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Abstract. The sensing performance of a linear one-dimensional gold rectangular subwavelength grating platform with
the ATR (Otto) coupling technique for gas detection has been numerically studied in the THz range. The optimal
parameters of gratings for exciting surface plasmon resonances with a maximal efficiency were found. The dispersion
analysis of surface waves confirmed the correctness of the reflection spectrum simulations. The fundamental and 1st order
modes of deep grooves demonstrated a very high sensitivity to a small refractive index change up to 1.5 THz/RIU (in the
frequency domain) and 557 deg/RIU (in the angular domain), with the refractive index detection limit of the sensor
7  10 3 RIU and 1.5  10 7 RIU , respectively. Compared with the fundamental modes, the high-order modes revealed the
higher FOM values up to 500 1/RIU due to the narrow width of the resonances. These sensing characteristics are very
promising for creating THz sensors based on subwavelength grating platforms.

INTRODUCTION
The terahertz (THz) spectral range is located between the microwave and infrared regions and covers frequencies
from 0.1 to 10 THz (from 30 μm to 3 mm in wavelengths). As the THz photons have the quantum energy up to 40
meV, this radiation is nonionizing and many rotational and vibrational modes of complex intra- and extra-molecule
bonds of biological substances in solid, liquid and gas form lie in the THz frequency range [1-2]. That is why the
THz radiation is of great importance for biological, medical, industrial and security sensing applications [3-4].
One approach to achieve the strong light–matter interactions and sharp spectral features to enable the detection
of small changes in the dielectric environment is using a method giving a strongly confined electromagnetic field,
like surface plasmon polariton (SPP) sensing in visible range [5]. However, due to the high conductivity of metals in
the THz range only poorly confined Sommerfeld-Zenneck waves can propagate along the smooth metal-dielectric
interface with decay lengths in to the air of several centimeters ( 100  1000 λ ) [6]. To overcome this limitation
Pendry at el. proposed the use of structured metal surfaces with holes in them to mimic the SPPs at much lower
frequencies than the visible range [7]. These surface waves (called spoof surface plasmon polaritons (SSPP)) are
bound TM electromagnetic surface modes having a high field coupling with the metamaterial structure even in the
case of perfect electrical conductor (PEC) material [8]. The most frequently used label-free SSPP sensing platforms
consist of subwavelength metal gratings [9-10] or waveguides including thin dielectric films [11].
In this paper, we focused on the SSPP sensing platform based on the one-dimensional subwavelength metal
grating with attenuated total reflection (ATR) coupling technique (Otto configuration) [9, 12-13]. The common

principle of operation of the sensor is an occurrence of a surface plasmon resonance (SPR) shift in the reflection
spectrum, as a result of a change in the refractive index of the dielectric environment near the grating. Ng at el. were
first experimentally demonstrated refractive index sensing of nitrogen and various fluids by monitoring sharp
changes of SPRs in both amplitude and phase of the THz radiation using time-domain spectroscopy (TDS)
technique [9]. The sensing performance can be assessed by common characteristics: the sensitivity (S = frequency
shift / change of the analite refractive index) and figure of merit (FOM = S / FWHM), where FWHM is a full width
of the resonance dip at a half minimum. In [9], for nitrogen as an analite substance the sensitivity was attained
S ≈ 0.49 THz/RIU, FOM ≈ 49 RIU-1, and the refractive index detection resolution was Δn = 0.02 RIU. Yao and
Zhong found the optimal configurations for a rectangular deep subwavelength metal grating and the optimal gap
between the prism and grating producing both the fundamental and high-order modes of SSPP, at that high order
modes had a higher sensitivity of up to 2.27 THz/RIU and FOM ≈ 262 RIU-1 with Δn = 0.004 RIU [14]. Zhang and
Han numerically investigated the angular spoof plasmon resonance vs. the change of the refractive index at 1 THz
frequency [12]. For silicon prism and gold rectangular grating they attained an extremely high angular sensitivity
(S = 320°/RIU) corresponding to the refractive index resolution Δn = 3∙10-7 RIU (assuming 10-4 degree for angular
resolution typically used in the optical SPR sensors), which is comparable with the performance of similar surface
plasmon resonance sensors in visible range [5]. The analysis of the groove shapes (rectangle, triangle, trapezoid and
slanted) in a 1D subwavelength gratings was shown, that trapezoid and slanted geometries gave the maximum
sensor sensitivities [12, 15]. Huang at el. experimentally demonstrated that the metallic gratings could serve as
perfect THz absorbers in an ATR geometry tunable in the wide range due to very strong SPRs [13].
Besides the subwavelength metal gratings, alternative more simple and law cast sensing platforms using
diffraction metal gratings [16] and hybrid waveguide with a subwavelength plastic ribbon [17] were proposed in the
THz region, giving the sensor sensitivities up to 0.5 THz/RIU and 0.26 THz/RIU, respectively.
In the current work, a sensing platform based on a linear one-dimensional metal rectangular grating using the
ATR coupling technique was studied in the THz range by the numerical simulations. Using the model of effective
medium and finite element method the performance of three configurations of SPR sensors was analyzed in the
frequency and angular domain, and the optimal parameters allowing the maximal sensitivity were seek.

