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Abstract: 

There are many areas of research that benefit sub wavelength tight focussing. We report 

experimental and computational results of a laser irradiated microsphere localised on an SU-8 

substrate. A single pulse from an ArF excimer laser (λ = 193 nm) was used to generate a 

photonic nano jet (PNJ). Subsequently the PNJ was used to produce a dimple cavity in SU-8. 

Atomic force microscopy (AFM) was employed to determine dimple geometry which 

corresponded to a diameter of 150±10 nm FWHM and a depth of 130±10 nm. Finite 

difference time domain (FDTD) calculations were carried out to simulate the propagation of 

193 nm radiation through the microsphere. Experimental results and simulations were in 

close agreement conforming that the electric field is tightly focussed by the microsphere. 

Finite Element Method (FEM) simulations were also carried out to calculate the laser induced 

temperature rise of SU-8 in the region beneath the micro-sphere. These FEM simulations 

predict a temperature of 775 K which is above the boiling point of SU-8 (480 K). We briefly 
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discuss the ejection mechanism of the microsphere in terms of the increase in temperature of 

the underlying SU-8.  They key finding is… c 
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1.0 Introduction  

Tight focusing of laser radiation continuous to find novel and wide ranging scientific and 

engineering applications. They range from high spatial resolution fluorescence microscopy 

[1], increasing the irradiance for high power laser welding and laser cutting [2], recording 

information in optical data storage [3], to the realisation of high electric field gradients in 

optical trapping [4–6] [7].  

A classic text related to focussing is the book titled Waves in Focal Regions, by Stamnes 

[29]. Research in this area began with Ignatowsky investigating diffraction properties of light 

that passes through an arbitrary aperture [30,31]. The diffraction problem was re-derived by 

Richards and Wolf [32] and later by Wolf [33]. The latter work applied Debye Kirchoff 

integrals, sometimes shortened to Debye integrals, to calculate the electric field in a focal 

region of an aplanatic optical system. Since these early studies focal regions continue to  be 

an area of active research [34]. 

Within the photonics community various unconventional methods have been adopted to focus 

light including self-assembly of micrometre and nanometre-sized dielectric spheres. Under 

appropriate conditions well organised microsphere arrays have been produced and 

subsequently irradiated using laser radiation. [8,9]. Laser microsphere lithography has been 

reported using short pulse nanosecond KrF excimer laser radiation emitting at a wavelength 

of 248 nm [10,11] and at longer wavelengths using femto-second laser radiation emitting at a 

wavelength of 800 nm [11, 12]. As the optical absorption of dielectric materials tends to 
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increase with decreasing laser wavelength, the power transported through a microsphere 

results in a concomitant decrease in optical transmission. However, with careful selection of 

the microsphere material, microsphere diameter, laser wavelength and surrounding medium it 

is possible to calculate losses and also the position of the focal region. In this work a reduced 

transparency at 193 nm UV wavelengths is not necessarily problematic per se as the optical 

path length is relatively short across the diameter of the microsphere.  

An interesting phenomenon associated with focusing of light through small dielectric 

microspheres is the generation of photonic nano jets (PNJs). Electromagnetic radiation in the 

form of light is confined spatially in the lateral direction and extends significantly along the 

beam propagation direction  [14] [15]. Confinement of optical radiation has been observed 

not only in dielectric microspheres but also with optical fibres that have been re-shaped 

taking on the form of fibre tapers and spherical ball shapes at the distal end [16]. Fibre 

axicons [17,18] and other geometrical re-shaped fibres also serve as useful tools for focussing 

and spatially confining light.  Delivering light along fibre waveguides is highly applicable for 

use in microfluidic devices [19]. It is sometimes desirable to build small and compact optical 

trapping systems for micro-fluidic applications and novel beam delivery systems are sort 

after. Conventional optical trapping systems typically manipulate objects that have a 

refractive index greater than the surrounding fluid, for example, polystyrene beads in water. 

