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the dielectric medium for inducing surface plasmons at the interface of a metal.  In setup 9, the 

air/gold interface was unable to resonantly excite the strong surface plasmon wave that is needed 

to result in the ablation of gold.   

 Now that we have examined the mechanism behind the formation of gold particles in this 

experiment, we can begin to discuss the size, periodic nature, and distribution of these gold 

particles.  Following the deposition, several optical and SEM images were taken of the gold 

nanoparticles on the surface of the silicon substrate.  Upon analyzing these images, it is clear that 

the majority of the particles found on the surface have diameters in the range of 100-300 nm.  

Figure 7 shows a histogram of the average distribution of particle size per 15 μm square area. 

Results are consistent with the size of the pores in the alumina membrane and suggest that the 

size of the nanoparticles can very likely be easily influenced by adjusting the pore size of the 

alumina membrane.  The controllability of the size of gold nanoparticles is a highly sought after 

trait due to its ever-growing applications in medicine and plasmonics based nanofocusing 

devices. 

 While the particles shown in the images presented do not appear to be highly periodic in 

nature, there does appear to be an even distribution of particles on the surface of the substrate.  

As evidenced by the images of the mask following exposure, it appears that the ablation of the 

gold generally occurs at the pores or near the edges of the pores in the mask and not the actual 

alumina.  Because of this, the gold particles formed on the surface of the substrate take on the 

semi-periodic nature of the membrane and provide an even distribution of particles.  Upon initial 

deposition, the gold nanoparticles in reality may have a slightly more periodic nature than what 

is shown in the optical and SEM images.  After the experiment is performed, the surface of the 
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substrate could potentially be disturbed due to the nature of moving the wafer during 

examination and imaging. 

  

FIG. 7.  Size distribution of gold nanoparticles on the silicon substrate 

V. Discussion 

The results of the experiment appear to show that highly energetic surface plasmons are 

formed during our process, resulting in the fragmentation of thin gold film to nanoscale particles.  

To validate this claim, we will examine whether surface plasmon resonance (SPR) conditions are 

met in our experiments.  For 1064 nm wavelength light, the dielectric constant of alumina is a 

real number with a value of 10, while the dielectric constant of gold is a complex number with a 

value of -50+4i [28].  Application of equations (1) and (4) in the present study provide that the 

wavelength of the SP is 300 nm and periodicity for SPR condition to occur is 300 nm, 425 nm, 

602 nm (1st, 2nd, and 3rd resonance modes) respectively. In our case, the wavelengths of the 
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surface plasmons are much shorter than the incident light and the 2nd resonance mode of the 

periodic enhancement matches the average period of the mask.  

The most exciting result of the study is the ability for SPs to ablate gold thin film at low 

energy fluence for long pulse width of incident laser light. For a gold target directly ablated by a 

laser, threshold fluence is given by [29]:  

               Threshold (J/cm2) = 0.049 (pulse width in ps)1/2   (5) 

Application of equation (5) in direct laser ablation yields a threshold fluence of 743 J/cm2 for 230 

µs pulse and 0.5 J/cm2 in 10 ns pulse.  It may be noted that threshold fluence is also a function of 

wavelength which is not displayed in equation (5). The fact that SPs require only 0.35 J/cm2 for 

the 230 µs incident light indicates that the mechanism of material removal in this process is 

different from typical thermal ablation encountered in 1064 nm laser irradiation. In a study on 

the 532 nm, 10 ns pulsed laser irradiation of the system air/gold film/glass under the conditions 

of surface plasmon resonance (SPR), a threshold fluence of 5.5 J/cm2 was reported to produce 

gold nanoparticles [3]. Without SPR conditions, threshold fluence was found to be 8 J/cm2. The 

mechanism accounting for material fragmentation under SPR conditions was thermal phase 

transition (melting and consequent micro-abalation) with a corresponding space modulation and 

subsequent partial nanostructure formation [3]. 