THEORY
The schema of the surface plasmon resonance exciting with the ATR technique in Otto configuration are
presented in Fig. 1. The THz beam in the half-cylindrical prism incident on the interface between the prism (with
refractive index np) and dielectric (with refractive index nd) at the incident angle  int   cr  arcsin  nd np  ,
producing evanescent wave interacting with the subwavelength metal grating. In case of matching between the
projection of kp-vector of the incident wave in the prism on to x-axis and the spoof surface plasmon k-vector
propagating along the grating, the evanescent wave was coupled into the SSPP
2
(1)
k x  kp sin  int  
np sin int   kSSPP ,
λ
where λ is the wavelength in vacuum. A one-dimensional grating having the period p, groove width w and depth d,
in the limit of p, w  λ can be modelled by the dielectric layer with the effective dielectric permittivity and plasma
frequency, depending on the grating parameters [18, 7].

FIGURE 1. ATR Otto configuration for coupling of the SSPPs on the metal grating.

Taking the loss in metal into consideration, the SSPP k-vector can be expressed as [19]
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is the skin depth of the metal with the dielectric permittivity εm.

Eq. 2 is the dispersion relation for SSPP propagating along the subwavelength grating, allowing the flexibility of
designing of gratings for sensing applications. kSSPP significantly depends on the groove depth d [19]. The wave
vector of a surface wave propagating along the corrugated surface is limited by the first Brillioun zone, k0  π p .
Thus, according to Eqs. (2), (3), when d  p
d  mp

 g , only fundamental mode (m=0) can be excited, while

 g (m is an order of the mode), high order modes (up to m) can be supported by the grating [20]. Besides,

as the grooves are opened, small amount of the high order mode electromagnetic field will extend into the dielectric
and the “extending” electric field from adjacent grooves couple with each other and finally form the propagating
wave [14]. According to the dispersion relation (2), the cutoff frequencies fc can be found from the condition
kg d 
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REFLECTION SPECTRA SIMULATIONS
We examined the simple sensing schema shown in Fig. 1. The grooves and gap between the grating and prism
are filled with a gas having the refractive index nd (“Gas detector”).
The reflection coefficients in ATR configuration are measured vs. frequency or angle. In case of a wave vector
matching condition according to Eq. (1), a surface plasmon resonance (SPR) will occur, producing the resonance dip
in the reflection spectrum. A resonance frequency and reflection coefficient value depend on the grating parameters,
gap and dielectric properties of substances in the grooves and gap.
Numerical simulations of reflection spectra were made using Comsol Multiphysics software by the finite element
method (FEM). The simulation schema is shown in Fig. 2 (a). The regime of Floquet ports, unit cell and periodic left
and right side boundary conditions (PBC) were employed. Floquet ports were also periodic and excited TM plane
waves  0,0, H z  at an incident angle  int .

FIGURE 2. Simulations schemes for “Gas detector”: (a) reflection spectrum; (b) dispersion analyses.

