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Abstract 

 

Optical trapping is currently widely applied in the field of biotechnology, in which 

one critical issue is to manipulate cells in the micron-size scale without hurting or 

damaging them. The plasmonics-assisted optical trapping method is considered to be 

very promising for achieving more precise trapping of small particles compared to the 

conventional optical trapping method. 

  

In this project, the optical force exerted by an optical beam on a dielectric bead 

trapped on a substrate proliferated with nanometric gold-pillar pairs is numerically 

simulated in COMSOL Multiphysics environment. The numerical results show a 

clearly enhanced trapping capability, which is quantitatively manifested by a ten times 

higher trapping stiffness as compared to the scenario without the plasmonic-pillar 

pairs. The simulation results therefore prove that, given the same incident light 

condition, an appropriately designed nanometric plasmonic substrate can achieve a 

significantly higher trapping precision albeit Brownian motion; hence less heating 

damage will be induced in the trapping process, which can be vital for manipulating 

living cells in biotechnology. 
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1. Introduction 

1.1.  Introduction of optical trapping 

 

Optical trap was developed almost two decades ago. It is a significant step in modern 

science and technology application within the field of cell biology and biophysics. In 

biophysics, one critical issue is to manipulate particles in the micron-size scale 

without hurting and damaging them. Optical trapping method is considered to be very 

useful because they can move small particles precisely without any damage by using 

infrared light. Single beam optical trapping deals a significant improvement in optical 

trapping application, because it can be designed simply, in the meantime a single 

microscope can be used to view and move the particle. 

 

In 1970s, in a series of paper, Ashkin demonstrated that micron-sized dielectric 

particles could be displaced and levitate in both water and air by the optical forces [1]. 

He also developed a 3D trap based on counter propagating laser beams [2]. In 1986, 

he finally develops the single beam gradient force optical trap or so called “optical 

tweezers” [3]. One of the authors of that 1986 paper, Steven Chu, went on utilizing 

optical tweezers in his work on cooling and trapping neutral atoms [4].This research 

also made Chu win the 1997 Nobel Prize. He later became the United States Secretary 

of Energy.  

 

Optical tweezers can trap varies objects, includes dielectric and metal particles, 

viruses and bacteria, organelles, DNA, etc. By applying the trapping force on the 

objects, the manipulation, confinement, organization and measurement of the objects 

can be achieved, and thus leads to varies applications. In recent year, optical trapping 

continues to find applications especially in biology. For example, in 2003, optical 

tweezers was applied in the field of cell sorting by great optical intensity profile over 

the sample area, which enable cells to be sorted by their intrinsic optical 

properties[5][6]. As cited from Optical trapping guide of UCSD Modern Physics Lab, 

The main biological application includes [7] 

 

 Gravity perception in plants 

 Force estimation for Kinesin motors and other molecular motors 

 Mechanical studies of bacterial flagella 

 Chromosome manipulation during mitosis 

 Chromosome dissection 

 Microsurgery and manipulation of cells in vivo 

 Controlled cell fusion 

 DNA injection and/or incorporation 

 Kinetic studies of DNA 
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1.2. Introduction to Plasmonic 

 

Currently, rapid advance in manufacturing technology enable people to produce 

ultrafast transistor and other structure with the sizes in the nanometer scale. 

Nanophotonics is one of the fascinating fields based on the nanoscale fabrication. It 

addressed many interesting phenomenon when the structure is on the order of or 

smaller than the optical wavelength. 

 

The word “Plasmonic” nowadays generally refer to the research field of 

surface-plasmon polaritons. Surface-plasmon is first predicted in 1957 by R.H. 

Ritchie[8], in which he found the longitudinal electron oscillations that can exist at the 

interface between a metal and a dielectric material (or vacuum). The charge 

distribution at the resonance has been schematically shown in Fig. 1.1 [8][9]. 

 

 

Fig 1.1 Surface charge distribution at surface plasmon resoncance[9] 

 

Surface-plasmon polaritions is an effect that particularly supported by some specific 

metal. Polaritons are caused by strong energy transfer between electromagnetic wave 

and excitation in material. Electromagnetic surface wave will be excited by coupling 

to the oscillation of electron plasma of conductors, leads to an evanescently 

subwavelength confinement in the perpendicular direction of the surface wave. It 

produces an evanescent near field close to the tip of the material, which decay rapidly 

and result in a significantly field gradient and a relatively small field area. The 

enhanced field gradient will induce a larger trapping force when an object is placed in 

the near-field of the material, in the meantime allows to break the diffraction limits 

and achieve nanometric optical trapping. 

 

Besides, the feature of Surface-plasmon polaritions can also be applied in many 

aspects. For example, a metallic waveguide can be designed based on 

surface-plasmon polaritions method and achieve a nanoscale optical wave 

confinement and therefore creating more efficient, miniaturized photonics devices. 
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This is also the tendency of information society which we are currently confronting. 

 

Currently the most concerned plasmonic applications are listed as follow 

 nonlinear optics 

 subwavelength light guiding 

 photonic metamaterials 

1.3. Motivation and objective 

 

In conventional optical trapping, by applying highly focused laser beam, strong 

gradient field near the focus point can be induced, result in a gradient force on the 

subjects towards the focus. This force can be utilized to confine and manipulate 

submicron size particles, and was called optical trapping force in this thesis. However, 

there is some limitation on the conventional trapping method. Firstly, the gradient 

field is diffraction limited. This limits the trapping volume and leads to a physical 

limitation of particles size that can be managed to trap. Secondly, the magnitude of the 

force depends on the field gradient that the beam has induced. High power light 

source is required in order to achieve a larger trapping force, and hence leads to a high 

cost and more complex optical system. Thirdly, the beam will focus directly on the 

objects and therefore cause a radiation damages to the objects, which is a significant 

drawback especially in the application of biology.  

 

Plasmonics-assisted optical trapping is a new methodology that is proposed to achieve 

a high precision optical trapping with lower power consumption and less damage to 

the objects. By light excitation, an evanescently subwavelength confinement in the 

perpendicular direction of the surface wave will be produced. The evanescent near 

field close to the tip of the metal will create a significant gradient field, which result 

in a strong optical gradient force in the near field of the metal substrate.  

 

Plasmonics-assisted optical trapping has several advantages when compared to the 

conventional trapping. Firstly, it breaks the diffraction limits in the conventional 

optical tweezers, achieves a subwavelength trapping volume and hence enables the 

nanometric particles to be manipulated accurately. Secondly, significantly enhanced 

trapping force will effectively mitigate the Brownian motion which is usually 

dominant in nanoscale particles, and therefore improve the confinement of the 

trapping objects [8]. Thirdly, the field enhancement avoids the beam to directly focus 

on the objects so that the trapping process will deal less damage to the objects.  