Results obtained in the present work did not offer any evidence for thermal damage like 

melting or evaporation thus eliminating thermal ablation as a possible mechanism. The non-

thermal ablation mechanisms include Coulomb explosion and electrical field intensity 

evaporation.  Typically an atom (ion) can be removed from a solid if its total energy exceeds the 

binding energy (i.e., the energy of vaporization per particle). In a metal like gold, Coulomb 
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explosion works under very high intensity and short pulse duration of the energy source because 

all energy losses due to electron–ion Coulomb collisions and heat conduction must be negligible.  

While the intensity of the laser light used during the experiment would not normally result in 

Coulomb explosion in gold film, the added effect of the extraordinary surface plasmon wave and 

adiabatic focusing allows for significantly higher effective intensities to be produced and for 

Coulomb explosion to occur in the gold ions.   The authors believe the operating mechanism in 

the present study is electrical field enhancement in the vicinity of nano-holes where field-

induced repulsive forces caused thin film fragmentation.  The metal/dielectric mask works like 

an optical antenna exciting a huge electric field enhancement at the interface between alumina 

and gold film.   Modeling the nano-hole array mask as a dipole antenna, the increase in electrical 

field intensity is dependent on the shape, radius and length of nano-holes in the mask.  Electric 

field intensity enhancement can be estimated by assuming a small taper in the hole in the porous 

alumina membrane and using Gramotnev’s model of adiabatic nanofocusing [30]. Different 

structures including sharp metal tips, dielectric conical tips covered in metal film, sharp V 

grooves and nanowedges etc. have been suggested for nanofocusing of plasmons [30].  Here we 

assume that the taper begins at one side of the pore in alumina and ends on the opposite opening 

at an infinitely sharp point.  Due to the nature of the sputtering process, the top of the walls of the 

alumina pores will likely contain a thin layer of gold film, allowing us to approximate our system 

as a sharp V dielectric groove covered in metal film.  From the pore diameter and thickness of 

alumina membrane, we approximate the taper angle 𝛽 ≈ 0.0033.  According to Gramotnev’s 

model of adiabatic nanofocusing [30], electrical field enhancement would occur if  

𝛽 <  𝛽𝑐 = −2 
𝜀𝑑

𝜀𝑚
⁄

′
    (6) 



33 
 

where 𝜀𝑑 = 10 , 𝜀𝑚′ = −50  and thus 𝛽𝑐 = 0.4 . Since <  𝛽𝑐  , significant enhancement of the 

electric field can occur assuming no plasmon energy dissipation in the metal.  Although the 

electric field will theoretically be infinite at the location of “zero radius” tip, this would not be 

the case in practice. At distances of 10−2𝜇m from the tip, the electric field enhancement is 

estimated to be around 100-150 times the normal value [30].  Thus, the high field enhancement 

factor induces dipole moments in gold and thereby pulling the atoms and grains out of gold.  

The surface plasmon method described in this work is simpler, quicker, energy efficient, 

contamination-free, and environmentally safer than existing physical and chemical methods. The 

technique can be readily extended to all types of materials.  A well-known physical technique for 

gold is pulsed laser ablation (PLA) in vacuum or gaseous environment and is widely used to 

produce nanoparticles collected in the form of nanopowder [16].  Although PLA does not require 

high temperature or a chemical reaction, it is limited by the need for a high vacuum, high energy 

fluence, and long pumping time. In addition, the broader distribution of nanoparticles is a 

problem.  An improved PLA for gold nanoparticles is performed by immersing the gold target in 

a liquid medium leading to functionalized gold nanoparticles with a ligand of choice in a 

colloidal solution.  For example, 532 nm, 7 ns Nd:YAG laser ablation of gold target at 79 J/cm2 

in distilled water produced colloidal gold nanoparticles [9].  The main difference between 

ablation in gas and in liquid is that liquid produces a stronger confinement of the expanding 

plasma plume generating higher temperatures and pressures and causing the vaporization of the 

liquid/chemical reactions and much broader distribution of nanoparticles [16-19].   It has been 

shown that laser ablation in liquid produces surface-charged nanoparticles with a shell of dipole 

molecules (e.g., water) formed around them, preventing agglomeration. Stable gold nanoparticles 

were synthesized by laser ablating gold foil placed inside ionic liquids without the addition of 
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any external chemical reagent [18].  Commercialization of laser ablation in liquids was launched 

by Particular GmbH for the production of gold nanoparticles in a variety of biophotonic 

applications.  

