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Metal grating based plasmonic filters are widely researched for their unique properties 

of field enhancement and localization of light beyond diffraction limit. However, the 

plasmonic grating filters reported in literature mostly have broadband outputs making 

them unsuitable for spectroscopy. In this project, we have designed, fabricated, and 

characterized an array of 20 plasmonic filters having narrow transmission bands with 

an average of 17nm FWHM covering the whole visible light range. These filters were 

fabricated on a single quartz substrate having two thin dielectric layers of Si3N4 and 

SiO2 along with aluminum gratings on top. The aluminum gratings for all to filters were 

patterned using a single step focused ion beam etching making the fabrication process 

time and cost effective. The filters were characterized using a fiber-based testing setup 

and later used for high-fidelity signal reconstruction integrating the device with a 

CMOS imager. 
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1 Introduction: 

 

1.1 Plasmonics 

 

The pursuit of going beyond the fundamental problem of optical diffraction limit has led science 

to the exciting new field of Plasmonics. The integrated electronics technology is rapidly reaching 

its speed and bandwidth limitations, and this has compelled the scientists to consider replacing 

electronic signals with light signals as information carriers as the solution leading to the field of 

photonics. However, photonic devices and integrated circuits comes with very low scopes of 

integration and miniaturization owing to the diffraction limit of light in dielectric media, which 

does not allow the condensation of electromagnetic waves into regions smaller than the wavelength 

of light in the material [1]. Plasmonics is the area of nanophotonics that study the conversion of 

optical signals into intense, engineered, localized field distributions or coupling of light to 

deep­subwavelength guided modes using metallic nanostructures [2]. The key element of 

Plasmonics, surface plasmons are defined as the quanta of collective electronic excitation on good 

metal surfaces. When the phase velocity of surface plasmon is comparable to the velocity of light 

(in retarded field), surface plasmon can couple with the free electromagnetic field. The quanta of 

this combined excitation is called surface plasmon polartion (SPP) and it propagates along the 

metal surface. However, light incident on an ideal surface cannot couple with the surface plasmons 

to excite SPPs. The way to excite SPPs are either through prism coupling or grating coupling [3]. 

The electromagnetic field of a SPP is confined to the near vicinity of the dielectric–metal interface 

which leads to an enhancement of the electromagnetic field at the interface, resulting in an 

extraordinary sensitivity of SPPs to surface conditions [4]. Due to this property, a variation the 
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period of gratings used to couple the light will lead to a variation in the peak wavelength of the 

excited SPP modes. Exploiting this property, plasmonic devices can be used for wavelength 

filtering and spectroscopy.  

 

 

1.2 Extraordinary Optical Transmission 

 

From classical aperture theory, we can say that the amount of light transmitted through an aperture 

in an opaque metal film is proportional to the aperture area. The transmittance (T) is given by T ∝ 

(d/λ)4 when λ > d, where d is the aperture diameter and λ is the wavelength of the transmitted light 

[5]. It was found later that the amount of transmitted light at certain wavelengths was much larger 

than calculated by the classical aperture theory and the material seemed more transparent than it 

should be at certain wavelengths. This phenomenon was named extraordinary optical transmission 

(EOT). It was suggested that EOT was due to the excitation of surface plasmon resonances through 

grating coupling [6], since the loss in SPP modes is a function of wavelength [1]. The important 

finding was that the peaks of maximum transmission were related to periodicity of the apertures. 

Hence it is possible to tune the wavelength of the maximum transmission by tuning the periodicity 

of the apertures leading to possible application in wavelength filtering and potentially 

spectroscopy. For periodic metallic nanostructures, at normal incidence, the wavelength of SPP 

resonance (λSP) from an array of nano-apertures with square lattice symmetry can be estimated 

using the periodicity of the array and the dielectric constants of the adjacent medium and the metal 

[7]. 
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1.3 Plasmonic Filters for Spectroscopy  

 

Spectroscopy is the technique of separating an electromagnetic signal into its spectral components. 

Traditional spectrometers in visible-light range based on diffraction gratings are bulky. Due to 

ever-growing use of optical spectroscopy in including but not limited to biomedical, industrial, 

military, life sciences, and other surveillance applications, there is need for compact on-chip 

spectrometers that are also cost-effective. Exploiting the optimization of extraordinary optical 

transmission using plasmonic metal gratings resulting in selective wavelength filtering makes 

plasmonic devices suitable for spectroscopy [8]. The transmission properties of plasmonic metal 

filters consisting of of periodic grating arrays are mainly controlled by the design of their physical 

structure. That is by tuning the aperture size, shape, and periodicity, the transmission spectra of 

the array can be tuned with only a single thin metal layer. Hence, plasmonic color filters are very 

cost effective as well as can be made compact for spectroscopic applications. Other advantages of 

plasmonic filters over conventional filters, include higher reliability under exposure to high 

temperature and humidity [9]. 