However, in biological and medical fields, cells have low refractive indices that is frequently 

lower than the surrounding liquid. In such cases the optical trapping force is associated with a 

an inverted refractive index contrast and such cells are trapped in the low intensity region 

referred to as dark traps. Cell trapping in the low intensity dark region is advantageous as the 

dark trap reduces potential cell damage cells [17]. Recently there has been a surge of activity 

in opto- photoporation for trapping and modification of cell membranes [20]. Cell 

membranes serve a multitude of functions and provide a tough physical barrier separating 
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intracellular and extracellular fluids. Being able to overcome and to controllably penetrate 

cell membranes whilst maintaining cell viability is a sought-after goal in drug delivery, gene 

therapy and personalised medicine. The use of small dielectric spheres that are capable of 

forming tightly focussed needle-like light may open up novel biomedical and biophysical 

applications. In this respect PNJs emitted from microspheres suspended in fluids that attach 

to cells [9] and microspheres fused on optical fibres for delivery of light may become useful 

tools for cell membrane disruption [16]. It is therefore of interest to quantify and optimise 

tightly focussed PNJs. By their definition PNJs have small lateral extent and various 

experimental techniques are available for characterising their shape and size. Small focal 

regions associated with focused Gaussian laser beams have been characterised using so called 

knife-edge measurements [21], and Z-scan methods [22]. However, more recently, single 

fluorescent molecules have been used to measure the structure of laser beam focal regions 

[4,23–26]. The latter technique is becoming extremely useful especially as new types of 

nanoparticles having high quantum efficiencies are being synthesised. Similarly, scanning 

near-field optical microscopy (SNOM) experiments consisting of sub-10 nm diameter 

fluorescent particles have been used to resolve the fine structure in focal regions [27]. These 

experimental characterisation techniques are experimentally challenging and therefore 

computational simulations compliment focal region characterisation.  

In this work, we adopt experimental and computational investigations of the PNJ produced 

with 193 nm radiation from an ArF laser. We adopt an indirect focal spot measurement 

method to record a PNJ by measuring the material modification of a dimple formed in a SU-8 

photo-resist. AFM to measure have been used to measure the profile of the underlying SU-8 

photoresist. We note however this is an indirect method of spot size measurement which may 

overestimate the actual size of PNJ. The degree of overestimation will be dependent on the 

temperature of the SU-8 layer as mass will be lost when the temperature of the SU-8 is above 
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its boiling point. As the underlying substrate temperature will influence mass transport we 

calculate the temperature of SU-8 using Finite Element Method (FEM) using the software 

COMSOLTM. Similarly, Finite Difference Time Domain (FDTD) simulations have been 

carried out using the software LumericalTM to quantify the size of the focal region that has 

been produced by a microsphere. FDTD simulations are extremely valuable as they enable 

one to engineer the geometric extent of focal regions associated with PNJs. Similarly, FEM 

simulations of the temperature rise of SU-8 can be used to interpret mechanisms that are 

associated with ejection of microspheres when irradiated by laser radiation [28].  

2.0 Microsphere Adhesion and Detachment 

Although we are primarily interested in optical field enhancement and the realisation of small 

laser processed features, it is also informative to consider the force of adhesion and ejection 

of microspheres supported on an SU-8 substrate. Adhesion of particulates to substrates is also 

of interest from a laser cleaning perspective [36]. Small contaminating particles adhere 

strongly to surfaces. As the particle size decreases it becomes increasingly difficult to 

remove. Lasers used for laser cleaning have proven useful in this area. In these experiments a 

1 µm diameter SiO2 microsphere is supported on spun coated SU-8. Adhesion between the 

sphere and substrate is primarily associated with Van der Waals forces which can be 

calculated using equation (1). 

1 28
hrF

zπ
=       (1) 

where, r, z and h are the microsphere radius, separation between the sphere and substrate and 

material-dependent Liftshitz-Van der Waals constant respectively. The adhesion force is 

dependent to some extent on the compliance of the SU-8 substrate. As the microsphere 
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embeds and deforms the substrate the contact area is increased. Taking this into consideration 

we have an additional force term given by equation (2). 

2

2 38
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π

=       (2) 

where, δ  is the radius of the contact area. Addition of these terms gives an estimate of the 

total force of adhesion. 

