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Abstract: We have observed resonant terahertz transmission peaks in 

samples comprising perforated periodic hole array in a metal film, covered 

with a high dielectric substrate. These resonant transmissions arise from the 

interplay between waveguide modes in dielectric substrate and the periodic 

hole array in the metal film. Finite difference time domain (FDTD) 

simulations show good agreement with the data, in support of the proposed 

mechanism. Inducing additional resonant transmissions using guided modes 

can lead to the ease in tuning the transmission peak frequencies that are 

potentially useful to terahertz (THz) bio-sensing. 
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1. Introduction 

Extraordinary transmission (ET) through a periodically perforated metal plate may be 

attributed to the electromagnetic (EM) grating resonances that can occur at frequencies where 

the structure dimensions properly match the relevant wavelength [1]. Much attention has been 

focused on this phenomenon recently, owing to its potential applications in various areas [2–

9]. In particular, one of the most important characteristics of ET is the significant increase in 

the near-field intensity of the transmitted radiation, making them useful for the detection of 

small amounts of sample [10]. However, for such applications tuning the resonant frequencies 

can be very important, and it would be desirable to have additional transmission frequencies 

in the THz regime in addition to the usual cases. 

In this paper, we report an advance along this direction. By introducing an overlayer of 

relatively thick dielectric material [11–15] with high refractive index on the perforated metal 

layer, the extra resonant transmission peaks were found to appear at frequencies of the guided 

modes in the overlayer. The observations and the proposed mechanism of induced 

transmission via guided modes are supported by good agreement between theory and 

experiment. In what follows, we explore the relationship between the dispersion relations of 

the waveguide modes in the dielectric layer and show how they can couple to the perforated 

hole array in the metal film. A simple equation for determining the resonant frequencies is 

obtained, from which one can predict the resonant transmission frequencies from the 

characteristics of the dielectric layer. Simulation of the electric field at various resonant 

frequencies is shown to yield excellent support to the waveguide-mode mechanism. We also 

study the dependence of transmission peak frequencies on the thicknesses of substrate. The 

experimental measurements show good agreement with the theoretical calculations. This 

characteristic provides a method of tuning the resonant transmission peaks. 

2. Sample fabrication, experimental measurements and simulation 

An image of the sample studied in the experiment is shown in Fig. 1(a). Holes 160um in 

diameter (corresponding to a cutoff frequency of 1.1 THz) were perforated in a 3µm-thick 

copper film, with a simple square lattice structure and a lattice constant of 300µm. The 

dielectric layer is an intrinsic silicon film that is 500µm in thickness. Configuration of the 

sample is shown in Figs. 1(b) and 1(c). In Fig. 1(c) we also define the coordinate system 

related to our sample geometry. The copper layer together with a 100nm adhesion layer of 

Ti/W was first sputtered on a 500µm thick silicon substrate, and then photo resist was 

patterned by standard photolithography before copper and Ti/W were etched by hydrogen 

peroxide in room temperature and 60 °C, respectively. The Fabry-Perot transmission 

spectrum of the pure silicon layer is shown in the inset of Fig. 1(d), from which the dielectric 

constant of the silicon layer is determined to be 12. 
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Fig. 1. (a) A microscopic optical image of the sample. (b) Top view of the sample, showing the 

hole array in the Cu metallic film. (c) Side view of the sample together with the coordinate 

system defined relative to the sample geometry, showing the thick silicon overlayer (bottom) 

bonded to the metallic layer with the hole array. (d) The transmission spectrum of the sample. 

The Wood’s anomaly (W-N) frequencies are delineated by the black dashed lines, denoted by 

the (1,0) and (1,1) gratings of the square lattice. The extra transmission peaks are associated 

with the guided modes in the silicon overlayer. Inset: Fabry-Perot transmission characteristic 

of the silicon substrate. From the interference pattern a dielectric constant of 12 is deduced. 

We measured the transmission spectrum of the sample by using the THz time domain 

spectroscopy (THz-TDS). The terahertz wave pulses were emitted from a dipole-type 

photoconductive antenna illuminated by a 117-fs laser pumping pulses at 800 nm. The 

detection was achieved by a dipole-type photoconductive antenna gated with time-delayed 

probing laser pulses that were diverted from the pumping pulses. By varying the difference 

between the optical path lengths of the pumping and probing pulses, the waveform of the 

terahertz wave was measured in the time domain. The Fourier-transformed transmission 

spectrum in frequency domain is shown in Fig. 1(d). It is seen that there are more resonant 

peaks than what are usually expected around Wood’s anomaly frequencies (denoted by the 

two black dashed lines). 