 

In this project, an array of 20 filters were fabricated on a single device. Each filter had a periodicity 

that corresponded to a peak transmission wavelength, thus 20 filters covering the whole visible 

light range of 400nm to 700nm wavelength with a target Full Width Half Maximum (FWHM) of 

15nm. The filters were characterized using conventional spectrometer and a fiber based testing 

setup, however, combination of such an filter array with a CMOS imager with proper calibration 

will be potentially applicable in a compact on-chip signal reconstruction system eliminating the 

need of such bulky spectrometers and testing setups. 
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2 Literature Review: 

 

Plasmonic filters with different structures targeting different regions of the electromagnetic 

spectrum have already been reported in literature. However, these reported filter designs have wide 

FWHMs. Although these filters are suitable for different broadband image sensors and display 

technologies, they are not narrow-band enough for spectroscopic applications. A comprehensive 

account of the various plasmonic filter designs and their applications found in literature are 

summarized below. 

 

 Device Structure Application 

[10] Glass/Si3N4/SiO2/Ag grating Broadband output with FWHM = 30nm 

[11] Ag/SiO2/Ag cavity Broadband output with FWHM = 40nm 

[12] Ag vertical nanorod array Broadband output for color generation 

[13] Al nanorod array Broadband output for display technology 

[14] Al nanohole array on Si/Si3N4/SiO2 Broadband output for RGB imaging 

[15] Quartz/Au/LC/PI/ITO Broadband output for RGB imaging 

[16] SiNx/SiO2/Al nanostructure/SiO2 Broadband output for RGB imaging 

[17] Glass/Al triangular-lattice hole arrays Broadband RGB Filters 

[18] Glass/Al equilateral triangular and circular 

shaped hole arrays 

Broadband output for RGB imaging 

[19] Glass/MgF2/Al/ZnSe Color Filters for LCD display 

 

Table 2.1: Literature Review 
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3 Methods and Materials: 

 

3.1 Device Design Simulation 

The device structure, as shown in Figure 1, consists of two thin dielectrics layers deposited on top 

of a Quartz substrate. We are denoting the top dielectric layer of SiO2 as the buffer layer with a 

thickness of TB, and the layer of Si3N4 between the buffer layer and the quartz substrate as the 

waveguide layer with a thickness of TWG. The substrate has a thickness of 0.5mm. We have chosen 

Aluminum as the metal layer for grating coupling of the light signal due to its excellent plasmonic 

properties in visible light range especially low loss as well as for the low-cost established 

processing techniques compatible with CMOS technology [20]. The metal layer has a thickness of 

TM, and it has a periodic grating structure with a period P and a gap G between the gratings. The 

optical transmission properties of the structure were simulated using RSoft (DiffractMOD) 

software from Synopsys, which uses Rigorous Coupled Wave Analysis (RCWA) technique. 

RCWA approach is used to analyze the diffraction caused by general planar gratings bounded by 

two different media [21]. We only consider transverse-magnetic mode for this simulation. 

 

Figure 1: 3D Schematic of the Plasmonic Filter 
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The three dielectric layers including the quartz substrate form a waveguide for the specific 

frequency band coupled in [10]. The device was simulated with various combination of TWG, TB, 

TM, as well as P and G to figure out how each parameter affects the transmission. The period P 

controls the peak transmission wavelength due to EOT effect as stated earlier. The thicknesses of 

the buffer layer and the waveguide layer as well as their ratio are associated with the coupling of 

light and hence have effect on the FWHM of the transmission peak. The gap G also effects the 

FWHM as well as the field enhancement. In this project, we have selected TWG = 90 nm, TB = 60 

nm, TM = 40 nm, G = 40 nm as the final parameter values and used them for all the simulations 

presented in the report and the device fabrication. The period P was varied from 260nm to 450nm 

with a step of 10nm for the 20 filters simulated and fabricated. The variation of the transmission 

peak as function of period is shown in figure 2.  

 

 

                                                                  Wavelength (microns) 

Figure 2: Shift of Transmission Peak as a Function of Period P 
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The resolution for the output spectrum was chosen 1nm in RSoft. The simulation was done for 1-

dimentional grating and the launched field was normal to the substrate. Figure 3 shows normalized 

transmission spectra for all 20 simulated filters. 

 

  

     Figure 3: Simulated Transmission Spectra of 20 filters (Period 260nm-450nm) 

 

Figure 4 shows the field distribution in the device along transmission axis for a filter with a period 

of 350 nm at its maximum transmission peak wavelength of 535 nm. It shows a field enhancement 

factor of 5 inside the buffer layer. 
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Figure 4: Field Distribution in the Device 

 

3.2 Device Fabrication 

 

3.2.1 Substrate Preparation 

 

We started with a polished quartz substrate (4″ diameter, 0.5mm thickness) with 90 nm of Si3N4 

layer deposited through plasma-enhanced chemical vapor deposition (PECVD) process as the 

waveguide layer and 60 nm of SiO2 deposited on top of the waveguide layer through the same 

PECVD process as the buffer layer. The wafer was diced into 1″ by 1″ substrates using wafer saw. 