2
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Observation of equation (3) highlights the importance of accurately quantifying the 

microsphere-interface separation distance, z, and hence this highlights the importance of 

surface roughness at interfaces. Using equation (3) the calculated adhesion force corresponds 

to FT = 280 nN for a 1 µm diameter microsphere. This compares with the gravitational force 

acting on the particle of Fg =130 pN. Hence, there is a relatively strong adhesion force 

between a small microsphere and the SU-8 substrate [35, 36]. It is informative to consider 

conditions that lead to ejection of the microsphere. We assume that the SiO2 microsphere is 

optically transparent at 193 nm and the main propagation losses are those associated with 

reflection, a total of ~ 10% from both interfaces. Absorption losses inside the microsphere are 

minimal, partly due to the low optical absorption coefficient for SiO2 at 193 nm and the short 

optical path length set by the 1 µm diameter particle. Knowledge of the energy absorbed by 

the substrate allows one to calculate the thermal expansion and concomitant acceleration of 

the substrate when a laser pulse is absorbed. Excimer laser pulse durations are short, typically 

tens of nanoseconds, and transfer of energy results in very large rates of change in 

temperature, typically ~109 Ks-1. Several mechanisms can oppose the adhesion force and 

result in detachment of the microsphere from the substrate. When the laser fluence beneath 

the microsphere is sufficiently this can result in melting of the substrate and the boiling point 
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may be exceeded. This may result in ablation and evaporation of substrate species which in 

turn contribute to the transfer of momentum to the microsphere. At high laser fluence plume 

expansion and gas dynamics may play a significant role in momentum transfer of substrate 

species and hence ejection of the microsphere. Equally important is thermal expansion of the 

underlying substrate. Fluence enhancement caused by focusing of 193 nm radiation will 

inevitably increase the temperature beneath the microsphere which leads to thermal 

expansion and displacement H of the substrate [36], 

( )1 s
s s

FH R
C

α
ρ

 
′= − 
 

    (4) 

where α´ is the coefficient of thermal expansion. Inserting corresponding numerical values; F 

= 1.045 Jcm-2, α´ = 52×10-6 K-1, density ρs =1.2 g.cm-3, and specific heat Cs=1.5 J.g-1K-1, we 

can estimate the displacement and corresponding acceleration, a. Due to the short laser pulse 

duration, τ = 12 ns the acceleration of the substrate is significant and can be estimated from 

using 

2

Ha
τ

=
      (5) 

Utilization of short and ultrashort laser pulses result in very large substrate accelerations and 

is one reason why lasers have been used successfully for laser cleaning. Considering a time-

dependent absorption of energy as is the case for excimer lasers one can calculate the 

displacement of the substrate [37, 38]. 
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where F(z,t) represents an expression for spatio-temporal distribution of the laser pulse and αc 

is the absorption coefficient. Using equation (6) and (7) and a corresponding value of the optical 

field enhancement, S0 the substrate displacement, Zs can be calculated.   

3.0 Optical Field Enhancement.  

Dielectric microspheres can be used to focus light and hence amplify an incident laser 

fluence. Consequently, absorption of tightly focused light may result in heating of a material 

and thermal expansion. As we have eluded the temperature beneath the microsphere is an 

important quantity as it contributes to ejection of the microsphere and formation of the 

dimple feature. Optical enhancement and focussing are dependent on the refractive power of 

the microsphere. Similarly, light scattering caused by surface roughness and imperfections 

may result in optical aberrations that reduce the optical enhancement factor. In the first 

instance one can simply calculate optical field enhancement for an un-aberrated optical 

system. The focal spot size can be estimated from the radius of microsphere, R, and the 

refractive index of the refracting microsphere. Using ray caustics we calculate the focal spot 

size [37] using 

( )32
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=      (8) 

where n is the refractive index of the microsphere at the corresponding wavelength. A simple 

and expedient approach of estimating the optical field enhancement is to consider the ratio 

between the intensity of the focussed beam It to the intensity of the incident beam I0.  
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Equation 9 is a useful approximation for calculating optical enhancement however we note 

that it does not take into account Fabry-Perot type interference between the sphere and the 

underlying substrate. The spatial location of the high intensity focal region produced by the 

microsphere is dependent on optical aberrations and depolarisation. These effects becoming 

more influential as the numerical aperture increases. FDTD using the software Lumerical is 

used and described in chapter four.   

We adopt semi-analytical equations first introduced by Richards and Wolf (R-W) [32] to 

calculate the electric field components, (Ex, Ey and Ez),  inside the focal region at points, P(rp, 

θp, ϕp) [32].  

