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Abstract 

 

               Planar nanostructures made of noble metal can efficiently control transmission of 

light, thanks to surface plasmon polaritons (SPPs) mediated through interaction between such 

a structure and incoming light. In this thesis, we numerically characterize, with a 3D finite-

element method, three types of plasmonic devices: plasmonic radial/azimuthal filter, 

plasmonic quarter-wave plate made of a periodic array of round holes in a thin metallic film, 

and a plasmonic quarter-wave plate with a periodic array of cross-shaped apertures. The 

plasmonic polarization filter is formed by a series of concentric equidistant gold rings, and it 

can transmit the radially polarized light and block the azimuthally polarized light. The 

quarter-wave plate with round holes has a different lattice constant along two Cartesian-

coordinate directions that enable different phase retardations for two orthogonally polarized 

incident waves; hence, it can convert a linearly polarized light to a circularly polarized light. 

For the quarter-wave plate with an array of cross-shaped apertures, it utilizes the different 

lengths of horizontal/vertical arms to manipulate the phase retardations. All of these devices 

have sub-micron thicknesses, unlike their traditional counterparts that are bulky and 

inconvenient for integration purposes. Fabrication of the wave plate with cross-shaped 

apertures was attempted in collaboration with members in the Optics and Photonics unit at 

KTH. 
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1 Introduction 

 

 

 

 

1.1 Plasmonics 

 

 

 

 

               Plasmonics deals with the manipulation of surface-plasmon polariton (SPP) which is 

a type of hybrid wave resulting from the coupling of electromagnetic waves and free-electron 

oscillations on a metal surface. SPP can be excited by photons and propagates along the 

interface between the dielectric and metal. Plasmonics is now an important part of 

nanophotonics, especially when it comes to localization of electromagnetic fields below 

diffraction limits [1]. 

               In plasmonic subject, noble metals, which are not interesting materials for 

conventional optics (except for making mirrors), plays an important role. The underlying 

physics is that noble metals can show a negative permittivity at optical frequency, which is 

responsible for hybridization of light wave and free-electron oscillation[2].                               

               Plasmonics is mainly composed of two parts: surface plasmon polaritons and 

localized surface plasmons. In this thesis, we mainly pay attention to surface plasmon 

polaritons.  
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1.2 Optical polarization filter 

 

 

 

 

               An optical filter is one of most common optical devices for many modern optical 

instruments. For example, an optical spectral filter can divide a multi-wavelength light into 

multiple light beams with different wavelength continuants [3]. An optical polarization filter 

is another kind of device that divides light based on its polarization composition. In another 

words, it can separate different polarization states of light. Eye-glasses for viewing 3D movies 

are usually made of polarization filters [4]: one glass piece blocks horizontal polarization light 

and transmits vertical polarization light, while the other does the opposite. Therefore, we can  

see different images through different eyes. 

               An optical polarization filter is the first device discussed in this thesis. Our 

contribution to plasmonic polarization filters will be presented in Chapter 2.  In particular, we 

study a special type of polarization filter that transmits only the radial-polarized component of 

a light beam and blocks the azimuthal-polarized light component. Fig.1.1 shows radial-

polarized light and azimuthal-polarized light. The red arrows show the direction of the 

electric field and different colors show different intensity of electric field, the red color means 

the highest density and blue color means the lowest density. In general, radial polarization 

light can be used to create a smaller spot size compared with other polarization states of light 

[5].  

 

 

 

Fig. 1.1. (a) Radial polarization and (b) azimuthal polarization. 
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1.3 A plasmonic quarter-wave plate 

 

 

 

 

               A wave plate is an optical device used to change the polarization state of transmitted 

light. A quarter-wave plate can retard the π/2 phase between the fast- and slow-axis directions. 

Therefore, it converts linearly polarized light into circularly polarized light and vice versa [6]. 

               For a traditional wave plate, people use birefringent crystal as the material, because 

it has different refraction indices in different polarization directions. The thickness of the 

crystal can be modified to control the phase retarding between polarization directions. If the 

thickness is appropriately chosen, then it is possible to introduce π/2 phase retardation 

between the two perpendicular polarized components of the light, thereby forming a quarter-

wave plate[7]. 