The other well defined process group used in the formation of gold nanoparticles is 

through chemical means, which is based on the synthesis of compounds to extract gold particles 

from a chemical system.  Simple chemical reduction methods can produce 5–100 nm 

nanoparticles but the surface of these nanoparticles are often contaminated with reaction by-

products such as anions and reducing agents, which can interfere with subsequent stabilization 

and functionalization steps [20].  Nakamoto [10] produced 11 to 76 nm gold particles by the 

controlled thermolysis of ammonium gold (I) thiolate.  Arshi [11] used a hybrid method 

involving chemical mixing and microwave heating to produce average particle size of 4 nm. 

While these are just a few example techniques used to manufacture gold nanoparticles, 

the applications of these techniques are just as diverse and far-reaching.  Cherukuri and Curley 

[12] discussed the applications of gold nanoparticles in the treatment of malignant cells.  Gold 

nanoparticles conjugated with cetuximab are shown to be quickly internalized by pancreatic and 

colorectal cancer cells in the human body.  Following internalization, a non-invasive/non-

ionizing radiofrequency field is focused in the affected area of the body.  This exposure resulted 

in the heating of the gold nanoparticles and surrounding malignant cells.  The treated cells 

showed a cytotoxicity rate of almost 100%. In the microelectronics industry, gold nanoparticles 

bring exciting new possibilities to photovoltaic cells and conventional lithography.  Colloidal 

silver and gold nanoparticles are used to trap light on the surface of silicon photovoltaic cells 

[13].  By taking advantage of the plasmonic tendencies of gold nanoparticles, it has been shown 

that an enhancement of the photovoltaic conversion efficiency can occur.  When compared to 
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similar silicon solar cells without gold nanoparticles, the new solar cells showed a significant 

increase in the external quantum efficiency under visible and near-infrared light due to the effect 

of plasmonic light scattering.  In lithography, the use of gold nanoparticles can be used to help 

effectively overcome the diffraction limit of light.  Gold triangular nanoprisms patterened in a 

hexagonal lattice have been studied to observe their super focusing properties [14].   

VI. Conclusion 

The work presented in this paper attests to the power of surface plasmons for the ablation 

of gold.  The excitation of surface plasmon resonance described in this technique is a low energy 

alternative to the traditional pulsed laser ablation for the formation of structured nanoparticles on 

the surface of a substrate.  The plasmonic system takes advantage of a novel use of porous 

alumina membrane as an effective dielectric with periodic sub-wavelength aperture enhancement 

of localized surface plasmons at the interface of a gold film.  There is an orderly distribution of 

particles on the substrate with a close match between the particle size and the hole size in the 

mask. The results provide a strong basis for further development and applications related to 

laser-assisted surface plasmon excitation.  Unlike other chemical techniques used to create 

metallic nanoparticles, the advancement of this process will allow for the deposition of particles 

over a broad area and allow for the particles to be transferred to any substrate in a semi-periodic 

fashion.  The proposed technique is advantageous over other laser assisted techniques in that the 

process requires a lower energy density and results in a more highly ordered array of particles.  

The applications of the proposed technique are far-reaching and could potentially impact the 

advancement of microelectronic and medicinal research. 
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CHAPTER 3. PLASMONIC NANOLITHOGRAPHY AND 

NANOTEXTURING OF PHOTORESIST USING A SIMPLE 

MASK 
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In this paper, the authors present a low-cost lithography technique utilizing surface 

plasmons.  The photomask is a porous alumina membrane coated with a thin layer of aluminum.  