 

In the recent year many researchers have published their promising experiment result 

within the field of plasmonic-assisted optical trapping. In this thesis, the author will 

mainly focus on constructing a simulation platform of both the conventional optical 

trapping and plasmonic-assisted trapping in COMSOL Multiphysics Software assisted 

with MATLAB, and quantify the exact optical trapping force based on this simulation 
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platform. By quantitatively comparison and investigation, some explanation of the 

property of plasmonic-assisted trapping can be provided.  

 

 

2. Principal of Optical Trapping Based on Plasmonic 

Substrates 

 

2.1.  Principal of conventional trapping 

 

The conventional optical trapping is realized by tightly focusing a laser beam with an 

objective lens of high numerical aperture (NA). A dielectric particle near the focus of 

the laser beam will experience the optical trapping force. The force can be 

decomposed into two components, while the first one is scattering force, which is in 

the direction of light propagation and the second one is a gradient force, which is in 

the direction of the spatial light gradient. It should be noted that both forces arise from 

very similar fundamental physics. 

 

The scattering component of the force is like a “fire hose”, which pushes the bead in 

the direction of light propagation. Incident light is from one direction but is scattered 

in all kind of directions. Because of the fact that some of the incident light will be 

absorbed, considering the momentum conservation law, there is a net momentum that 

is transferred from the incident photons to the particles.  

 

For an isotropic scatter situation, the force will cancel themselves except for the 

forward direction. Hence the particle will show a force that is in the direction of the 

incident light. However, if the particle is very much near the focus point of laser, 

which caused an intensity gradient in the incident light, then the gradient force must 

be considered. In this thesis, the gradient force is considered as optical trapping force, 

and will be mainly discussed and calculated [10]. 

 

The gradient force arises from the fact that dipoles in an electric field will receive a 

force because of the electric field gradient. The force direction is also in the direction 

of the field gradient. In an optical trapping, fluctuating dipoles are induced in the 

dielectric particle. The inhomogeneous electric field at the focus leads to the gradient 

trapping force. The force is proportional to both the square of the optical intensity 

gradient at the focus and the polarizability of the dielectric. As is shown in Fig 2.1, the 

light refraction induced by the bead will change the momentum of the photons. 

Considered the momentum conservation laws, the momentum change of the photons, 

i.e. the change of the direction of the rays, equals to the momentum change of the 
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bead in an opposite amount. As a result, in (a) situation, the bead will experience a net 

force to the intensity gradient direction, while in (b), the bead will experience a net 

force towards the focus [10]. 

 

 

 

Fig 2.1 Ray optics schematic of the optical trapping force in which a bead is 

illuminated by a parallel beam of light (a) with an intensity increasing from left to 

right (b) with a radial intensity gradient, the trapping particle is placed slightly 

beyond the focal point[10] 

 

In conventional optical trapping process, the light absorbing induced scattering force 

will always “push” the particle away from the focus point region. In order to achieve 

the stable condition, the axial gradient component of the force that “pulling” the 

particle towards the focus point region, as shown in Fig 2.1(b), needs to be equal to 

the “pushing” force. This requires a very steep gradient in the light, which can be 

realized if a high NA objective lens is utilized and the light is focused to a 

diffraction-limited spot. The equivalent position of the particle, considered both 

scattering force and high NA induced strong axial component of the gradient force, 

will be located slightly beyond the light focus point.  

2.2.  Optical trapping force calculation in Rayleigh regime 

 

By the gradient force in the gradient electric field, the particles will be trapped in a 

certain region. When the gradient force overcomes the scattering force, trapping will 

be stable. The gradient force acts in the direction of the gradient field, while the 

scattering force acts in the direction of light propagation. In this thesis, the author will 

mainly discuss the trapping force calculation method within Rayleigh regime [11]. 
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Rayleigh regime corresponds to the condition when the particle is much smaller than 

the wavelength of light, the elastic scattering or electromagnetic wave can be regarded 

as Rayleigh scattering, Fig 2.2 has shown a calculation by applying Rayleigh 

approximation accompanied with Mie theory, Bohren and Huffman’s semi-large 

approximation of single-scattering albedo for a refractive index of (1.55, 007) as 

function of particle size parameter x, the figure implies that when     , we can 

consider the corresponding regime Rayleigh regime. 

 

 
Fig 2.2 Calculation of single-scattering albedo for a refractive index of (1.55, 007) 

as function of particle size parameter x by Rayleigh approximation, Mie theory 

Bohren and Huffman’s semi-large approximation and the large particle limit [12] 

 

The particle acts as a dipole and the forces arises from dipole-field interactions. So we 

can treat the particle as a point dipole in an inhomogeneous field. The Lorentz force F 

that applied on the charge q can be calculated as follow 

                                (2.1) 

Where v is the instantaneous velocity, E and B is the external electric 

field and magnetic field respectively, the polarization of a dipole is: 

                              (2.2) 

Where d is the distance between two charges. We can consider d as      , where 

            is the position of the two charges relatively. As a result the net force of a 

dipole can be derived as follow, 

                        
        

  
                   

                
        

  
                        

        
  

  
                         (2.3) 

Where    and    is the external electric field applied on     and     position. 

Assume that the dielectric response of the particle is linear i.e.     . Considering 

the Vector Analysis Equality (2.4), and Maxwell’s Equations (2.5), we can derive 

http://en.wikipedia.org/wiki/Velocity
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Magnetic_field
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equation(2.6) 

         
 

 
                          (2.4) 

     
  

  
                       (2.5) 

    
 

 
    

 

  
                         (2.6) 

If the power of the laser is constant, then the derivative of the second term averages to 

zero, the force can be written as 

   
 

 
                             (2.7) 

Where the polarizability   is defined as the ratio of the induced dipole moment p of 

an atom to the electric field E that produces this dipole moment, assume the dielectric 

response of the particle is linear. In Rayleigh regime the polarizability of a sphere can 

be written as [3] 

        
 
   

    

    
                    (2.8) 

Where m is the ratio of the refraction index of the particle    to the surrounding 

medium   . Here the transfer function of units of the polarizability need to be 

highlighted. Since it has the normal SI units of          =          , but is 

more often expressed as polarizability volume with units of    . The transfer 

function of the polarizability between two units can be written as 

      
 

    
                            (2.9) 

Hence we can derive the average gradient force: 

                           
    

  
    

    
 

 

 
                                 

    
    

  
    

    
           

 
                  (2.10) 

In the formula (2.10),    is the refractive index of the surrounding medium, m is the 

ratio of the refractive index of the particle to the surrounding medium,       is 

the radius of the particle. This is the formula used in this thesis to calculate the 

gradient force within Rayleigh regime [12]. 