               A plasmonic quarter-wave plate has the same function as a traditional wave plate 

that can convert the linearly polarization into a circular shape and vice versa [8]. Because the 

effective refractive indexes of the plasmonic structure can be controlled by tuning the 

geometric structure, people create an asymmetry structure to achieve the phase retarding 

between different polarization directions [9]. Compared with the traditional wave plate, 

whose polarization converting often requires bulky design, the plasmonic wave plate offers an 

opportunity to control the polarization with a sub-micro thickness film [10]. However, there 

are still some disadvantages for the plasmonic quarter-wave plate, such as fabrication 

complexity and a low transmission coefficient [11]. 

               In this thesis, we propose a new plasmonic quarter-wave plate with periodic 

arrangement of a round hole structure. For every lattice, we utilize different periods to 

achieve the phase retardation between the two perpendicular polarized directions. In this way, 

we can design a plasmonic quarter-wave plate. 
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1.4. Methods 

 

 

 

 

               To investigate the scattering of the electromagnetic field around and inside the 

nanostructure, we need to solve Maxwell’s equations. However, the complexity of some 

nanostructures makes it impossible to calculate analytically. We can use a numerical method 

to solve this problem e.g. Finite Element Method (FEM) [12]. As we know, Maxwell’s 

equations can be written as a set of partially differential equations. The basic way for FEM to 

work is to approximately treat continuous quantities as a set of discrete points. If the 

quantities of these discrete points increases, the approximate result is more exact. However, 

every quantity will require computer memory and time to simulate it. In our work, a finite 

element method solver (COMSOL Multiphysics) is used to calculate the 3D electromagnetic 

scattering problem. The periodic boundary condition and perfectly matched layer (PML) have 

been used in our study. 

  

 

 

 

1.5 Overview of thesis 

 

 

 

 

               The thesis is formed by three parts. In the first part, we propose a plasmonic 

polarization filter that can transmit one specified polarization state and reflect another one. 

The second part demonstrates one kind of plasmonic quarter-wave plate with a periodic array 

of round holes that can transform the linear polarization light into linear and vice versa. The 

last part describes a plasmonic quarter-wave plate with cross-shaped apertures. All these 

devices are based on the plasmonic technique, that reduces the thickness of optical devices to 
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a micrometer or even several hundred nanometers. This is useful in the integrated optical 

system.  

               In Chapter 2, we need to calculate the effective mode indexes of a fiber to first get 

the radial and azimuthal polarizations. Then, by designing the structure of a plasmonic device, 

it can transmit one of the two polarization states and block another one. In Chapter 3, in order 

to design a plasmonic quarter-wave plate, we must meet two conditions: First, the phase 

retarding between   and   directions is    . Second, the transmission coefficient in the two 

directions should be equal. In Chapter 4, the basic knowledge is almost the same as in 

Chapter 3, as the two chapters both describe a plasmonic quarter-wave plate. However, the 

two chapters describe the different plasmonic quarter-wave plates with different structures, 

and Chapter 4 shows some fabricated samples. 

               Finally, the conclusion and outlook will be provided in the Chapter 5. 
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2 Optical Polarization Filter 

 

 

 

 

2.1 Structure and geometrical parameter 

 

 

 

 

               As is known, a wire grid polarizer can transmit the light that has a perpendicular 

polarization direction with the wire and block other light [13], as shown in Fig. 2.1. The 

incidental light has various polarization states, but the output light contains only x-

polarization. 

 

               Base on this phenomenon, we designed a plasmonic optical polarization filter that 

can transmit the radial polarization and block (reflect or absorb) the azimuthal polarization. 

Fig. 2.2 is the basic structure. 

Fig. 2.1. Wire grid polarizer. Reprinted from [Optics, 4th, 2002] 

 



 

7 

 

 

               As we mentioned in Section 1.2, radial polarization means that at every position in 

the beam the polarization vector points towards the center of the beam, so this basic structure 

shown in Fig. 2.2 can remain perpendicular to the polarization direction of radial polarization 

at every position, and that's why it can transmit radial polarization light. For this basic 

structure, we have to design the radius for every circle. First, we use straight wire grid 

polarizer structure to investigate the relationship between gold wire distance and transmission 

or blocking efficiency. Second, we can bend the straight wire into circles to form the structure 

as shown in  Fig.2.2. We use 1550 nm as the incident wavelength. Fig. 2.3 shows the structure 

of wire grid polarizer. w is the distance between two gold wires. The substrate material is 

glass. 

 

 

 

 

Fig 2.3. The basic structure of wire grid. 