A coherent, 337 nm UV laser source is used to expose the photomask and excite surface 

plasmons along the metal layer.  The surface plasmons allow for features well below the 

wavelength of the incident light to be produced in photoresist.  Along with this technique, an 

alternative technique has been developed using a 405 nm UV lamp to produce a labyrinth 

texturing effect and periodic micro-features. 

Keywords: surface plasmon polaritons; photolithography; porous alumina membrane 



40 
 

 1. Introduction 

Plasmonics is a rapidly growing technology for photonics, sensors, microscopy, data storage, and 

lithography.   For example, plasmonic photolithography based upon the theory of surface 

plasmon polaritons (SPPs) is widely perceived as the next generation lithography for validating 

Moore’s law.  Surface plasmon polaritons (SPPs) are generated at the interface between metal 

and dielectric when light impinges on nanoscale perforated metallic thin film.  SPPs exhibit 

much smaller wavelength compared to that of the incident light following the unique dispersion 

relation [1]: 

                               𝑘𝑠𝑝 = (
2𝜋

𝜆0
) √

𝜀𝑑𝜀𝑚

𝜀𝑑+𝜀𝑚
                                                  (1) 

where 𝜆0  is the incident light wavelength in vacuum, 𝜀𝑑  is the permittivity of the dielectric 

material, and 𝜀𝑚 is the permittivity of the metal material.  Surface plasmons exist in two basic 

forms: propagating (PSP) and localized (LSP).  Along the metal-dielectric interface, the PSP 

propagates as an evanescent electromagnetic wave resulting from the collective oscillations of 

the free electrons in the conduction band in the metal surface.  In most cases, SPPs are not easily 

excited due to the momentum difference between the incident light waves and surface plasmon 

waves.  To compensate for this, periodic arrays of holes in the thin films are necessary to account 

for the momentum mismatch and excite the SPPs [2, 3].   LSPs do not propagate in the horizontal 

plane, but rather exist as localized electromagnetic fields near the surface of isolated 

nanoparticles or nanohole arrays and assist in the transmission of light through sub-wavelength 

apertures. For periodic sub-wavelength apertures, the total transmission enhancement is 

explained as the integrated effect of LSPs and PSPs[4]: 

                                        𝜆max(𝑖, 𝑗) = 𝑃(𝑖2 + 𝑗2)−
1

2√
𝜀1𝜀2

𝜀1+𝜀2
                                            (2)                
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where 𝜆max(𝑖, 𝑗) is the wavelength of peak light transmission, 𝑃 is the lattice constant, 𝑖 and 𝑗 are 

the scattering orders from the array, 𝜀1 and 𝜀2 are respectively the dielectric constants of the 

metal and the dielectric material.  Each peak of the light transmission is labeled by a set of 

integers (𝑖, 𝑗).  

Using the dispersion and transmission of light phenomena described above, many 

nanolithography systems have been developed that overcome the diffraction limit of the incident 

light [5-12].  However, the bottlenecks of these plasmonic systems are weak plasmon exposure in 

photoresists due to the use of UV lamps with low intensity; costly, shape-limiting and time-

consuming fabrication of the plasmonic lenses based on grating, Fresnel pattern and slab of 

silver; near field processing with difficulties in positioning control systems; and serial 

nanofabrication schemes.  Most notable of these issues is the inherently low throughput of these 

systems due to the methods by which the photomask is fabricated.  In most cases, the patterns on 

a mask are generated using focused ion beam (FIB) or electron beam writer technology.  These 

writing systems can limit the throughput and complexity of a lithography mask due to their 

relatively slow writing speeds.  Along with these limitations, FIB and e-beam writer systems can 

be prohibitively expensive, which in turn drives up the cost of each mask produced. Alternative 