2.3. Principal of surface plasmonics- assisted optical trapping 

 

Conventional optical trapping application is formed at the diffraction-limited focus of 

the laser beam so that the trapping force induced by electric gradient may not big 

enough to overcome the Brownian motion if the trapped object becomes down to 

subwavelength scale. In some case, when the laser power is enhanced or the sample is 

well designed to have a higher polarizability, conventional trapping is still feasible. 

But in other cases, where we need to manipulate temperature sensitive objects (i.e. 

biological samples), or objects without high polarizability, we cannot use high power 

http://en.wikipedia.org/wiki/SI_units
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laser and the trapping force may be not sufficient to trap the objects. Considered the 

fact that currently there are growing demands of optical trapping application lays on 

the biophysics, plasmonics-assisted optical trapping becomes more and more 

promising.  

 

Fig 2.3 has illustrates the metallic nanostructure used in this thesis, for one lattice 

constant. On the substrate, gold nanodots with the diameter D have been placed in 

tightly spaced pair, with the pair half separation S. The height of the pillar is H. C is 

the lattice constant. The whole lattice wavelength was illuminated with the light 

source with wavelength  . When the light source is p-polarized (polarization 

direction is parallel to the incident plane and matches the momentum of the plasmon), 

the electromagnetic surface wave will be excited, leads to an evanescently 

subwavelength confinement in the perpendicular direction of the surface wave. It 

produces an evanescent near field close to the tip of the gold, which decay rapidly and 

result in a significantly field gradient and a relatively small field area. As formula 

(2.15) shown, the gradient force in Rayleigh regime is proportional to the square of 

the electric field gradient. As a result, higher magnitude of gradient force can be 

achieved. 

 

 

Fig 2.3 Schematic of one lattice of surface-plasmon assisted nanometric optical 

trapping substrate. In the simulation of this thesis, the refraction index of the glass 

      ; the refraction index of the oil        . The gold pillar pairs diameter D, 

half separation S and height H is chosen to meet the localized surface plasmon 

resonance condition. o is the middle point of the gap on the top plane of the gold pillar. 

C is the length of one lattice (chosen to be 500 nm in this thesis) 

 

Fig 2.4 and 2.5 shows the simulation result of surface distribution of electric field 

gradient along horizontal axis with and without gold nanodots on the glass substrate 
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respectively. The input electric field is 1 V/m for both two situations with the 

wavelength of 1064 nm (chosen to match the wavelength of Nd:Yag laser). In Fig 2.4 

we can find an enhanced electric field gradient near the carefully designed gold 

nanodots pair array. When the input light source match the localized surface plasmon 

resonance condition, the electron charge oscillations in the gold pillar pairs are excited, 

cause a strong evanescent near field close to the tip of the gold pillar. The near field 

will decay rapidly and result in a significantly field gradient close to the substrate, 

where a strong optical trapping force can exists.  

 

 
Fig 2.4 Simulation result of surface distribution of electric field gradient along x axis 

with nanopillars pair on the glass substrate, the pillar is immersed in oil with 

refraction index of       , the input light has the field of 1 V/m with wavelength 

of 1064 nm. The color map shows the magnitude of electric field gradient from 

           to            . The maximum and minimum value of the electric 

field gradient has been shown on the top and bottom of the color map. 
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Fig 2.5 Simulation result of surface distribution of electric field gradient along x axis 

without nanopillars pair on the glass substrate, the pillar is immersed in oil with 

refraction index of       , the input light has the field of 1 V/m with wavelength 

of 1064 nm. The color map shows the magnitude of electric field gradient from 

           to            . The maximum and minimum value of the electric 

field gradient has been shown on the top and bottom of the color map. 
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3. An Example of Optical Trapping and Manipulation of 

Nano-sized Objects 

 

In this chapter the author would like to demonstrate an example of nanometric optical 

tweezers which has been realized in University of Manchester, 2008[13]. 

3.1. Schematics of the experiment system 

 

The schematics of the nanometric optical tweezers has been shown in Fig 3.1, the 

trapping system consists of a continuous-wave 1 W light source with 1064 nm 

neodymium-doped YV  diode pumped solid-state laser. It consists of tightly spaced 

nanodot pairs. The height H, the diameters D and the half pair separation S of the 

nano pillars, which has been defined in Fig 2.3, are chosen so that the localized 

surface plasmon resonance of the individual pillar appeared at specific light 

frequencies. In the example, the half pair separation S, which corresponds to the half 

distance between the centers of each nanodot, equals to 100 nm. The lattice constant 

C = 500 nm. The symmetric plasmonic resonance of the double-pillar is excited by 

laser light of 1064 nm. The nanostructure sample is immersed in oil with a refractive 

index of       ; the refractive index of the glass is        . The reason for 

covering the nanopillars with oil is that the plasmonic resonances can so that become 

broad [13]. As a result it can amplify and generate a strong optical trap even well 

outside the resonance position. The bead is placed at the height a. The input light will 

come through the objective and focus at the near height a. The numerical aperture is 

well designed so that the beam will on average illuminated one pillar pair on the 

substrate. The trapping is then realized in the area where the Gaussian beam profile is 

overlapping with the induced strong near field.  

 

 
Fig. 3.1 The set-up of nanotweezers based on nanodots substrate[13] 
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3.2. Optical trapping and manipulation of nano-sized objects 

 

As researchers move the beam along the lattice, the bead will move accordingly and 

shows different property under different nanostructure and distance to the substrates. 

In Fig. 3.2a and 3.2b, the position of 200 nm beads trapped at a = 0.7 µm above the 

glass with and without gold pillar pair has been demonstrated respectively. In Fig. 

3.2a, the measurement is done at different times for a fixed location of the trapping 

beam. Nevertheless, at the same beam and same height a, when gold pillar pair was 

added at the substrate, the distribution of the displacement of the same bead, as shown 

in Fig 3.2b, shows a significant reduction of the displacement half-width. In addition, 

Fig 3.3a and 3.3b show the situation when the focal line of the laser beam was placed 

at the plane with the distance a = 14 µm and a = 0.7 µm respectively, both with the 

gold pillar on the substrates. The bead will follow the movement of the focal point of 

the beam in the former, which is an equivalent case to the conventional trapping since 

the bead is put far away from the near-field generated close to the gold pillars. 