( ) ( )0 2, , cos 2x p p p pE r iA I Iθ φ φ= − +      (10) 

( ) 2, , sin 2y p p p pE r iAIθ φ φ= −      (11) 

( ), , 1cosz p p p pE r iAIθ φ φ= −      (12) 

where rp, θp and ϕp are polar coordinates and I0,1,2 are the corresponding functions used in the 

orthogonal electric field components  

( ) ( ) ( )
1

cos cos2
0 0 00

, , cos sin 1 cos sin sin p pikr
p p p pI I kr J kr e d

α θ θθ α θ θ θ θ θ θ= = +∫  (13) 

( ) ( )
1

cos cos22
1 1 10

, , cos sin sin sin p pikr
p p p pI I kr J kr e d

α θ θθ α θ θ θ θ θ= = ∫   (14) 

( ) ( ) ( )
1

cos cos2
2 2 20

, , cos sin 1 cos sin sin p pikr
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α θ θθ α θ θ θ θ θ θ= = −∫  (15) 
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α is the angular sime-aperture of the refracting element, k is the wave number, and

0 02A kfl flπ λ= =  is a constant where λ is wavelength and ƒ is the lens focal length. We 

return to these equations when we discuss the correlation between the focal region and 

dimple formation in the modified SU-8.  

 

4.0 Finite Difference Time Domain Simulations 

FDTD simulations were carried out to calculate the electric field distribution and optical 

enhancement of a dielectric microsphere in contact with SU-8 using software by Lumerical™ 

version 8.19.1522. Calculations were restricted to two spatial dimensions (x-z), where x is a 

transverse direction and z is the direction of the incident beam normal to the SU-8 substrate 

[28-30]. The size of the 2D computational domain was set at 1.5×2.5 µm and the 

corresponding mesh elements were set to 2 nm square. In the simulations a 1µm diameter 

SiO2 microsphere was positioned onto a flat surface that represented SU-8. To do this we 

assign the refractive index of the SiO2 microsphere to nms = 1.56 + i0.00152 (at a wavelength 

of 193 nm) [42]. The refractive index for the medium surrounding the sphere was set at nm = 

1 and the refractive index of the SU-8 substrate was set to nsub = 1.8 + i0.006 [43]. The 

boundary conditions were implemented by introducing a perfect matching layer (PML) to 

prevent unwanted reflections re-entering the computational domain. Calculations terminated 

when the electric field decayed to 10-5 of its original value. 
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Fig. 1 (A) Simulated electric field in x-z plane for laser radiation at 193 nm propagation through a 1µm 

microsphere using linearly polarised light in the x direction and the wave propagates in the z-direction. A 

microsphere is positioned on a flat SU-8 surface. (B) Spatial cross-section of the simulated data through location 

of the peak intensity of the focussed PNJ. (C) Spatial cross-section of the peak intensity along the beam 

propagation direction, z. (D) 3D plot of the intensity of the focal region.    

 

FDTD calculations were performed for visualisation purposes and to predict the spatial 

location of the focal region. Figures 1 and 2 illustrate the electric field |E| and intensity |E|2 

calculations for 193 nm laser radiation incident onto a SU-8 substrate. It is clear from the 

simulations that the SiO2 spherical particle focuses 193 nm radiation inside the SU-8 layer. 

From simulations we identify the peak position of the intensity along the z-direction which is 

located 180 nm away from the underside of the microsphere. From FDTD simulations we 

calculate an optical enhancement of the intensity of 40. This compares with a value of 41.6 

D 
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from equation (9). Frome Fig 1.A, it can be seen the length of PNJ close to 300 nm 

underneath the silica particle. Fig 2 below shows similar results for the intensity |E|2.  

 

 

Fig. 2 (A) Simulated intensity distribution in x-z plane for laser radiation at 193 nm propagation through a 1µm 

microsphere using linearly polarised light in the x direction and the wave propagates in the z-direction. A 

microsphere is positioned on a flat SU-8 surface. (B) Spatial cross-section of the simulated data through location 

of the peak intensity of the focussed PNJ. (C) Spatial cross-section of the peak intensity along the beam 

propagation direction, z. (D) 3D plot of the intensity of the focal region.    

