the most part of the THz frequency range, thus enabling “surface” sensing with surface phonon polaritons.




5.4. Zero-Gap Materials


Zero-gap materials are semiconductors where the conduction and valence band edges meet at the Fermi level [27]. Here, the electrons can easily change state to fill empty bands. Therefore, these materials are extremely sensitive to external influences such as pressure and magnetic field. Graphene, which consists of a 2D hexagonal arrangement of carbon atoms, is a famous example of a zero-gap semiconductor. This material, which can be tuned by a magnetic field and chemical doping, which could lead to the development of many new electronic devices [28]. The dielectric function of a monolayer of graphene is given by [29]:


    ε ˜   ( ω )  = 1 −  1  π  ℏ 2   ε 0   t g       e 2  μ   ω  (  ω + i  τ  − 1    )       



(48)




where    t g  = 0.34   nm is the thickness of the graphene monolayer, µ is the chemical potential and τ is the scattering rate. In Figure 10 we plot the dielectric properties in the THz spectral range of a doped monolayer graphene film of   μ = 0.135   eV and   τ = 1.35 ×   10   − 13     s [30]. In contrast to simple metals, real part of the graphene dielectric constant is larger (in absolute value) that its imaginary part for most of the THz spectral range. Here, the plasmon-polariton confinement increases with frequency and modal size becomes comparable with the wavelength at higher frequencies (~3 THz). Due to a significant modal penetration depth into the analyte, plasmon-polariton loss is low, thus resulting in very long plasmon propagation distances.




5.5. Lossy High-k Dielectrics


In Section 3.4 we demonstrated that a well-defined surface wave can propagate at the surface of a lossy high-k dielectric. In particular, to support a well-localized surface mode one has to require that the imaginary part of the high-k dielectric constant is comparable to its real part. As an example, in Figure 11 we present optical properties of a 0.4Ba0.6Sr0.4TiO3-0.6La(Mg0.5Ti0.5)O3 (BST-LMT) ceramic as reported [31], as well as the optical properties of a Zenneck wave that can propagate at the high-k dielectric/analyte interface. Note that in this particular example, despite the relatively large modal extent into the analyte    (   L d  ~ 10 λ  )   , the modal propagation length is considerably longer than the modal size   (  L x  ~ 70 λ ≫  L d  )  , thus a well-defined surface state is achieved at the high-k dielectric/analyte interface.



More generally, high-k dielectrics are relatively abundant in the form of various oxides and ceramics, while some of them (such as TiO2, Zr SnTiO3, MgO-TiO2-ZnO, Ba2Nd5Ti9O27, K0.5Na0.5NbO3, ZnTi1-x(Al0.5Nb0.5)xNb2O8, etc. [32,33,34,35,36,37,38]) also feature relatively high imaginary parts of their dielectric constant compared to their real parts.




5.6. Artificially Structured Materials (Metamaterials)


Thus far, we have covered several types of naturally occurring homogeneous materials, such as simple metals, semiconductors, polar materials, zero-gap materials, and high permittivity materials that support various types of surface modes. At the same time, highly confined modes in terahertz range can also be obtained by using artificially structured materials [39]. One type of such structured material features a periodic array of subwavelength-size grooves inscribed onto a planar metallic slab in air. Thus, for a 1D array of grooves of width a, depth h, and lattice constant d (period), the complex dispersion relation of the fundamental surface mode supported by such a material (also known as a spoof surface plasmon) in the limit   a ω  n  e f f   s p o o f   /  (  2 c  )  ≪ 1   can be shown to be:


    ε  e f f   s p o o f    ( ω )  ≈  ε d  +    (   a d      β ˜  0     k 0    tan  (    β ˜  0  h  )  + i    ε d       ε m        d − a  d   )   2  ,    



(49)




where:


    β ˜  0  ≈  k 0     ε d    + i      ε d      a    ε m        



(50)




and    ε m    is the complex dielectric constant of a lossy metal. To derive the complex dispersion relation (49), one can use standard derivation together with the impedance boundary conditions at the metal surface [40]. Figure 12 shows complex dielectric function of the fundamental spoof surface plasmon    ε  e f f   s p o o f    , its penetration depth into the analyte and propagation distance defined by Equation (19), as well as expected maximal sensitivity of an amplitude-based sensor (Equation (6)) and a phase-based sensor (Equation (11)) for two structured materials with the following geometrical parameters h = d and h = 2d, where a = d/2 and d = 40 µm.