However when the beam focus plane is adjusted to be closer to the substrate together 

with the bead height, the bead will perform a step-like manner as the horizontal 

movement of the beam. The reason behind is that the near field of the gold pillars has 

become dominant around the bead so that the generated field is moved from one 

illuminated pair to the next as the beam movement.  

 

 

Fig. 3.2 Bead position as a function of time at a fixed position with a distance a = 0.7 

µm above the glass (a) without nanodots pair (b) with nanodots pair [13] 
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Fig. 3.3 the horizontal position of a 200 nm bead as a function of the horizontal 

position of the beam focus (a) at a distance a = 14 µm (b) a = 0.7 µm from the 

substrates. Green and blue arrows indicate the direction of the motion, green circles 

correspond to positive motion, blue hexagons to negative [13] 

 

Compared with the conventional trapping, the optical trapping under near-field of 

gold pillar structures in general shows two interesting features: (a) as Fig. 3.2 

illustrates, the bead shows much less distribution of displacement, which allows an 

accurately trapping under low power consumptions. (b) The bead performs a step-like 

manner motion according to the Fig. 6b. 

3.3. Summary and discussion 

 

In this experiment, the researchers have illustrated a subwavelength near-field optical 

tweezers based on a nanostructure substrate. When the localized plsmonics resonance 

condition has been satisfied, the resulting near field of the gold pillar has provided 

subwavelength trapping volume and significantly improved trapping force compared 

with the convention optical trapping. The trapped bead also shows step-like manner 

displacement that requires to be explained quantitatively. 

 

In the following chapter, as the main objective of this thesis, the author will quantify 

this experiment by a simulation in the COMSOL Multiphysics. It will include the 

calculations of exact trapping force distribution in this example followed by a 

comparison between the trapping force in this example and in other condition. The 

explanation of two interesting features mentioned in section 3.2 will also be provided. 
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4. Optical Trapping Force Calculation and Analysis  

4.1. General introduction of simulation procedure and 

structure in COMSOL 

 

COMSOL Multiphysics is an analysis, solver and simulation software for various 

physics and engineering application. It also offers an interface to MATLAB, where a 

large variety of programming can be achieved. In this chapter, the author will 

introduce a COMSOL based simulation method and the procedures of nanometric 

optical trapping based on nanostructure substrate. The result of the simulation will 

also be demonstrated. 

 

Fig 4.1 shows a general process of the simulation in COMSOL with MATLAB.  

 

 

Fig 4.1 The flow chart of simulation process 

 

As the first step in the whole process, the geometry of the structure model is the base 

of the simulation. By using properly designed structure and parameter, the simulation 

will be much more reliable and valuable. But apparently a suitable parameter setting 

never comes at the beginning. Considered the limitation of COMSOL in the parameter 

scan and programming, MATLAB is used to assist finding the appropriate parameter 



Optical Trapping Force on a Plasmonic Substrate 

19 
 

of the nanopillar on the substrate as well as the resonance frequency. 

 

After large amounts of parameter scans, a peak in 1064 nm (chosen to match the 

typical emitting wavelength of ND:YAG laser) was found in a specific nanopillar 

diameter in the MATLAB. The simulation process came back to the COMSOL side. 

The parameter is slightly adjusted to meet the requirement of different light source 

and other different environment in COMSOL. Finally the trapping force was 

calculated based on the simulation result of the electric field in the trapping region. In 

order to analyze the result better, the calculation will be repeated for several times to 

find the quantitive relationship between the optical trapping force and the nanometric 

structure, light source and the bead parameters. 

4.2. Simulation of nanometric substrate based plasmonic 

resonance effect 

 

The localized resonance frequency of nanopillar substrate is determined by several 

factors, in which the dominate factors include (1) the material of nanopillar and the 

surrounding medium (2) simulation environment (3) the diameter, height, and pair 

separation of the nanopillar.  

 

Fig 2.3 has illustrated the material that is used for the nanopillar and the substrates, in 

the simulation we use gold to construct the nanopillar and oil(        to be the 

surrounding material (In order that the surface plasmon resonance effect exists, the 

real part of the dielectric constant of the metal must be negative and its magnitude 

must be greater than that of the dielectric, this condition is satisfied in the 

IR-wavelength region for an oil/gold interface). The permitivity of the gold is derived 

applying the Drude Model approximation since it is frequency dependent 

         
  

 

      
                       (4.1) 

The substrate is made of glass with 1µm width with refraction index        . The 

whole material configuration is identical to the example shown in chapter 3. 

 

In order to find the localized resonance effects, the author firstly apply plane wave as 

the light source of simulation system. The geometry of the simulation model has been 

shown in Fig 4.2. The structure of one lattice of the nanopillar pair is the same as 

what has been shown in Fig 2.3. A TM plane wave (where electric fields has non zero 

components on the plane parallel to propagation, p polarized) light source has been 

put 2 µm height of the substrate with electric field horizontal component of 1V/m. 

The period boundary condition has been added in the horizontal direction of the 

structure so that it can be considered as infinite in the horizontal axis. The Perfect 

Matched Layer is put in each terminal along the vertical axis with the width of 500 

nm. 
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Fig 4.2 Structure of the trapping simulation based on gold pillar pair substrate in 

COMSOL, the color map shows the electric field norm range from to 0V/m to 8V/m, 

while the input TM plane wave source has the electric field of 1V/m. The maximum 

and minimum electric field norm has been also illustrated. The maximum and 

minimum value of the electric field norm has been shown on the top and bottom of 

the color map. 

 

Considered the 3 dominate factors that do impacts on the localized plasmonics 

resonance effect mentioned in the beginning of this section, the first two factors has 

been well defined. The last and the most time consuming step is to find the 

appropriate parameter of the diameter, height, and half pair separation of the 

nanopillars structure that illustrated as D, H and S respectively in Fig 2.3 to achieve 

the resonance at the wavelength of 1064 nm of input light. 