 

Fig. 2. (a) Upper panel: the measured transmission spectrum. Lower panel: FDTD simulated 

transmission spectrum. Clear correspondence is seen. (b) Distribution of the Ez component on 

the x-y interfacial plane between the metal film and the dielectric substrate at resonant 

transmission frequencies. The positions of the holes in the metal film are delineated by the 

dashed lines. The upper panel is for the field distributions at the first 6 resonant frequencies, 

which have the same pattern except for the differences in magnitudes; the lower panel is for 

the field distribution at the 7th resonant frequency. The waveguiding mode characters are 

clearly seen from the patterns shown. 

In order to understand the experimental results, the transmission spectrum is simulated by 

using the FDTD approach [16]. In the simulation a 2 × 2 superlattice of the sample was 
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placed in a box with the periodic boundary condition and the incident plane wave was 

launched normal to the surface of the sample. A 500 µm thick dielectric layer with a dielectric 

constant 12 was used in the simulations, and the metal layer has a thickness of 3µm. Perfect 

conductor boundary condition was used for the perforated metal film. The simulated results 

are shown in the lower panel of Fig. 2(a). Good agreement with the experiment is clearly 

seen. Except for the peaks labeled by 1 (0.282THz) and 7 (0.402THz) around the Wood’s 

anomaly frequencies, five other peaks are also visible, labeled by 2, 3, 4, 5 and 6 with 

frequencies respectively located at 0.296THz, 0.311THz, 0.326THz 0.351THz, 0.369THz. 

Moreover, the field distributions of the z-component electric field on the interface between 

metal and dielectric at these resonant frequencies are shown in Fig. 2(b). The field patterns 

for the peaks of 1-6, corresponding to the (1, 0) diffraction mode, are exactly the same except 

the differences in their magnitudes. This is shown in the upper panel of Fig. 2(b). The field 

pattern of peak 7, which corresponds to the (1, 1) diffraction mode, is shown in the lower 

panel of Fig. 2 (b). 

3. Analysis and discussion 

The ET from the hole array on metal plate can be understood as arising from the interplay 

between the Bragg surface modes generated by the periodicity and the hole excitations that 

enhance the field intensity inside the holes. These ET modes generally appear at frequencies 

close to that of the Wood’s anomaly and the attendant Bragg surface wave is bound close to 

the metal surface [17]. In our case, the silicon layer supports guided modes with low loss 

propagation parallel to the metal surface. These tangential propagating waveguide modes are 

built up by the scattering of the metal hole array, and these guided modes can also interact 

with the hole array that serves as one bounding surface of the waveguide, hence leading to 

extraordinary transmissions. However, if the dielectric layer is thick enough, there can be 

many guided modes, leading to the many extra ET modes. 

To give a more concrete and clearer picture, we analyze the dispersion of the waveguide 

mode bound in the silicon layer. For simplicity, we neglect the effect of holes (due to their 

subwavelength characteristics) in obtaining the dispersion relation and the guided mode 

configuration. The coupling to the hole gratings will be treated separately on the basis of the 

guided modes and their dispersion relations thus obtained. The effect of the coupling will be 

shown to manifest itself as zone folding as well as the intersection of the folded dispersion 

with the light line in air, leading to transmission. Since our waveguide is asymmetric in the 

sense that one bounding surface is the dielectric-air interface whereas the other bounding 

surface is the dielectric-metal interface, we shall treat the metal as a “mirror” reflecting 

surface (allowing only normal electric component and tangential magnetic component) so that 

the analysis can be simplified to that of a dielectric waveguide with twice the original 

thickness in air [18]. However, because of the boundary condition requirement, only the even 

TM modes in the symmetric waveguide can contribute. Their dispersion relations are given 

by the equation: 

 
2 2 2

2 2 2

2 2 2
tan 2 , 1, 2,...a

t t t

sia si si

k k k h m m
c c c

εω ω ω
π

ε

 
 − = − − − =
 
 

  (1) 

where 
t

k  is a wave vector parallel to the interface between metal and dielectric, 
a
ε  = 1 is the 

dielectric constant of air, 
si
ε  = 12 is the dielectric constant of silicon, 

si
c  is the light velocity 

in silicon, 
a

c is the light velocity in air, ω is the angular frequency, and h  denotes the silicon 

layer thickness. 
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Fig. 3. (a) Dispersion relation for the m = 2 waveguide mode in dielectric layer plotted together 

with both the light lines in air (for 90θ = �
mode) and in silicon. Here θ  is the angle 

between the incident wave vector and the z axis. (b) Folded dispersion of the waveguide mode 

(and light lines for 90θ = �
mode) in the first BZ; the red circle denotes the intersection of the 

dispersion of the guided mode and the normally propagating light line in air ( 0θ = �
). 

In order to illustrate our result, the second mode (m = 2) together with light lines in air and 

silicon (representing modes propagating parallel to the interface) are plotted in Fig. 3(a).The 

effect of periodicity is accounted for by zone folding at the edge of the first BZ (Fig. 3 (b)). 