The PNJ in the x-z plane has an elongated focal region along the z-direction. The results are 

sometimes referred to photonic needles and results are consistent with similar observations of 

PNJ’s [44]. From the FDTD simulations of the intensity an elliptical focal region is observed 

that extends 120 nm and 300 nm in the transverse and beam propagation directions 

respectively. The PNJ extends about 200 nm into the SU-8 and a small portion of the light is 

D 
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located inside the sphere. Although not shown here the refractive index of the SiO2 

microsphere and surrounding media can be easily changed to simulate other systems. Using 

the corresponding refractive index for diamond for example whilst keeping all other 

parameters the same one observes a focal region located deep inside the microsphere.  

 

5.0 Temperature Calculations of SU-8 

Temperature calculations provide useful information for analysing dimple formation 

mechanisms. Electric field enhancement at the sphere-substrate interface manifests in an 

increased temperature of the SU-8 film. Temperatures of SU-8 when subjected to 193 nm 

laser radiation have been investigated both analytically and using COMSOL MultiPhysics 

FEM software.  FEM and analytical calculations can be used to predict temperature rises in 

both the spatial and temporal domains. For analysis purposes, we estimate the temperature 

rise analytically in the SU-8. The solution used assumes a Gaussian spatial heat source 

beneath the microsphere and a time dependent laser pulse of the form:  

( )0 2 exp
l l

t tI t
t t

 Φ
= − 

 
     (15) 

where tl is defined such that the FWHM laser pulse corresponds to 12 ns and Φ is the laser 

fluence. Initially we calculate the temperature of the SU-8 layer using a closed form solution 

to the 3D heat equation [37]. 
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r tAT r z t S dt I t t F z ttC

r

χα
χρ

 
− + = −
+

∫    (16) 

where S0 is the optical enhancement factor, r0= (xo, yo)1/2 is the width of corresponding 

Gaussian beam, r is the radial coordinate, αA is the absorption coefficient, Cs is the specific 
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heat capacity, ρs is the thermal conductivity, A0 is the absorptivity, /s sk Cχ ρ=   is the 

thermal diffusivity of the SU-8 substrate, and the F(z, t) is defined in equation (7). 

We note that a Gaussian spatial intensity profile beneath the particle is assumed and is 

consistent from curve fitting a Gaussian function to the AFM cross-sectional measurements. 

For comparison purposes the temperature is calculated using FEM, COMSOL 

MultiPhysics™ 5.3 using a 2D axis-symmetric configuration. Simulations of this nature are 

useful for predicting temperatures for differing laser fluences and experimental conditions. 

Similarly, these simulations are a useful aid for investigating material decomposition 

mechanisms [45]. One can calculate substrate temperatures for different laser fluences and 

compare results with corresponding melting and boiling temperatures. These processes are 

governed by the physical and optical properties of the material and light source. For solid 

materials over short interaction times and heat conduction is the dominant heat transfer 

mechanism [46]. In these simulations we use the heat equation [10] 

s ted
TC C U T q Q Q
tρ ρρ ρ∂
+ ⋅∇ +∇⋅ = +

∂
               (17) 

where, ρ, is the material density, T is the material temperature, k is the thermal conductivity 

and Cρ, is the specific heat capacity. Qs is the heat source and Qted is the thermoelastic 

damping term. Gaussian and quasi-Gaussian functions were used to define the spatial and 

temporal laser pulse. In these FEM calculations we used and experimentally measured laser 

pulse for the time dependent heat source. Default solver settings for heat transfer studies were 

used with the exception of the time step which was set to strict. This forces the solver to 

recalculate at each of the manually defined individual time steps as well as any necessary 

intermediate steps.  
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Fig. 3 Temporal (A) and spatial (B) temperature calculations of laser irradiated SU-8 at 193 nm 

at a fluence of 1045 J.cm-2. The horizontal dash-dot line indicates the boiling point of SU-8. 