 

In order to find these parameters to achieve resonance effect, the author has created a 

link between COMSOL and MATLAB. There are 3 parameters that are adjustable, D, 

H and S. The scanning method is based on control variable, i.e. in each scanning, 

adjust one parameter alone while holds the other two and illustrates the “result” as a 

function of the wavelength  . In Fig 4.3, some of the scanning graph has been 

demonstrated. Since the resonance effect leads to strong near field close to the tip of 

the gold, the y axis of the scanning, i.e. the “result”, is chosen to be the normalized 

electric field in the middle point of the gap of nanodots pair (the o point in Fig 2.3).  
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Fig.4.3 Magnitude of normalized electric-field as a function of wavelength within 

different parameter of gold pillar structure, when (H,S,D)= (219,95,112), the x axis 

represents for the wavelength that ranges from 700 nm to 1600 nm, while the y axis is 

the normalized electric field at point o in Fig.2.3, the scanning is based on control 

variable method with the adjusting range H(100,250), S(80,120), D(80,120), where H, 

S and D is the nanopillar height, half separation and diameter respectively.  

 

By scanning of the simulation result in large amount of varies parameters, the author 

gradually adjusted the parameters and finally managed to move the resonance peak to 

1064 nm (in order to match the wavelength of typical Nd:YAG laser). Finally a 

resonance peak in the wavelength of 1064 nm light source has been found with H = 

219 nm, D = 112 nm, S = 95 nm.  

 

In Chapter 2, the calculation method of optical trapping force within Rayleigh regime 

has been introduced. Now, by applying the formula with the simulation result, we can 

calculate the optical trapping force with different diameter and position in the plane 

wave condition.  

 

Normally, the plane wave could not yield electric field gradient, for it has a constant 

electric field magnitude in the wave front. However, by applying nanopillar pairs, a 

huge electric field gradient could be produced under resonance effect, hence the 

nanometric optical trapping and other applications, i.e. optical sorting, could be 

realized. 

 

At different height, the bead will apparently experience a different force distribution. 

Fig 4.4 and Fig 4.5 illustrates the force distribution under the condition of bead height 
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a = 300 nm, 400 nm, 500 nm and 600 nm relatively. The input electric field 

magnitude is adjusted so that the input power P can reach to 32 mW (for simplicity of 

the comparison in the following section). Pair separation S = 95 nm, pillar width D = 

112 nm, height H = 219 nm. In Fig. 4.7, the maximum trapping force as a function of 

bead radius has also been shown. 

 

 

Fig 4.4 Optical trapping force distribution as a function of x-axis (the horizontal 

plane) at height a = 300 nm, 400 nm, 500 nm and 600 nm relatively. The input power 

P = 32 mW. Bead radius r = 200 nm. 

 

Bead Height 

a (nm) 

x-axis postion of 

maximum force(nm) 

Maximum force 

value(pN) 

Slope of force along 

x-axis (pN/nm) 

300 50 1060 21.2 

400 85 370 4.4 

500 103 126 1.2 

600 94 12.4 0.13 

Fig 4.5 Maximum Optical trapping force distribution and the position at x-axis at 

height of a = 300 nm, 400 nm, 500 nm, 600 nm relatively and the force 

distribution in conventional optical trapping. The input power is 32 mW. The 

bead radius r is 200 nm 

 

Considered conventional trapping, where the maximum trapping force exists at a half 

width of 100 nm and has the magnitude of 12 pN and the slope of the trapping force 

alone x axis is 0.06 pN/nm (which is shown in the following section), the result has 

suggested that plasmonics-assisted optical trapping can provide much more stiffness 

than the conventional trapping, for it has a shorter confinement distance and higher 

magnitude trapping force. The stiffness is a measure of the resistance for an elastic 
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body with a single degree of freedom, which is defined as  

   
 

 
                            (4.2)  

Where F is the force applied on the body,   is the displacement produced by the 

force along the same degree of freedom (for instance, the change in length of a 

stretched spring). In the simulation, the force F corresponds to the trapping force and 

the displacement   is taken as the horizontal position along trapping axis. As a result, 

the stiffness of the trapping can be measured by quantify the slope of the force along 

x-axis. The large stiffness of the trapping leads to a smaller displacement of trapped 

objects and high trapping accuracy [14]. 

4.3. Trapping force calculation: conventional optical trapping 

 

In this section, a simulation of conventional optical trapping will firstly be applied, 

which will followed by a calculation of maximum optical trapping force in terms of 

different particle sized within Rayleigh regime. A cross comparison between 

simulation curve and theoretic curve of trapping force will also be illustrated. 

 

The simulation was done in COMSOL, the geometry structure can be found in Fig 4.6, 

the simulation region is covered by 500 nm perfect matched layers in each horizontal 

side, and 1000 nm in each vertical side. The input power is 32mW. 

 

 

Fig 4.6 Simulation structure and electric field horizontal component distribution of 

conventional optical trapping without pillar pair, the color map corresponds to the 

magnitude of the electric field horizontal component under an input power P = 32 

mW. The maximum and minimum magnitude of the electric field horizontal 

http://en.wikipedia.org/wiki/Displacement_field_(mechanics)
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component has also been shown. 

 

 

Fig 4.7 Trapping force distribution of the bead along the beam waist, the radius of the 

bead r = 100 nm, the input power P = 32 mW. The bead is placed at the vertical 

position of 300 nm of the distance from the substrates, which is also the focal plane of 

the beam. The force is calculated by applying equation (2.10) 

 

 
Fig 4.8 Trapping force as a function of particle sizes (a) the theoretical curve [11](b) 

measured value [11] (c) calculated curve by COMSOL simulation. The input power is 

32 mW, the force is calculated by applying equation (2.10) 

 

Fig 4.7 has illustrated the trapping force distribution along the beam waist. In Fig 4.8, 
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a cross comparison of the trapping force curve as a function of particle size has been 

shown. In Fig 4.8(a), the calculation of the theoretical trapping force has been 

illustrated, which is derived by researchers in Institute of Optics, University of 

Rochester. The calculation method in Rayleigh regime is identical to what have been 

introduced in Chapter 2.2 in this thesis [11] 

 

According to the comparison, there is not so much difference in terms of the absolute 

value and general trend between the theoretical curve and the curve calculated by the 

calculation of simulation result in COMSOL when the beam radius varies from 100 

nm to 400 nm i.e. in Rayleigh regime. But in both of the curves, the trapping force is 

much larger than the realistic measurement shown in Fig 4.8(b). This is probably due 

to a) deviation of laser focus from the ideal condition b) absorption in the objective 

lens and c) other experimental errors, the complex environment of the actual trapping 

platforms and the method of measurements [12]. 

4.4. Trapping force calculation: the example in Chapter 3 

 

In this section, the example of nanometric optical trapping based on nanostructure 

substrates which has been mentioned in Chapter 2.4 will be simulated and analyzed. 