At the macroscopic scale, this structured material (or metamaterial/effective medium) is analogous to a homogeneous medium that is able to support electromagnetic surface waves. Such a material can also be viewed as an artificial metal with a modified plasma frequency [41]. Many other structured materials were engineered to support surface plasmon-polariton-like modes, including 2D patterned and 3D patterned metals [42,43], helically-grooved metal wires [44], as well as dielectric-based metamaterials [45]. Moreover, more exotic waves known as Dyakonov waves can be produced at the interface with anisotropic materials which, at THz frequencies, can be, for example, in the form of periodic multilayers of two different materials featuring a deeply subwavelength period [9].





6. Discussion


In the previous sections we reviewed several principal material types that allow excitation of the well-defines surface waves in the THz spectral range. Additionally, we have classified surface waves according to their physical nature and presented expressions for their penetration depth into the analyte, propagation length, as well as amplitude-based and phase-based sensitivities. For some of the surface wave types we also noted a correlation between the corresponding phase-based sensor sensitivity and probing depth into the analyte which, for plasmon polaritons on simple metals and some semiconductors, was    S P  ∝    (   L d  / λ  )   2   , while for Zenneck waves on high-k lossy dielectrics. It was    S P  ∝  L d  / λ  . For these wave types, sensors featuring smaller probing depths into the analyte (tighter modal confinement) also feature lower sensitivities. In other words, “surface” sensors (with subwavelength modal confinement) tend to have lower sensitivities than their “bulk” counterparts. In Figure 13, we summarize the article’s findings by plotting surface wave penetration depth into the analyte against the maximal sensitivity of a phase-based sensor for various types of surface waves/materials considered in this paper at a 1 THz operation frequency.



We can also define sensors with modal probing depth into the analyte above ~10 wavelengths as “bulk” sensors, while those with smaller modal sizes are defined as “surface” sensors. Thus, the main candidates as enabling materials for THz surface sensing are semiconductors with plasma frequencies in the THz range, polaritonic materials with resonance frequencies in the THz spectral range, or structured materials that support THz spoof plasmons, and they are capable of phase sensitivities in the 10–104 rad/RUI range and require relatively small sensor sizes (short modal propagation length). Higher phase sensitivities 104–107 rad/RUI can be achieved using simple metals, zero-gap materials, semiconductors with high plasma frequency, lossy high-k dielectrics, and some structured materials, however, they operate in the bulk sensing modality with penetration depth as high as 102–103 λ  and often require large sensor sizes (long modal propagation length). Thus, depending on the sensor application modality, size limitation, and required sensitivity, a judicious choice of the surface wave type and enabling material has to be made.



It is important to note that optical properties of the surface waves are extremely sensitive to the surface preparation and presence of both material and geometrical imperfections at the interface [11,12]. Therefore, one has to be conscious that theoretical estimates presented in this paper for the wave optical properties and sensor sensitivities can be significantly different from the experimental ones. Additionally, one must be aware that different surface preparations of even the same material samples can result in significantly different optical properties of the surface waves.



We also note that in this paper we only aim at highlighting and comparing different types of “pure” surface waves that propagate along ideal planar surfaces. Clearly, optical properties of such waves can be significantly modified and augmented (lower losses, stronger confinement near the surface, etc.) when using even the simplest surface modification techniques, such as the deposition of judiciously chosen subwavelength-size dielectric layers [47,48], etc. Such techniques are important and diverse and deserve a review paper of their own.