 

A two-layer geometry was implemented, consisting of air at the front surface of the solid SU-

8 substrate. In the experiments a relatively thick 5 µm SU-8 layer was spun onto a soda lime 

glass microscope slide. The SU-8 thickness is much larger than the heat propagation distance 

and therefore to minimise computational time the supporting soda-lime glass substrate was not 

included in the FEM model. Both conduction and convection at the surface were used in the 
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simulation and radiation losses were assumed negligible. Figure 3, A and B show the 

temperature distribution of a SU-8 material in the time and spatial domains after being 

subjected to a single laser pulse.  These temperature calculations were computed using a laser 

fluences of 1045 mJ.cm-2 which corresponded to the laser fluence beneath the microsphere. 

Although the incident laser fluence was relatively low, 45 mJ.cm-2, the peak laser fluence is 

increased due to the focusing effect resulting in a concomitant and significant temperature rise.   

6.0. Experimental  

A soda-lime microscope slide was sonicated in deionized water, acetone and isopropanol for 

10 min, respectively, using an ultrasound cleaner (UW ultra-wave QS5). The slide was blown 

dry with nitrogen gas for 2 min to remove residual solvent and left in air to cool back down to 

ambient temperature. SU-8 negative tone photoresist, (GM1060, Gersteltec Sarl), was spin 

coated (SUSS Micro Tec Lithography, DELTA 10TT) at a speed of 5,000 rpm for 30 s. The 

sample was left to stabilise for 40 min before placing on a hot plate. SU-8 substrates were 

heated using a two stages heating process, 65 °C for 5 min followed by 95 °C for 5 min and 

cured using a UV lamp emitting at a wavelength of 365 nm at an irradiance of 10 mW cm-2. 

This resulted in a 5 µm thick SU-8 layer verified using a Stylus Profilometry (DektakXT, 

BRUCKER) and double checked using a white light interferometer (WYKO, NT1100). A 

dilute solution of SiO2 microparticles (Kisker Biotech), 1.0 μm diameter suspended in water 

was deposited on the SU-8 surface substrate. The SiO2 particles on the SU-8 layer were 

exposed to a single pulse from a Lambda Physik, LPX 202 ArF excimer laser emitting at a 

wavelength λ = 193 nm. The pulse width was measured as τ = 12 ns (FWHM) at a charging 

voltage of 26 kV (photodiode, Hamamatsu, S7911 measured using an oscilloscope, 

(Infinium, 500 MHz, 2 GB samples s−1). A stainless-steel object mask consisting of a circular 

aperture, 2 mm diameter, was imaged onto the SU-8 layer using a mask projection imaging 

set-up. The aperture was positioned in the raw laser beam to select a near-uniform laser 
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fluence. The laser beam was steered using dielectric mirrors optimised for reflection at 45°. A 

plano-convex silica lens, focal length 82 mm at 193 nm was used to image the stainless-steel 

mask aperture using a 1/10 magnification. Laser energy was measured after the lens to 

account for transmission and reflection losses. The processing set up can be found in [47]. A 

variable angle dual plate beam attenuator (ML2110-Metrolux, Germany) was used to control 

the laser fluence, and the energy was measured using a Joule meter (Molectron). A motion 

control stage (Aerotech Fibre align) was used to manipulate the sample in the vicinity of the 

image plane. A schematic of the sample and incident laser beam is shown in figure 4. 

Samples were exposed to laser irradiation in air and a fume extractor positioned in close 

proximity to the irradiated site. After the laser experiments, the samples were characterized 

by Scanning Electron Microscopy, SEM (Zeiss EVO60) and Atomic Force Microscope AFM 

(Bruker edge).  

7.0 Results and Discussion 

Figure 4 shows an illustration of the sample orientation relative to the laser beam.  

 

Fig. 4. Schematic of a silica particle 1µm diameter in nea5r contact with an SU-8 layer of thickness 5 µm. 

Note the thickness of the SU-8 is not drawn to scale. A single pulse from an ArF 193 nm laser was used to 

couple light into the microsphere to focus light into the underlying SU-8 substrate. 
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Figure 5A shows an SEM image of a typical SiO2 microsphere used in the experiments 5B 

shows an AFM measurement of the surface-modified SU-8 layer. The microsphere is 1 µm in 

diameter and has a back focal length fBFL=190 nm and a corresponding effective focal length 

of 590 nm.  