The trapping force will be calculated and compared under different numerical aperture, 

bead position, bead parameter and different light position. A cross compare with 

conventional optical trapping will also be illustrated. 

 

As the example showed in Chapter 3, the nanometric optical structure consists of 

several parts, includes light source and lens, which collimate light and focus the beam 

on the particle with approximately 500 nm’s beam waist. The particle is immersed in 

oil. An array of gold pillar pair structure is on the glass substrate, which has been 

shown in Fig 2.3 and Fig 3.1. 

 

The simulation structure in COMSOL is demonstrated in Fig 4.9, in which the light 

source has been placed in the height of 2596 nm with a numerical aperture of NA = 

1.3. The horizontal range of the simulation domain is 4500 nm. The perfect matched 

layer is 500 nm and 1000 nm on the each edges of horizontal and vertical domain 

respectively. The refractive index of oil and glass is 1.5 and 1.45. The input power is 

32 mW, which is the same as the previous simulation. The bead radius is 200 nm. The 

structure of the pillar pair, as Fig 2.3 shows, has diameter, height and half separation 

of D = 112 nm, S = 95 nm, H = 219 nm respectively, with a lattice constant of 500 nm. 

All the parameter above is identical to the example that introduced in Chapter 3. 

Except for that the beam is collimated on the top of the pillar, i.e. 219 nm higher than 

the glass substrates, which is different from the example that focus at the on the bead. 

The reason for changing the focal plane of the beam is that the simulation result 

shows that collimating beam on the pillar instead of the bead will excite a stronger 

electric field gradient and produce a larger trapping force compared to focus the beam 
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on the bead, according to the example.  

 

To calculate the trapping force, we would like to choose some horizontal plane in 

which stronger electric field gradient is distributed. In the following simulation, 

height of 300 nm, 400 nm and 800 nm are chosen. For the 300 nm and 400 nm height, 

the electric field near the pillar is enhanced by the resonance effect, while near the 

800 nm plane, another peak of enhancement occurs, Fig 4.10 and Fig 4.11 has 

illustrated the simulation result and the force distribution along horizontal axis on the 

3 planes. A comparison in terms of the maximum force and its position along axis 

among different planes and conventional trapping situation was also followed. Fig 

4.12 and Fig 4.13 illustrated the maximum trapping force distribution as a function of 

the bead height a and radius of bead r respectively.  

 

 

Fig 4.9 Simulation structure and electric field x (horizontal) component distribution of 

trapping by the method of nanometric structure based focused beam trapping, the 

color map shows the surface distribution magnitude of the electric field horizental 

component. The maximum and minimum magnitude of the electric field horizontal 

component has also been shown. 
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Fig 4.10 Optical trapping force distribution along x (horizontal) axis when the height 

of measurement plane a = (a) 300 nm (b) 400 nm (c) 800 nm. The comparison among 

(1), (2), (3) and conventional optical trapping is illustrated in (d). The input power is 

32 mW. Bead radius is 200 nm. 

 

Bead 

Height(nm) 

Horizontal half position of 

the maximum force(nm) 

Maximum force 

value(pN) 

slope of force along 

x-axis (pN/nm)  

300 60 215 3.58  

400 100 115 1.15  

800 250 34.2 0.14  

Conventional 200 12 0.06  

Fig 4.11 Magnitude, existing position of the maximum trapping force and the slope of 

the force along x (horizontal) axis in terms of different bead height to the substrate. 

The bead radius is 200 nm. The power of light source p is 32 mW. The beam is 

focused at H = 220 nm 
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Fig 4.12 Maximum trapping force as a function of the height a between bead and 

nanopillar pair substrate from 300 nm to 900 nm, the bead radius r = 200 nm, the 

input power p = 32 mW. The blue line corresponds to the maximum trapping force in 

the example, while the red line corresponds to the maximum conventional trapping 

force when the bead is placed at the beam waist. 

 

 

Fig 4.13 Maximum trapping force distribution as a function of bead radius at height a 

= 300 nm in the example and conventional optical trapping. The blue line corresponds 

to the maximum trapping force in the example, while the red line corresponds to the 

maximum conventional trapping force when the bead is placed at the beam waist. 
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On the simulation above, the beam focusing plane is hold as a constant at the height 

of 219 nm, which corresponds to the height of the gold pillar tip. In the following a 

comparison and analysis of optical trapping force distribution under different light 

focusing height has been demonstrated. The forces are calculated under the same 

condition (a) bead radius r is 200 nm, (b) bead height a = 300 nm, (c) light source 

power p = 32 mW. The nanopillar structure parameter is also identical to the previous 

case i.e. D = 112 nm, S = 95 nm, H = 219 nm. The light focusing height from the 

substrate varies from 0 nm to 300 nm. The corresponding maximum force magnitude, 

existing position and slope are illustrated in Fig 4.14. 

 

The conclusion of the simulation, as Fig 4.14 shows, includes (a) the change of the 

height of focus plane will not change the maximum force existing position along 

horizontal axis (b) the magnitude of the maximum force and its corresponding slope 

will significantly changes as the adjustment of focus plane height. As a result, the 

light must be precisely focused (less than 50 nm of error range) to achieve a 

maximum trapping force and stiffness. 

 

Beam focus 

plane height(nm) 

Maximum 

force(pN) 

Maximum force 

position(nm) 

Slope of force along 

x-axis (pN/nm) 

0 34 60 0.57 

50 38 60 0.63 

100 55 55 1.0 

150 182 55 3.3 

200 334 55 6.1 

250 110 55 2.0 

300 53 55 0.96 

 

Fig 4.14 Maximum trapping force and its position along x-axis in terms of light focus 

height varies from 0 nm to 300 nm from the substrate. The bead radius is 200 nm. The 

power of light source P is 32 mW. The force is calculated at height a = 300 nm. 

 

4.5. Optical trapping force analysis: moving the light source 

along x-axis 

 

One of the most important characteristics and applications of optical trapping is to 

manipulate the particle. Conventional optical trapping can achieve manipulation by 

carefully moving the optical light source. The light focusing point will be moved 

slightly and the particle will experience a force with the same direction to the light 

moving direction. Fig 3.3(a) has shown an actual measurement of the bead position as 

a function of the beam position along the same direction in an equivalent case of 
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conventional trapping (since the bead is very much far away from the nanostructure). 

The other details of this measurement have been introduced in Chapter 3[13]. 