nanofabrication techniques such as nanoimprint lithography and plasma dry etching have been 

used to successfully pattern nanoscale features at relatively high throughput, but are limited by 

repeatability issues, cost, and damage to the mask.  Techniques using silica microbeads to focus 

light on the levels of λ/15 have been developed, but add complexity to the system by introducing 

extra steps for assembling and removing unwanted particles [13,14], which in turn lower the total 

throughput of the system. Thus, there exists a need to develop a method for producing low-cost 

masks capable of producing sub-diffraction limited features at a high throughput using simple 
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UV light sources.  In this paper, we focus on designing an easy-to-fabricate, inexpensive and 

durable photomask and investigating its effects in nanolithography.    

2. Material and Methods 

We devised a simple photomask of aluminum/alumina interface acting as the 

metal/dielectric boundary to address the two main issues of high cost and low throughput in the 

plasmonic masks.  Alumina having very high dielectric constant is robust and durable. 

Aluminum is chosen for its ability to excite surface plasmons in the UV range [1].   Pores in the 

dielectric alumina layer act as the periodic hole array capable of resonantly generating SPPs 

along the aluminum boundary.  To fabricate the plasmonic photomask for our experiments, a 

pre-made Whatman Anopore aluminum oxide membrane (PAM) with pore diameters of 

approximately 0.2 μm was coated with a 50 nm layer of aluminum via electron beam deposition 

(Figure 1).  The pores in the membrane are semi-periodic in nature with center to center period 

of 0.2 μm.  
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FIG. 1. Porous alumina membrane coated with a 50 nm layer of aluminum (plasmonic photomask) 

 

3. Results 

Two independent experiments were conducted using two different low-cost UV light 

sources.  In the first experiment, the mask is placed in direct contact with a silicon wafer spun 

coated with SU-8 photoresist.  The aluminum side of the mask is placed facing up and away 

from the wafer.   A p-polarized, VSL 337.1 nm nitrogen laser was incident perpendicularly 

across the surface of the photomask and exposed for 20 seconds.  The exposure resulted in a total 

dosage of approximately 400 mJ cm2⁄ , over a total area of 0.35 cm2.   Following exposure and 

development, the wafer was examined to see if the alumina pore pattern had transferred to the 

photoresist.  Using an atomic force microscope (AFM), several bands of exposed photoresist 
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patterns were discovered.  In these exposed areas, many features in the range of 200-300 nm 

were found in a similar pattern to that of the pores in the alumina membrane (Figure 2); this 

technique was able to produce features as small as 100 nm due to the variation in pore diameters 

of the PAM (Figure 3).  In a conventional photolithography system, the minimum linewidth of a 

pattern that can be successfully replicated is given by approximately λ/2.  In our system, 

linewidths of λ/3 were fabricated, suggesting an enhanced transmission likely occurred due to 

the creation of localized surface plasmons in some locations across the plasmonic mask.  

Features that appear to be slightly larger than the pore diameter can be attributed to the enhanced 

transmission of light due to the formation of localized surface plasmons as well as the slight air 

gap between the mask and photoresist layer.  The penetration depths of the patterns on the 

photoresist appear to be quite shallow due to the near-field property of the surface plasmon 

mode. This may cause issues when transferring the pattern to other materials, but can be easily 

remedied by using a different resist or thinner resist layer. 
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FIG. 2. AFM image of exposed SU-8 photoresist with plasmonic photomask pattern 

 

 

FIG. 3. Histogram of average frequency of individual feature diameter in 5 𝛍m x 5 𝛍m exposed area 
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In the second experiment, a 405 nm peak filtered Mercury lamp was used instead of the 

337 nm laser.  The aluminum covered membrane was again used as the photomask with the 

aluminum side facing opposite to the silicon wafer as before.  AZ-5214E photoresist was used 

for this experiment instead of SU-8.  The system was exposed to a total dosage of 150 

mJ cm2 ⁄ across the photomask.  Following exposure and development, the wafer was examined 

via an optical microscope and scanning electron microscope (SEM).  In the two SEM images 