Gold 

Glass 

Fig. 2.2. Basic structure of polarization filter. 
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2.2 Numerical modeling 

 

 

 

 

               We need to use a wire grid polarizer structure to investigate the relationship between 

gold wire separation distance and transmission coefficient. In our work, we use the numerical 

method Finite Element Method (FEM) to investigate this problem.  Fig. 2.4 shows the 

geometric model in COMSOL. The width of the wire is 200 nm, the thickness is 150 nm, and 

the length can be assumed as infinity. We use periodic boundary condition for the four sides 

of the sample: front, back, left, and right. It means the gold wire is periodically arranged in 

both x and y directions. Now, we need to adjust the period of the model, w, and check the 

transmission and blocking (reflection and absorbing). 

               Fig. 2.5 shows the transmission coefficient for different polarizations of light, we 

use normal incidence light as input source. The x-axis shows the distance between the gold 

wires and the y-axis shows the transmission coefficient. The red line represents the 

transmission for incident light with a perpendicular polarization direction with the gold wire. 

The blue line represents the transmission for the incident light with a parallel polarization 

direction with the gold wire. In this simulation, we choose 1550 nm as the incident 

wavelength. Now, we need to choose one specific length of period that has the maximum 

ratio of transmission coefficient between perpendicular and parallel polarization light. It is 

nearly 400 nm, so we choose 400 nm as the distance between rings. 

 

 

 

 

 

Fig. 2.4. One gold bar structure. 

Periodic boundary  

 

Periodic boundary  

 

Periodic boundary  
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               To simulation a cylindrical polarizer, we have produced an incident light that has a 

radial or azimuthal polarization. Such two polarization states of the incident lights are 

produced by incorporating a multimode fiber as an input port for our simulation domain. 

               In our simulation, we choose 5μm as the radius of fiber core and 15 μm as the radius 

of fiber cladding. The permittivity of undoped glass is 2.1 as the core material and the 

permittivity of doped glass is 2.07 as cladding material. The last one is gold whose 

permittivity is -126.9-12.549i as the ring material [14]. 

               After calculations, the effective mode index for radially polarized mode is 1.443087 

and that for azimuthally polarized mode is 1.443102 as the azimuthal polarization. Fig 2.6 

shows the simulation results for intensity and polarization distributions of the modes.  

Fig. 2.5. The transmission for different polarization light. The 

red line represents the incident light with perpendicular 

polarization direction to the gold wire. The blue line represents 

the incident light with a parallel polarization direction to the 

gold wire. 

Period (nm) 

 

300            400             500             600            700 

0 

 

Fig. 2.6. The intensity distribution and polarization directions. The left is radial 

polarization, the right is azimuthal polarization. 
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               To match with the multimode fiber, we chose the radius of the smallest circle as 0.7 

μm in Fig. 2.2. For the two neighboring rings, the distance between them is 400 nm. The 

width of the gold wire ring is 200 nm. Considering the radius of fiber circle is 5 μm, we 

designed 12 rings to form the polarization filter. The radius of the largest circles is 4.7 μm. 

Now, we integrate the polarization filter in the fiber and checked what would happen when 

we changed the incident polarization states. Fig. 2.7 Shows the geometric model in COMSOL. 

 

               First, we need to build a 3D fiber, that contains six cylinders and three different 

layers. For each layer, it contains two cylinders. The top layer is set as input port, the bottom 

layer is set as output port, and the mid layer contains the rings. The radials of three inner 

cycles are 5000 nm, and the radius of the three outer cycles are 15000 nm. The high for the 

top and bottom layers is 1400 nm and for the middle layer is 300 nm. 

 

 

 

 

 

 

 

 

 

 

gold rings 

 

fiber 

 

Fig 2.7. The Comsol model for gold circle wires embedded in fiber.  
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2.3 Results and discussion 

 

 

 

 

               In the previous section, we built the model by COMSOL. Now, we set the incident 

light's free-space wavelength as 1550nm. When we input 1.443087 as the effective mode 

index, the port will produce radial polarization light. Meanwhile, if we input 1.443102 as the 

effective mode index, azimuthal polarization will be excited. Finally, the simulation results 

are shown in Fig. 2.8 

 

               As shown in Fig. 2.8, when we use the radial polarization as the incident light, the 

transmittance in the inner circle is very large; meanwhile, the transmittance of azimuthal 

polarization is small. After the calculations, we got the transmission coefficients for radially 

and azimuthally polarized lights at 0.771 and 0.053, respectively. 