 

When trapping is based on the near field induced by gold nanopillar pairs on the 

substrate, the movement of the beam will apparently lead to a different bead position 

compared with conventional trapping. Fig 3.3(b) has illustrated a measurement of the 

position of bead when nanopillar pairs exist. In this case, the motion of a trapped 200 

nm bead is dominated by near-fields of nanodots pair instead of electric field gradient 

of focused beam. The bead moves in a step-like manner from one stable trapping 

point generated by near-field of an illuminated nanodots pair to the next illuminated 

pair as the laser beam is moved along the nanodots array. 

 

In the simulation, we produce an environment that is very similar to the example that 

has been shown in Fig 3.3 (b) except that (a) the height a is chosen to be 300 nm and 

500 nm where the near-field of illuminated nanodots pair is very strong and quite 

strong respectively. A comparison of the force distribution and bead position between 

these two heights will be demonstrated. (b) The light is focused on the 220 nm height 

plane instead of 700 nm on the bead. This reason for that is to enhance the near-field 

generated by the illuminated nanodots and not overheating the beads in the 

corresponding experiment. The light has the wavelength of 1064 nm with power of 32 

mW, NA = 1.3, bead is immersed in oil and has a radius r = 200 nm. Fig 4.15 and Fig 

4.16 illustrate the force distribution of the bead along x-axis with respect to the 

horizontal position of the beam focus. The beam focus is manipulated to move from 

the initial position (corresponds to the o point in Fig 2.3) to the left, as shown in Fig 

4.15. The bead point is the stable bead position where the bead experiences a zero 

force. Fig 4.17 demonstrates the ratio between the trapping force and the distance 

along x-axis, which can represents the stiffness of the trapping. 

 

As Fig 4.16 and Fig 4.17 shown, the bead stable point remains to be around the 

original point along the x-axis, which means that in the height of 300 nm, the bead 

will be localized at the original point and will never move to the beam position. In the 

mean time, the stiffness of the trap is very large according to Fig 4.18. 
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Fig 4.15 Force distribution of the bead as a function of bead position along horizontal 

axis under different beam displacement with respect to the initial beam 

position(correspond to o point in Fig 2.3). The beam focusing position moves one 

lattice (500 nm) from right side of the axis (initial position) to the left side 

(correspond to zero position on x-axis). The green array of the beam illustrates the 

horizontal position that the beam is focusing, the green array of the bead shows the 

corresponding stable position of the bead where the bead experiences a zero force. 

The beam displacement is the beam position with respect to the initial position (the 

right side of the x axis). The vertical height of the bead from the substrate is 300 nm. 
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Displacement of light source 

corresponds to the initial 

position of the beam (nm) 

Zero force (stable) position(nm) 

20 1 

40 2 

80 3 

160 7 

200 8 

250 9 

300 11 

350 12 

400 12 

450 10 

500 9 

Fig 4.16 Statistics of bead position in terms of the displacement of the beam, the bead 

is assumed to be located at the stable position where the bead experiences a zero force. 

The height of bead is 300 nm. 

 

Displacement of light source 

corresponds to the initial 

position of the beam (nm) 

Slope of force along x-axis (pN/nm)  

0 9.0 

100 7.5 

150 6.4 

200 5.1 

250 4.4 

300 3.6 

500 1.4 

conventional trapping 0.06 

Fig 4.17 the magnitude of slope of the trapping force in terms of different beam 

displacement and conventional trapping, the height of bead is 300 nm. 

 

In conventional optical tweezers, trapped objects are often subject to prominent 

Brownian motion, which does not allow pinning of the position of a bead with a high 

precision at lower laser power. In the trapping based on nanopillar pair structure, the 

stiffness (the mathematical description has been shown in formula 4.2) of the trap is 

much higher than the conventional case, hence a high precision of bead trapping 

fixation can be achieved. Besides, it is not a must to focus the light tightly on the bead 

to achieve a high trapping force and stiffness. As a result, when trapping is applied to 

biophysics, the cell can receive a much lower laser power and less heating effect. 

 

The simulation result at the height a = 500 nm has been shown in Fig 4.18 and Fig 

4.19 The slope between the trapping force and the displacement along x-axis in terms 

of different x positions and conventional trapping has been shown in Fig 4.20. In Fig 
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4.18, the reason why the bead moves in a step-like manner from one stable trapping 

point to another has been explained. At the beginning of the beam movement, the 

stable position of the bead will also move in the direction of the beam, but not as 

much as the beam displacement until the beam moves to half of the lattice constant. 

When the beam position comes to around 250 nm, the bead will experience 3 stable 

points with a complex force distribution and small stiffness, which means that the 

Brownian motion becomes the dominant factor of the bead movement. The bead will 

start to vibrate around 100 nm-500 nm[13]. Once the beam is placed to slightly after 

250 nm, the bead will move to the near field that generated by the next pillar pair and 

will experience a relatively large stiffness again. The step-like manner trapping has 

been realized. 

 

 
Fig 4.18 Force distribution of the bead as a function of bead position along horizontal 

axis under different beam displacement with respect to the initial beam position 
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(correspond to o point in Fig 2.3). The beam focusing position moves one lattice (500 

nm) from right side of the axis (initial position) to the left side (correspond to zero 

position on x-axis). The green array of the beam illustrates the horizontal position that 

the beam is focusing, the green array of the bead shows the corresponding stable 

position of the bead where the bead experiences a zero force. The beam displacement 

is the beam position with respect to the initial position (the right side of the x axis). 

The vertical height of the bead from the substrate is 500 nm. 

 

Displacement of light source 

corresponds to the initial 

position of the beam (nm) 

Zero force (stable) position 

20 8 

40 16 

60 24 

80 32 

100 41 

150 60 

200 80 

250 116,250,384 

300 420 

500 500 

Fig 4.19 Statistics of bead position in terms of the displacement of the beam, the bead 

is assumed to be located at the stable position where the bead experiences a zero force. 

The height of bead is 500 nm. 

 

Displacement of light source 

corresponds to the initial 

position of the beam (nm) 

slope of force along x-axis (pN/nm) 

0 1 

100 0.7 

150 0.45 

200 0.3 

250 0.05 

300 0.3 

500 1 

conventional trapping 0.06 

Fig 4.20 the magnitude of slope of the trapping force in terms of different beam 

displacement and conventional trapping, the height of bead is 500 nm. 

 

Compared with the result where the bead is placed at the height of 300 nm, the 

simulation result of the bead at the height of 500 nm shows a lower stiffness, but can 

be manipulated in a step-like manner. It also gives some advantages over the 

conventional trapping, which includes (a) step-like manner trapping, which can be 

realized in some digital applications (b) nearly one order higher stiffness, high 
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precision of bead trapping fixation (c) achieved a nanoscale manipulation without 

tightly focus on the particle, hence cause less heating damage to the particle. 

