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ABSTRACT 

We use three dimensional finite-difference-time-domain simulations to study the dynamics of extraordinary optical 
transmission through arrays of nanoholes in 200 nm-thick Au films on silicon nitride substrates. By diving the light 
source into two identical 5 femtosecond pulses and tuning the relative delay between them, we are able to modulate both 
the intensity and spectra of the transmitted light on ultrashort time scales. Simulations demonstrate that the intensity and 
distribution of the electric fields on the surface of the film and within the nanoholes are altered by changing the pulse 
delay.  
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1. INTRODUCTION 

Since its discovery in 19981, much progress has been made in investigating and understanding the phenomenon of 
extraordinary optical transmission (EOT). Ebbesen et al. first demonstrated that arrays of subwavelength holes in metal 
films can transmit visible light with efficiencies exceeding unity (when normalised to the holes’ areas), which are orders 
of magnitude higher than the transmission predicted by classical diffraction theory2. In the subsequent two decades 
experiments and simulations have determined the effects of the properties of the metal film1,3,4, the surrounding dielectric 
environment5, the hole size and shape6,7, the arrangement of the array8, and the orientation of the incident light9,10 on the 
transmission, as well as confirmed that surface plasmon polaritons play a major role10,11. Due to their transmissive 
properties and the presence of plasmonic fields on the surface, hole arrays in metal films have potential applications in 
novel photonic devices and biological sensing12,13. Examples of devices that have already been realised include 
wavelength filters14,15, nanopolarilzers16, and biosensors17,18. 
 
It has been shown that both localised surface plasmons around individual holes and surface plasmons polaritons (SPPs) 
travelling between the holes are present and affect the transmission12,14. Coupling between holes on and between the 
surfaces occurs on femtosecond time scales19,20 and studying these dynamics is important to both our fundamental 
understanding of EOT and its application in photonic devices21. 
 
Compared with the large amount of research into the properties and potential applications of nanohole arrays, relatively 
few time-resolved studies have been carried out. One such early experiment used a setup based on linear interference to 
measure the transit time through an array and found a delay of 7 fs for a 300 nm film, which gives a group velocity of 
c/719,22. This velocity can be much lower when the interface coupling is weak, giving longer delays of 60 – 100 fs20. 
Investigations into the temporal structure of the transmitted light have shown that the transmitted light is composed of 
two components - the original pulse, much is not greatly modified by the array, followed by a long, slowly decaying 
tail21. This structure stems from the interference between the direct, ultrafast transmission through the array, and the 
reradiation of light from plasmon modes on the surface. This Fano-type process is further evidenced by the point-spread 
function of the nanohole arrays23 and the asymmetric lineshapes of the transmitted spectra21,22. Other time-resolved 
studies have found oscillations in the transmitted photon flux density24, and SPP lifetimes of several hundred 
femtoseconds21.  
 
Given that our laser system is capable of producing ultrashort laser pulses of around 5 fs, we wish to exploit this high 
time resolution to study the dynamics of EOT with a pump-probe setup. To support our experiments and optimise the 
hole array parameters, we perform simulations to determine the effect of the second pulse on the transmission through 
the array and the evolution of the electric fields on the interfaces.   
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Figure 4. Evolution of the electric fields at two points in the array for two different time delays between the pulses. a) The x-
component of the electric field in the centre of the hole. b) The z-component of the electric field on midway between the 
holes on the Au/Si3N4 interface. 

 

Figure 4b shows the z-component of the electric field at a point mid-way between two holes on the underside of the film. 
Given that the electric fields of the initial pulses have only x-components, these fields can be only due to the presence of 
plasmons on the surface. We therefore attribute the strong beating pattern to the interference of plasmons originating 
from different holes in the film. The second pulse clearly modifies the frequency of the beating and leads to a faster 
decay of the fields. 

Snapshots of the total electric field profile through a cross-section of the film at y = 0 at times of 24, 40, and 60 fs (4, 20, 
and 40 fs after injection of the pulses) are shown in Figure 5. The top row (a-c) shows the fields for a delay of 0 fs 
between the pulses at each of these three simulation times. After 4 fs (left image) the incident field has reached the top 
surface of the film, producing localised enhancement around the hole edge. At 20 fs (middle image), the field has begun 
to resonate inside the hole, and the hole edge on the underside of the film shows field enhancement. At 40 fs (right 
image), the SPP on the underside of the film can be seen. The bottom row (d-f) shows the fields at the same simulation 
times but with the second pulse arriving after a delay of 10 fs. These images reinforce the observation that the second 
pulse modifies the time signature of the fields. 

 

4. CONCLUSIONS 
 

We have performed FDTD simulations of the transmission of ultrashort laser pulses through a square array of nanoholes 
in an Au film on a Si3N4 substrate. The transmission spectrum displays two prominent peaks, seemingly due to SPP and 
LSP resonances. Introducing a time delay between the two identical incident laser pulses modifies the peak intensity and 
spectral position. Results from measurements of the electric fields indicates that the second pulse influences the SPP 
resonance and damping rate. This offers the possibility to modulate the transmission spectra and local fields of a 
nanohole array on femtosecond time scales, both of which could be used in applications.    
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