 

Fig. 5. (A) SEM image of a 1µm silica microsphere on an SU-8 substrate. (B) AFM image of the dimple structure 

formed on an SU-8 substrate using a single laser pulse from an ArF laser, wavelength 193 nm, at an incident laser 

fluence of 45 mJ.cm−2 (1045 mJcm-2 after focussing). (C) Spatial cross-section of the dimple structure. The curves 
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represent the normalised intensity calculation using R-W equations, normalised intensity distribution calculated 

by FDTD and the AFM cross-sectional profile taken through the centre of dimple structure (depth 180 nm). The 

analytical and numerical data have been inverted to compare with the dimple cross-section.  

 

A dilute solution if silica particles was used so that a single microsphere could be irradiated at 

193 nm. Although, we have no surface roughness data for the microspheres used in these 

experiments one assumes optical scattering was relatively low as the electric field has been 

tightly confined. This is evident from the spatial cross-sectional profile obtained from atomic 

force measurements of the dimple feature, see figures 5B,C. Figure 5C compares 

experimental cross-sectional spatial profile with that of numerical and analytical results of the 

intensity in the focal region. Numerical and analytical results were inverted and plotted 

alongside the cross-sectional spatial profile of the dimple feature. Assuming a circularly 

symmetric Gaussian focal region the mass of SU-8 removed corresponds to 7.6±0.1×10-9 g 

and a volume of 6.3×10-3 µm3. From observations one observes a dimple size that is larger 

than both the numerical and analytical intensity profiles. This can be reconciled as being due 

to the temperature of SU-8 rising above its boiling point (480 K). Species will inevitably be 

transported away to from the dimple region at temperatures above their boiling point.  

Transportation mechanisms may consist of a combination of evaporative and ablative 

processes. However, in this work we have not tried to deconvolve and quantify these two 

different mechanisms. We note that because of the optical field enhancement the surface 

modification was realised in SU-8 using a relatively low incident laser fluence of 45 mJ.cm-2. 

Beneath the microsphere the incident laser fluence is considerably higher at 1045 mJ.cm-2 

which is considerably higher than the laser ablation threshold of SU-8 [48]. After the end of 

the laser pulse, 12 ns FWHM, the temperature of the dimple walls remain momentarily higher 

than the boiling point of SU-8 further contributing to mass transport and growth of the dimple 
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feature. A lower and (higher) laser incident laser fluence could be used to realise more subtle 

and (deeper) surface relief features.  

It is informative to consider the mechanism of microsphere ejection. The microsphere 

ejection mechanism is quite complex as there may be several contributing mechanisms taking 

place simultaneously. At risk of over simplifying the ejection mechanism we estimate the 

displacement and acceleration of the SU-8 substrate using equations (4) and (5). Magnitudes 

of the displacement correspond to H ≈ 280 nm and a corresponding acceleration of a = 

2.117×109 m s-2. Due to the high acceleration we assume that the accelerating substrate 

provides a significant contribution to the ejection of the microsphere. A more representative 

estimate of the surface displacement can be calculated by taking into consideration the 

temporal profile of the laser pulse, see equation 6. From these calculations a smaller 

magnitude of the acceleration is calculated ~ 1.89×109 m s -2  [36, 47]. Both calculations of 

the acceleration are very much higher than that posed by gravity. We note that we have not 

considered any contribution forces from evaporative and ablative species escaping from 

beneath the microsphere but these effects may contribute to the microsphere ejection 

mechanism.  

8.0 Conclusion  

In summary, we report laser processing of SU-8 using a PNJ emitting at a wavelength of 193 

nm to realise small sub-wavelength dimple shaped cavity. The dimple measures 150 nm in 

size at the FWHM point. The SiO2 microsphere acts as a small ball lens that tightly focuses 

laser radiation. As a consequence, 193 nm laser radiation locally heats SU-8 above its boiling 

point in the region beneath the microsphere. FDTD simulations provide a useful information 

about PNJ’s spatial extent and as such the simulations can be used to engineer the position 

and geometry of a PNJ. We note that PNJs can be realised from other refracting elements that 

are not necessarily spherical and work in this area is ongoing. Similarly, surface modification 
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need not be restricted to planar surfaces. Work is presently underway to couple laser radiation 

into microspheres and nanospheres in contact with biological cells. Utilization of 

subwavelength photonic PNJs may open up novel opportunities within the biomedical field to 

controllably disrupt cell membranes for drug delivery and transfection studies. 
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