(Figure 4), it is seen that instead of completely transferring the PAM pattern onto the photoresist, 

a labyrinth texturing pattern was instead created.  The formation of this texturing pattern can be 

attributed to a combination of the diffraction of light through the pores in the alumina membrane 

and the edge effect at the pore boundary.  Due to a slight roughness at the pore boundary 

between the aluminum/alumina interface, the incident light that is unable to focus through the 

pore becomes scattered, resulting in the labyrinth pattern shown.   At many areas throughout the 

alumina membrane, the pores are not highly periodic and thus localized surface plasmons cannot 

easily be generated.  The SPPs generated in this case are alone not enough to overcome the 

diffraction limit of the 200 nm diameter pores.  In the two optical images shown (Figure 5), it 

appears that the PAM pattern was able to transfer to the photoresist in a limited extent.  The 

features shown in the photoresist layer appear to represent the PAM pattern with the exception 

that the features are significantly larger and spread further apart than the pattern of the pores in 

the PAM.  The pattern is attributed to the presence of localized surface plasmons created by the 

semi-periodic nature of the aluminum on the alumina membrane.  Since the membrane pattern is 

not homogeneously periodic in all locations, localized surface plasmons will only be generated in 

certain spots along the surface of the aluminum.  These spots resulted in enhanced transmission 



47 
 

and the transfer of the pore pattern.  Larger feature sizes are again attributed to the formation of 

LSPs and the slight air gap between the photomask and wafer.  To further minimize the feature 

sizes created in this process, the mask dimensions, exposure dose and development technique 

will likely need to be optimized.  In the areas where localized surface plasmons cannot be 

resonantly generated, the textured labyrinth pattern seems to appear in the same manner as the 

SEM images as shown before. 

 

FIG. 4. SEM images of exposed AZ 5214 E photoresist with labyrinth texturing pattern 
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FIG. 5. Optical images of exposed AZ 5214 E photoresist with periodic micro features (1000x) 

To determine whether the metal-dielectric interface and the formation of surface 

plasmons were the main contributing factors in our process, a porous alumina membrane with no 

aluminum coating was subjected to the same photolithography processes as in the previous 

experiments.  Following exposure and development, the wafer was once again examined using 

SEM and optical microscopy.  After close examination, it was revealed that the porous alumina 

pattern was not transferred to the photoresist, suggesting the metal-dielectric interface played a 

crucial role in the lithography process. 

4. Conclusion 

The simple plasmonic photomask and subsequent fabrication techniques demonstrated in 

this letter provide a unique solution to the issues hampering the use of plasmonics in 

photolithography.  Through the use of a pre-fabricated porous alumina membrane coated with a 

thin layer of aluminum, features on the scale of λ/3 were demonstrated with relatively high 

throughput using a simple 337 nm UV laser.  A surface labyrinth texturing effect and periodic 
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would be the development of a more consistent and highly periodic alumina membrane.  The 

membranes used in the discussed research were developed for purposes unrelated to their actual 

application.  An alumina membrane with consistent periodic features would allow for stronger 

coupling of light with the deposited metal film and a more widespread localized surface plasmon 

resonance to occur.  With a stronger resonance effect, we could potentially see ablation of gold 

nanoparticles at even lower energy fluence levels than what was observed using the gold/alumina 

optical antenna. In the plasmonic nanolithography technique, a stronger localized surface 

plasmon effect has the potential to produce features smaller than the λ/3 features previously 

shown if minor adjustments are made to the pore sizes of the mask. 

 The plasmonic nanohole optical antenna technique has the versatility to be used with 

various metals exhibiting a plasmonic response under certain wavelengths.  UV and visible 

wavelength light sources could be used to develop a technique for depositing silver and 

aluminum nanoparticles in a similar manner to the gold nanoparticle technique. 

 

  

 