Finally, we would like to discuss briefly an issue of excitation of the THz surface waves. Efficient excitation is generally a challenging task due to the mismatch of the propagation constants of the incident waves (which are typically launched from the side of an analyte) with that of a surface wave. Additionally, there is also an issue of spatial field matching complicated by the strong spatial inhomogeneity of the surface waves in the direction perpendicular to the interface. The simplest methods for surface wave excitation employs strongly spatially inhomogeneous fields near the interface, thus generating both propagating and evanescent fields in the near vicinity of the surface. While some of these waves can couple to the surface waves, most are lost to radiation, thus resulting in the relatively low efficiency coupling with the main advantage being simplicity of the coupling arrangement. As an example, aperture-limited plane wave has been studied in great details and used for the excitation of SPPs and Zenneck waves [47,49]. Strongly inhomogeneous fields near the interface can be obtained by using a short parallel plate waveguide parallel to the surface [48] or even a simple end-fire (butt coupling) arrangement where an incident electromagnetic field is focused onto the input facet at the position of the material/analyte interface [50]. Other methods that typically result in higher excitation efficiency of surface waves rely on careful matching of the wavevectors of an incident wave (normally from the side of an analyte) with that of a surface wave, while also employing some type of a directional coupler arrangement. A classic technique based on this principle employs a higher refractive index (compared to that of an analyte) prism coupler, where the incident angle of the excitation wave is chosen in such a way as to match the propagation constant of the incident wave (projection of the wavevector onto the surface plane) with that of a surface wave [51]. Another classic technique achieves matching of the excitation field and surface wave propagation constants by employing diffraction grating inscribed onto the surface [52]. A more exotic surface wave excitation scheme uses frequency difference generation of THz radiation near the metalized surface of a nonlinear material by employing two slightly mismatched in frequency IR lasers [53,54]. The generation of surface waves is obtained when both the wavevector and energy conservation conditions are respected between two IR laser waves and a THz surface wave. Finally, in addition to many of the methods mentioned above, excitation of surface waves on structured surfaces (spoof plasmons) was achieved by coupling to traditional waveguides via tapers or mode converters [55].