The substrate was cleaned using Acetone – Isopropanol Alcohol – Deionized water in that order 

and then using oxygen plasma for 1minute before metal deposition. 40 nm layer of aluminum was 

thermally evaporated on the top of the buffer layer of a substrate using the Veeco 7700 series 

thermal evaporator. The aluminum layer was deposited at a rate of 0.01nm/s to ensure a smooth 
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surface without porosity [20]. Figure 5 shows the Scanning Electron Microscope (SEM) image of 

the evaporate Aluminum surface. 

 

 

 

Figure 5: SEM Image of the Evaporated Aluminum Layer 

 

 

3.2.2 Focused Ion Beam Etching 

 

The grating patterns for all 20 filters was designed using AutoCAD and transferred to the NPGS 

software system for conversion to make them compatible with the FEI Quanta 3D Dual Beam 

Electron Microscope which was used to pattern the aluminum layer using focused ion beam (FIB) 

etching technique. An 5x4 array of 20 filters were patterned varying the periodicity from 260-450 

nm in a single step. Each filter is 25µm×25 µm in size, and the center to center distance between 
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the filters is 50 µm. The aluminum layer was milled using 30keV Ga+ ions at 30pA current with 

dose of 35 mC/cm2. The required dose was optimized for the minimum write-time while 

maintaining the precision of the features. The average write time was 15 minutes per filter.  

Figure 6 shows the magnified SEM images of etched metal gratings for the filter with 450nm 

period. 

 

       

Figure 6: Magnified Images of the Metal Gratings 

 

Other conditions used in the Quanta 3D for the patterning are summarized below in Table 3.1. 

 

Writing Mode “Continuous” Center to Center Distance 5 

Magnification 2000 Line Spacing 5 

 

Table 3.1: Quanta 3D Writing Conditions Used 
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Figure 7(a) shows the SEM top view of the 5x4 array of filters and Figure 7(b) shows the optical 

image of the filter array using polarized light taken with Leica DM 5000-D Computerized Optical 

Microscope. 

 

                  

                                 (a)                                                                              (b) 

Figure 7: (a) Top View of the 5x4 Filters Array, (b) Optical Image of the Filter Array 

 

 

3.3 Testing Setup 

 

A simple fiber-based testing setup was built to characterize the filters. A super-K compact 

supercontinuum light source (NKT Photonics, Denmark) was used as a broadband input. The 

output light from the light source was collimated and normally incident onto the substrate from 

the Quartz side after passing through a polarizer. The sample device was mounted on a xyz -

translational stage. A multimode optical fiber with a core of 62.5 micron was used to collect the 



12 

 

 

light from the filters. A portable microscope with 20x objective lens was used to couple the light 

from a filter to the optical fiber. The sample was moved manually in x, y, and z direction using the 

stage knobs to couple the light efficiently with the fiber. The output light from the other end of the 

multimode fiber was coupled into the input fiber end of the Ocean Optics USB2000+ spectrometer 

and the data were collected using Oceanview Spectroscopy software. The data were averaged over 

10 readings. Figure 8 shows the schematics of the testing setup and Figure 9 shows the real testing 

setup. 

  

 

 

Figure 8: Testing Setup Schematic for Filter Characterization 
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Figure 9: Testing Setup Built for Filter Characterization 
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4 Results 

 

4.1 Data Processing 

 

The source was directly measured, and the filter outputs were normalized to the source signal. 

Since the fiber core is larger than the filter size, transmission from the aluminum layer without any 

grating was recorded and subtracted from the filter output for background calibration.  

 

 

4.2 Filter Characterization 

 

Figure 10 shows the measured spectra from the individual filters after data processing. Each filter 

output has a transmission peak that closely matches the simulation result with a few nanometers 

shift.  

 

 

Figure 10: Measured Transmission Spectra of the filter Array 
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The filters have FWHMs ranging from 14nm to 19nm. The filters on the shorter wavelength side 

has long tails, whereas the filters on the longer wavelength side shows a secondary peak due to 

Rayleigh Anomaly effect [22]. 

 

 

 

4.3 Future Application 

 

As reported in [23], this device was used for high-fidelity visible-light spectroscopy. Signals from 

color filters were reliably reconstructed combining the filter array with a CMOS imager. Potential 

future application will be to fabricate an CMOS imager array on top of the plasmonic filter array 

to achieve on-chip system for signal reconstruction. 

 

 

5 Conclusion 

 

Aluminum metal grating based plasmonic filters having narrowband transmission peaks and 

enhanced field distributions were designed for visible light spectroscopy application. An array of 

20 filters were fabricated using single step focused ion beam etching on a single device. Each filter 

has a transmission peak with an average FWHM of 17nm covering the whole visible light range 

of 400nm to 700nm. The filter outputs closely match the simulation results. Although the filters 

were characterized using a fiber-based testing setup for this project, after characterization the 

filters were used in combination with a CMOS imager to demonstrate the potential application for 

on-chip high-fidelity signal reconstruction system. 
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