The choice of grating parameters is determined by the sample fabrication technique and working frequency
range of available radiation sources. In our case we focused on the Novosibirsk free electron laser (NovoFEL)
generated powerful monochromatic pulsed radiation at a repetition rate of 5.6 MHz in the frequency range of 1.5 –
3 THz (100 – 200 μm in the wavelength) [21]. In the below frequency region (0.2 – 2.5 THz), the available for us
time-domain spectrometer [22] can be used. According to the restriction imposed on non-radiative waveguide modes
by the first Brillioun zone [14], the period for subwavelength grating must be less than a half wavelength (p < λ/2),
which correspond to p < 50 μm. We chose the period p = 40 μm and width w = 20 μm. For grooves with
d  40 μm (when air is in the grooves,  g  1 ) only fundamental modes can be excited (see Theory Sec.), for

d  40 μm - fundamental and high-order modes. Such small width and deep grooves can’t be made using the
conventional UV photolithography with the acceptable quality. The multibeam X-ray lithography [23] or
conventional deep reactive ion etching techniques [24] allow to obtain deep regular structures with the vertical walls
with an accuracy no worse than 1 μm.
As a prism we used a high-resistive silicon having the refractive index np = 3.42 in THz region. The metal was
gold with the Drude permittivity ( p  1.38  1016 c 1 ,  τ  4.05 1013 c 1 [25]).
To find the optimal parameters of gratings we varied d (1 – 100 μm) and g (1-150 μm) depending on the
refractive index of substances in the grooves and gap. The parameters were selected by the fallowing criteria: (1)
minimum value of the reflection coefficient (less than 0.6) corresponding to a plasmon resonance; (2) stability of a
resonance frequency when a slight variation of g (only a magnitude of the reflection coefficient changes); (3)
gradual shifting of a resonance frequency when varying the refractive index in the grooves. In order to optimize the
process of searching for optimal parameters, a special program in Matlab was written that managed the simulations
in Comsol. It allowed to automate the large data processing.
The selected parameters obtained for “Gas detector”, when the grooves and gap are filled with air ( n g  nd  1 ),
are shown in Fig. 3. Each point correspond to the stable plasmon resonances at the incident angle  int  45o with the
reflection coefficient R  0.6 and appropriate d, resonance frequency fres and g. Shallow ( d  40 μm ) fundamental
and high order ( d  40 μm ) modes lie in the frequency region generated by the NovoFEL, deep fundamental modes
– in the TDS range. Points marked by red correspond to the deepest resonances. For such points we simulated the
reflection spectra varying the refractive index in grooves. The results for the shallow grating (d = 5 μm, g = 6 μm)
are presented in Fig. 4 (a). With increasing the refractive index nd by the step Δn = 0.01, the resonance gradually
shifts to the lower frequencies. By the linear fitting of the dependence fres vs. nd (see the red line in the inset B in
Fig. 4 (b)), we got f res  2.77  0.2  nd . This equation offers the sensitivity S = Δfres/Δn = 0.2 THz/RIU, where Δfres
(THz) is a resonance shift arises from variation of nd by step Δn.

FIGURE 3. Resonance frequency vs. groove depth, obtained for “Gas detector” filled with air ( ng  nd  1 ) after the
optimization: all points correspond to the stable plasmon resonances with R  0.6 , points marked by red – minimum of R. Green

aria (1.5 – 3 THz) is a frequency region generated by the NovoFEL, beige aria (0.2 – 2.5 THz) – by a conventional TDS system.
For d  40 μm only fundamental modes can be excited, for d  40 μm - fundamental and high order modes. The incident angle

 int  45o .

In sensing applications, the full width at the half minimum (FWHMf) in the units of frequency (THz) is another
important characteristic related with the quality factor (Q) of the resonance. It is clear that to minimize the
overlapping between the detection thresholds upon shifting the resonance, resonances with a narrower bandwidth
can be distinguished better in the experiment. For all resonances in Fig. 4(a) FWHMf ≈ 0.004 THz which correspond
to the figure of merit FOM = S/FWHM = 50 RIU-1.

FIGURE 4. Reflection spectra for “Gas detector” ( ng  nd ) with d = 5 μm and g = 6 μm: (a) in the frequency domain at

 int  45o for nd variations with the step Δn = 0.01; (b) in the angular domain at the resonance f res  2.57 THz (nd = 1). The
inset A – |E|-field distribution near the groove, the inset B – dependence fres vs. n.