7. Conclusions


In this paper we reviewed two major types of sensor detection modalities (amplitude-based and phase-based) in the context of the surface wave enhanced sensing in the terahertz frequency band. A variety of surface wave types were considered including surface plasmon polaritons on metals, semiconductors, and zero gap materials, surface phonon polaritons on polaritonic materials, Zenneck waves on high-k dielectrics, as well as spoof surface plasmons and spoof Zenneck waves on structured interfaces. Special attention was paid to the tradeoff between surface wave localization and sensor sensitivity. Furthermore, a detailed theoretical analysis of the surface wave optical properties as well as the sensitivity of sensors based on such waves was supplemented with many examples related to naturally occurring and artificial materials.
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Figure 1. Schematic of an amplitude sensitive detection strategy. A light source is used to excite the surface mode at the interface between functional material and analyte. Variations in the transmitted amplitude is used to monitor changes in the analyte refractive index. 
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Figure 2. Schematic of a phase sensitive detection strategy. Coherent light is subdivided in two beams, one propagating through the reference and another through a sensor. The two beams are then recombined and resulting interference pattern is used to monitor variation in the analyte refractive index. 
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Figure 3. Schematic of an interface between two materials that guides a TM polarized surface wave. 
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Figure 4. Dispersion relation and fundamental properties of a lossless surface plasmon polaritons (   n d  = 1.33  ). (a) Band diagram of a surface plasmon. Insert:    S x    energy flux of a plasmon at   ω = 0.4  ω p   . Optical properties of a plasmon: (b) Effective refractive index, (c) penetration depth into the dielectric, and (d) penetration depth into metal. 
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Figure 5. Dispersion relation and fundamental properties of a lossless surface phonon polariton (   n d  = 1.33 ,  ω 0  = 0.2  ω p   ). (a) Band diagram of a surface phonon polariton. Insert:    S x    energy flux of a phonon polariton at   ω = 0.4  ω p   . Optical properties of a phonon polariton: (b) Effective refractive index, (c) penetration depth into the dielectric, and (d) penetration depth into the polar medium. 
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Figure 6. Classification of the surface waves and summary of their optical properties as a function of the complex value of the material dielectric constant    (  Re  (   ε m   )  /  ε d  , Im  (   ε m   )  /  ε d   )   , assuming that the bordering dielectric (analyte) has a purely real positive dielectric constant    ε d   . Plotted is the relative value of the surface wave probing depth into the dielectric (analyte),    L d  /  λ d   , where    λ d    is the wavelength of light in the material,    λ d  = λ /    ε d     . The plot is universal in these normalised coordinates. 
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Figure 7. (a) Complex dielectric function of gold following the Drude model. (b) Plasmon penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) and phase-based sensitivity SP (rad/RIU) as a function of frequency. For the analyte we use nd = 1. 
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Figure 8. (a) Dielectric function of the n-type and p-type GaAs films following Drude model (Table 1). (b) Plasmon penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) and phase-based sensitivity SP (rad/RIU) as a function of frequency. For the analyte we use nd = 1. 
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Figure 9. (a) Dielectric function of PVDF following Lorentz’s model. (b) Phonon-polariton penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) and phase-based sensitivity SP (rad/RIU) as a function of frequency. For the analyte we use nd = 1. 
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Figure 10. (a) Dielectric function of a doped monolayer of graphene. (b) Plasmon penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) and phase-based sensitivity SP (rad/RIU) as a function of frequency. For the analyte we use nd = 1. 
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Figure 11. (a) Experimental values of the complex dielectric constant of a BST-LMT at room temperature. (b) Zenneck-wave penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) and phase-based sensitivity SP (rad/RIU) as a function of frequency. For the analyte we use nd = 1. 
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Figure 12. (a) Dielectric function of spoof surface waves supported by gold with periodic grooves (a = d/2 and d = 40 µm). (b) Spoof plasmon penetration depth into the analyte and propagation distance. (c) Amplitude-based sensitivity SA (1/RIU) as a function of frequency. (d) Phase-based sensitivity SP (rad/RIU) as a function of frequency. For analyte we use nd = 1. 
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Figure 13. Surface wave penetration depth into the analyte against the maximal sensitivity of a phase-based sensor for various types of surface waves/materials considered in this paper at a 1 THz operation frequency. For structured materials we use a = d/2, d = 40 µm. For the analyte we use nd = 1 the silver and copper [46]. 
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Table 1. Drude parameters for the n-type and p-type GaAs films.
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	GaAs
	m * (m0)
	N (cm3)
	      τ   ( s )    
	       ω p  / 2 π   ( THz )    
	      γ / 2 π   ( THz )    





	n-type
	0.079
	4.48 × 1018
	8.47 × 10−14
	67.62
	1.879



	p-type
	0.34
	1.15 × 1018
	2.51 × 10−14
	16.51
	6.341










 





Table 2. Lorentz parameters for various polar materials.






Table 2. Lorentz parameters for various polar materials.





	Material
	       ε ∞       
	       ω 0  / 2 π   ( THz )    
	       ω p  / 2 π   ( THz )    
	      γ / 2 π   ( THz )    





	PVDF [23]
	2.0
	0.3
	1.47
	0.1



	D-Glucose [24]
	2.940
	1.446
	0.037
	0.021



	SrTiO3 [25]
	8.528
	2.632
	15.77
	0.6



	LiNbO3 (ordinary) [26]
	13.2
	4.53
	6.99
	0.51



	LiNbO3 (extraordinary) [26]
	20.6
	3.87
	2.04
	0.69



	LiTaO3 (ordinary) [26]
	13.4
	4.23
	6.12
	0.15



	LiTaO3 (extraordinary) [26]
	8.4
	5.96
	11.63
	0.34











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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