The folded dispersion curve is seen to intersect the light line in air. The red circle, which 

denotes the intersection between folded dispersion curve and normally propagating light line 

( 0k =
�

), implies a normally propagating transmission peak. From this analysis, the equation 

determining the frequencies of the resonant transmissions with (0, 1) surface diffraction mode 

must satisfy the following condition: 

 

2 2 2

2

2
, m 1,2,...

2
si

m

d h c

π π ω
ε

   
+ = =   

   
  (2) 

where d  is the lattice constant and h  is the thickness of the silicon layer. From this equation, 

we determine that there are 6 resonant peaks. The first peak, which was thought to be the first 

Wood’s anomaly, in fact results from the m = 1 TM waveguide mode and its position is 

predicted to be 0.292 THz. The other five peaks are predicted to be 0.302THz, 0.317THz, 

0.337THz, 0.361THz and 0.388THz. These predictions agree very well with the observations 

as seen in Fig. 2. The slight shifts between the theory and experimental frequencies may 

result from the fact we did not consider the effect of the hole size and the thickness of the 

metal layer. However, there is no doubt that the simple model captures the essential physics 

extremely well. Except the main contribution of waveguide modes to the resonant 

transmission, Fabry-Perot (F-P) mode may also play some role. In our study frequency 

region, there are two F-P modes locating at 0.2601THz and 0.3468THz. The effects of F-P 

modes to transmission enhancement may be observed from the fact that the transmission 

peaks around them are broadened. 
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Fig. 4. (a) Simulated field distributions of the Ez component of the electric field at resonant 

frequencies 0.296 THz and 0.311 THz on the x-z plane passing through two origins of circular 

holes. (b) Simulated total electric field on the same x-z plane. Concentration of the field 

intensity in the vicinity of the holes is clearly seen. 

We have carried out FDTD simulations on the z component of the electric field as well as 

the total electric field distribution, so as to focus on the coupling between the waveguide 

modes in the silicon layer and the hole array. We chose the x-z plane (perpendicular to the 

interface) passing through the origins of two circular holes as the simulation plane. The 

simulation results at two resonant frequencies (noted in the figure) are shown in Fig. 4. The 

distributions of the z component of electric field at these two resonant frequencies are shown 

in Fig. 4(a). The waveguide mode configurations in the silicon layer are clearly seen, i.e., the 

distribution pattern of Ez at 0.296THz exactly corresponds to the m = 2 waveguide mode, and 

the field pattern at 0.311THz corresponds to the m = 3 waveguide mode. The coupling of the 

waveguide modes with metal hole array is seen as the field modification around the holes that 

causes the total electric field around the holes to be much stronger (Fig. 4 (b)), leading 

resonant transmission. 

4. Substrate thickness effect 

One of the advantages of ET modified by waveguide modes is that the frequency of resonant 

transmission peaks can be changed by the thickness of substrates (See Eq. (2)). To verify it, 

we have fabricated the samples with different thicknesses by etching the silicon substrates. 

Figure 5 (a) shows the transmission spectra of metal hole arrays with four substrate 

thicknesses. We find that the resonant transmission peaks shift to lower frequency as the 

thickness of the substrate increases. To give a quantitative analysis, we calculated the 

dependence of the transmission peak frequency for different waveguide modes. The 

calculated relations between thicknesses and positions of transmission peaks for different 

waveguide modes are shown in Fig. 5 (b). The measured transmission peaks are also shown 

as square dots in Fig. 5 (b). One can find that the experimental data agree well with the 

calculated line for low index modes (m = 1 and m = 2). On the other hand, the derivation 

between experiment and theory becomes slightly larger for higher index modes (m = 3, m = 4 

and m = 5). This is attributed to the fact that we neglected the size of the hole and the 

thickness of metal layer in our calculation. 
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Fig. 5. (a) The transmission spectra of samples with different substrate thicknesses (Red line: 

430µm, blue line: 330µm, green line: 380µm and black line: 500µm). (b) The relation between 

thickness and peak frequency for different modes: solid lines and square dots are calculated 

and measured transmission peaks for different substrate thicknesses, respectively. For these 

modes, black color line and square dots are for m = 1 mode, red color line and dots are for m = 

2 mode, blue color line and dots are for m = 3 mode, olive color line and dots are for m = 4 

mode, and pink color line and dots are for m = 5 modes. 

5. Conclusion 

We have observed resonant transmissions in the sub-THz region, induced by guided modes in 

the dielectric (silicon) substrate. Theoretical analysis of guided modes as well as the FDTD 

simulations gives support to this mechanism. The extra resonant transmissions may be useful 

in THz sensing by offering easier tuning of the ET frequencies to the desired detection 

frequencies. 
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