 

4.6. Limitation of the simulation 

 

Simulation is always more or less different from the situation. The following is some 

factors of the simulation in this paper that may carry out some difference during the 

realistic process. 

 

 The simulation is 2D simulation, while the true scenario is 3D. The resonance 

effect of the nanopillar pair will show some difference. The pillar height, 

separation and diameter probably need to be redesigned or modified in order to 

achieve the resonance effect in 3D case.  

 

 The input light in the simulation is assumed to be ideal, while in the realistic, the 

lens may absorb and reflect some of the light power, it will slightly change the 

electric-field distribution around the trapping particle. 

 

 According to Fig.14, there are so much difference (around 1 order) between the 

theoretic trapping force and the measurement trapping force. The actual 

environment of the trapping is complex. Hence the absolute value of the 

simulation result cannot be regarded as the actual situation. However the relative 

value of the simulation, i.e. the comparison between the plasmonic assisted 

trapping and conventional trapping, can be considered as very useful information. 

 

 The resonance effect is found at the wavelength of 1064 nm with specific 

nanopillar pair height, separation and diameter. But it has not yet been proved that 

the highest mode confinement for this wavelength has been achieved, which 

means that a different plasmonic nanostructure array may achieve a higher 

trapping resolution.  
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5. Summary 

 

In this project, the author has reviewed the optical trapping technology and combined 

it with plasmonic resonance effect. A series of simulation regarding to the optical 

trapping based on nanometric gold nanopillar pair substrates has been carried out by 

the utilization of COMSOL coupled with MATLAB. The result of the simulation has 

proved that the trapping based on the nanometric plasmonic substrate can achieve a 

higher precision and less heating damage optical trapping. Through the comparison 

with conventional trapping, it has been certificated that plasmonics-assisted optical 

trapping technology is very promising especially in the application of biophysics 

where a single cell or organisms are often considered as the object to apply the 

trapping. 

 

The initial purpose of the project is to establish a simulation platform in COMSOL 

regarding to the plasmonics-assisted optical trapping and to quantify the actual 

trapping force in the experiment that demonstrated in Chapter 3. The first step of the 

project is to learn more about how to establish and run a model in COMSOL 

Multiphysics. In the beginning of the project, the author has met lots of problem in 

terms of how to establish the model with a suitable setting and parameter. After 

extensive study, the author has finally constructed the simulation models with right 

structures and material parameters.  

 

The second step is to find the resonance frequency of the trapping structure in the 

wavelength of 1064 nm. During the whole process of the project, this is the most 

time-consuming step. COMSOL is not efficient enough in the wavelength scan 

process. In order to find the structure for the resonance frequency in 1064 nm, the 

author connected COMSOL with MATLAB and wrote MATLAB code to help search 

for the suitable structure parameters (the code can be found in appendix). The 

resonance frequency in 1064 nm has finally been found in a specific structure 

parameter, which has been shown in Chapter 4.2. The following simulation of the 

nanometric optical trapping is all based on the resonance effect which is induced by 

the specific structure parameters. 

 

After managed to simulate the resonance effect, the author start to calculate the force 

based on the electric field distribution. In Chapter 2, the formula and theory which is 

used in the calculation has been reviewed. In Chapter 4, the data and the analysis of 

the calculation result has been demonstrated. The calculation has been divided into 3 

parts: (a) trapping force under plane wave induced resonance effect (b) trapping force 

under conventional trapping (c) trapping force under focused wave induced resonance 

effect. The calculation result is followed by series of analysis regarding to how the 

vertical position of the bead and beam focusing plane has affected the trapping force 

and stiffness. 
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Finally, regarding to the example that shown in Chapter 3, the author has made a deep 

analysis to explain the reason why the bead will behave as a step-like manner during 

the trapping process. After plotting the bead force distribution as a function of the 

light position, the advantage of the nanometric based optical trapping over 

conventional trapping has been proved. The result implies that nanometric based 

optical trapping shows a better stiffness and fixation of the trapping particles, and will 

deal less heating damage to the particle. It has great potential in several application 

including optical tweezers and optical sorting. 
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6. Appendix—Matlab Code for Resonance Effect 

Searching 

 

fid=fopen('paper_RF_d.txt','a'); 

for d=[100:20:140]; 

    model.param.set('d',d*10^(-9)); 

for h1=200; 

    model.param.set('h1',h1*10^(-9)); 

for dpos=100; 

    model.param.set('dpos',dpos*10^(-9));      

for lam0=[700:10:1600]; 

        model.param.set('lam0',lam0*10^(-9));  

        d 

        h1 

        dpos 

        lam0 

        model.sol('sol1').runAll; 

  ppp=[0;h1*10^(-9)] 

dataxx=mphinterp(model,'emw.normE','coord',ppp) 

fprintf(fid, '%f %f\r\n',lam0,dataxx); 

end 

end 

end 

end 

  

fid=fopen('paper_RF_dpos.txt','a'); 

for d=120; 

    model.param.set('d',d*10^(-9)); 

for h1=200; 

    model.param.set('h1',h1*10^(-9)); 

for dpos=[80:20:120]; 

    model.param.set('dpos',dpos*10^(-9));      

for lam0=[700:10:1600]; 

        model.param.set('lam0',lam0*10^(-9));  

        d 

        h1 

        dpos 

        lam0 

        model.sol('sol1').runAll; 

  ppp=[0;h1*10^(-9)]  

dataxx=mphinterp(model,'emw.normE','coord',ppp) 

fprintf(fid, '%f %f\r\n',lam0,dataxx); 
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end 

end 

end 

end 

  

fid=fopen('paper_RF_h1.txt','a'); 

for d=120; 

    model.param.set('d',d*10^(-9)); 

for h1=[100:50:200]; 

    model.param.set('h1',h1*10^(-9)); 

for dpos=[80:20:120]; 

    model.param.set('dpos',dpos*10^(-9));      

for lam0=[700:10:1600]; 

        model.param.set('lam0',lam0*10^(-9));  

        d 

        h1 

        dpos 

        lam0 

        model.sol('sol1').runAll; 

  ppp=[0;h1*10^(-9)] 

dataxx=mphinterp(model,'emw.normE','coord',ppp) 

fprintf(fid, '%f %f\r\n',lam0,dataxx); 

end 

end 

end 

end 
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