When using a monochromatic radiation as the NovoFEL, in experiments a reflection spectrum can be measured
in the angular domain. We simulated the angular spectrum for the shallow grating at the resonance frequency
f res  2.57 THz (nd = 1) (Fig. 4 (b)). There is a very narrow resonance at  int  45o with the bandwidth
FWHMa ≈ 5 min (Q ≈ 530). The resonance angle θint is slightly less than 45° due to uncertainties of the simulations.
The field distribution |E| at the resonance (see the inset A in Fig. 4 (b)) corresponds to fundamental mode, the most
part of energy is concentrated under the groove.
The same numerical simulations were made for gratings with deeper grooves d = 48, 94 μm (Figs. 5-6). The
sensing parameters for all gratings are summarized in Table 1. The sensitivities of deep gratings are much higher
(S = 1-1.5 THz/RIU) due to the |E|-field distributions are more confined and concentrated in the grooves (insets B in
Figs. 5-6). Despite the highest sensitivity for the grating with d = 48 μm, their resonance bandwidth is about two
times larger compared with the shallow grating (d = 5 μm), which correspond to the higher Joule losses in the metal
walls. The most narrow resonance is for d = 94 μm, giving the maximal FOM value (500 1/RIU). It can be explained
by the high-order nature of the deep resonance (see the inset B in Fig. 6). In the experiments the FWHM must be
larger and FOM values – lower due to increase in absorption losses caused by the formation of hot spots at the
structural imperfections in the real gratings and diffraction effects resulting from the scattering of the SSPPs modes
at the edges of the grating [14].

FIGURE 5. Reflection spectra for “Gas detector” ( ng  nd ) with d = 48 μm and g = 29 μm: (a) in the frequency domain at

 int  45o for nd variations with the step Δn = 0.01; (b) in the angular domain at the resonance f res  1.25THz (nd = 1). The
inset A – |E|-field distribution near the groove, the inset B – dependence fres vs. n.

FIGURE 6. Reflection spectra for “Gas detector” ( ng  nd ) with d = 94 μm and g = 18 μm: (a) in the frequency domain at

 int  45o for nd variations with the step Δn = 0.003; (b) in the angular domain at the resonance f res  2.066THz (nd = 1). The
inset A – |E|-field distribution near the groove, the inset B – dependence fres vs. n.

TABLE 1. Sensing characteristics of gratings with optimal parameters.
Grating parameters

d = 5 μm, g = 6 μm
d = 48 μm, g = 29 μm
d = 94 μm, g = 18 μm

S (THz/RIU)

FWHMf (GHz)

FWHMa (min)

FOM (1/RIU)

 nd (RIU)

0.2
1.5
1

4
7-10
2

5
155
6

50
140-214
500

0.05
0.007
0.01

The detection limit of the sensor is defined as

 nd   f res S ,

(5)

where  f res is a frequency resolution of a detector. In conventional TDS systems  f res  10 GHz . The values for
 nd obtained by Eq. (5) are in the last column of Table 1. For the deep gratings, the detection limit is about five
times better then for shallow grating. The sensing parameters, obtained for the deep grating with the high-order
mode resonance at ≈ 2 THz, are comparable with the best results for high-order modes found in the literature [14].
To verify the sensing performance of our gratings in the angular domain more detail, we simulated the angular
spectrum for the deep grating with d = 48 μm and g = 29 μm at the resonance frequency f res  1.25THz (see
Fig. 7 (a)). With increasing incident angle the resonance angle gradually shifts towards higher angles, due to

increasing the kSSPP-vector. Using linear fitting of the dependence θres vs. n, the angular detection limit can be
estimated by Eq. (5) replacing  f res by  res  104 deg . If we use  res  104 deg , which is typically used in the
optical SPR sensors [26], one can get the extremely high refractive index resolution up to  nd  1.5 107 RIU . It is
possible due to a high angular sensitivity, which rises vs. the refractive index shift (Fig. 7 (c)) reaching up to
557 deg/RIU. These sensing parameters are better than ones reported in literature [12]. Due to the large FWHM
values of angular resonances (Fig. 7 (d)), the FOM values are not high (Fig. 7 (e)). If we take deep high-order modes
having high Q, the FOM parameter could be significantly increased.

FIGURE 7. (a) Reflection spectra for “Gas detector” ( ng  nd ) with d = 48 μm and g = 29 μm at the resonance f res  1.25THz
(nd = 1) in the angular domain for nd variations with the step Δn = 0.001; (b) resonance angle θres vs. n; (c) sensitivity S vs. the
refractive index shift Δn; (d) FWHM vs. Δn; (e) FOM vs. Δn.

DISPERSION ANALYSES
The additional method for study of SPRs is the dispersion analyses of surface modes. Results of this analysis are
independent from the gap between the coupling prism and grating, allowing to verify the resonances in reflection
spectra simulated in Comsol. We calculated dispersion curves of SSPPs by the effective medium model (Eq. 2) and
finite element method (FEM). The FEM simulations were made in Comsol with the special solver of eigenmodes,
without of using external sources and matching methods. The regime of Floquet ports and periodic left and right side
boundary conditions applied to the structure’s unit cell were employed (see Fig. 2 (b)). The upper bound of the unit
cell was modelled with scattering boundary conditions (SBC), the bottom bound – with perfect electric conductor
(PEC). The optical parameters of the prism, metal and incident conditions were the same as in the reflection
coefficient simulations. The wave vector was varied in the range of the first Brillioun zone.
Dispersion curves of SSPPs obtained for deep gratings with d = 48 μm and d = 94 μm are shown in Fig. 8. The
lines of kSSPP calculated from Eq. 2 are higher then lines simulated in Comsol. In can be caused by the following
reasons: (1) the propagating SSPP is not the theoretical surface wave (as in the effective medium theory) when the
gap is small; as a result, a considerable part of the energy will reradiate back into the prism [27]; (2) the destructive
interference effect between the electromagnetic wave reflected at the prism-air interface and that reemitted from
excited surface plasmons [28]; (3) energy damping [29]; (4) diffraction for high modes is not considered in
Eq. (2) [14]. The intersections of kSSPP and kx-lines give the mode solutions. Point A ( f res  1.25 THz ) correspond to
the fundamental mode for d = 48 μm, points B ( f res  0.67 THz ) and C ( f res  2.05THz ) – the fundamental and 1st
order modes for d = 94 μm. This values are in a very good agreement with resonance frequencies obtained in the
reflection spectra (Figs. 5-6). The small deviation for the high order mode ( f res  2.05THz compared with
2.066 THz in the reflection spectrum) can be explained by the same reasons mentioned above [14].

FIGURE 8. Dispersion curves for SSPPs on the gold rectangular gratings with p = 40 μm, w = 20 μm, d = 48 μm (a) and
d = 94 μm (b). “Gas detector” ( ng  nd  1 ),  int  45o , np = 3.42. Black line – light in air, red line - projection of kp-vector of the
incident wave in the prism on to x-axis, blue line – real part of kSSPP calculated from Eq.2, green line - kSSPP vector obtained using
Comsol software. The intersections of red and green lines give the mode solutions: point A ( f res  1.25THz ) – the fundamental
mode for d = 48 μm; points B ( f res  0.67 THz ) and C ( f res  2.05THz ) – fundamental and 1st order modes for d = 94 μm.
f c0 , f c1 - cutoff frequencies of fundamental and 1st order modes according Eq. (4).

CONCLUSIONS
In conclusion, we have numerically studied the sensing performance of a linear one-dimensional gold
subwavelength rectangular grating platform with the ATR (Otto) coupling technique for gas detection in the THz
range. The optimal parameters of gratings (the groove depth and gap between the prism and the grating) for exciting
stable to the gap plasmon resonances with maximal efficiency were found. The dispersion analysis of surface waves
on the gratings based on the effective medium model and Comsol simulations confirmed the correctness of the
reflection spectrum simulations. The fundamental and 1st order modes of deep grooves demonstrated a very high
sensitivity to a small refractive index change up to 1.5 THz/RIU (in the frequency domain) and 557 deg/RIU (in the
angular domain), with the refractive index detection limit of the sensors 7 103 RIU and 1.5 107 RIU ,
respectively. Compared with the fundamental modes, the high-order modes revealed the higher FOM values up to
500 1/RIU due to the narrow width of the resonances. These sensing characteristics were comparable or exceeded
the best results obtained with the similar sensing THz platforms.
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