              This structure polarization filter can transmit 77.1% of the power radial polarization 

light and block 94.7% of the power of azimuthal polarization light. This means the 

transmittance ratio of radial polarization and azimuthal polarization equals 14.5 indicating 

that this is a very good polarization filter. 

              Base on this structure, we can improve the properties of a polarization filter by 

changing the width of the gold wire. Similarly, for different sized fibers, we can adjust the 

number of circles to get the same polarization filter function.  

 

 

Fig. 2.8. The transmitted field distribution of different polarization states as 

incident light. The left side shows the radial polarization as the incident light, and 

the right side shows the azimuthal polarization as the incident light, the unit of 

electrical field is V/m. 
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3 Plasmonic Quarter-Wave Plate: Round Holes 

 

 

 

 

3.1 Structure and geometrical parameters 

 

 

 

 

              A crystal quarter-wave plate can convert the incident linear polarization to the 

circular polarization. One can design a plasmonic quarter-wave plate that has the same 

functions but with a miniaturized dimension. Using  plasmonic device can to control the 

transmitted field has been active research area recently [15]. 

              The plasmonic quarter-wave plate utilizes the design of pattern on metal film to 

produce different phase retardations in two perpendicular polarizations [16]. In this chapter, 

we propose a type of plasmonic quarter-wave plate based on a thin gold film perforated with 

round holes in a rectangular lattice. The periods along the two axes are different. For a 

periodic structure, the unit lattices will affect each other by surface plasmonic polaritons 

(SPPs) [17]. 

              We start with discussion of a specific structure: a single aperture in a flat film. 

Shown in Fig. 3.1, when the incident light goes through the aperture, then the photon excites 

SPPs on the rim of the aperture that is much less than the incident wavelength [18]. For this 

condition, SPPs have two important features that can influence the transmitted field. First, 

part of the incident light converts to SPPs that can penetrate into the rim of the aperture. This 

leads to increase of the effective diameter [19]. As we know, if the electromagnetic wave is 

guided in a hole, the cut off wavelength is proportional to the diameter of the hole [20], so we 

enlarged the diameter by producing SPPs that caused an increasing cutoff wavelength. In this 

way, It can increase the transmitted power. Second, some photons reach the metal and 

produce the SPPs, and these SPPs can propagate along the interface between air and metal 

and interfere with incident light above the hole [21].  
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              Based on the two important features, we can control the transmitted field by SPPs, 

and SPPs can be manipulated by the diameter of hole and thickness of metal [22]. So we can 

manipulate the transmitted field by designing the hole and metal film thickness. 

              Now, under this phenomenon, we consider the periodic array holes' condition. For 

the periodic array holes' structure, the transmitted field manipulation can be understood as 

contributing interference between the light and SPPs [23]. 

              We investigate the structure of periodic holes array to be able to control both the 

power and phase of transmitted light. By adjusting the period and diameter of the holes, we 

can get a specified transmission coefficient and phase of the transmitted field. 

              Fig.3.2 shows the basic structure: an array of sub-wavelength holes perforated in a 

thin metal film. The incident light comes from bottom. Some part of the incident field will be 

directly transmitted through the holes, and some part of the incident light may scatter and 

couple to SPPs [24], that can propagate along the surfaces of the metal film. 

              The incident light has a free-space wave number (    π   ) and the wave-vector 

of the SPPs at a metal/air interface (with relative permittivities           ) is given 

by          
    

     
 . The amplitude of the surface wave will decays exponentially into both 

Fig. 3.1. Light go through the gold layer with one hole. Red arrows represent the 

SPPs produced at the rim of the hole. Yellow arrows represent the SPPs produced 

from out of the rim. 

 

Fig. 3.2. Light go through the gold layer with one hole. Red arrows represent the 

SPPs produced at the rim of the hole. Yellow arrows represent the SPPs produced 

from out of the rim. 
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the metal and air [25]. When the SPPs propagate to a neighboring hole, they can transform 

back to light wave and interfere with directly transmitted light. So the diameter of the holes 

and the distance between them can control the SPPs, which can then affect the interference of 

the transmitted light. 

              For simply describing the effect of diameter of holes and distance between holes, we 

use two holes as an example, as shown in Fig. 3.3. The incident light comes from the top of 

sample. When it reaches each hole, each beam is partly transmitted directly and partly 

coupled into SPPs, which can change the power and phase of the transmitted field. So the 

overall transmission and the phase of the transmitted field will depend upon the phase relation 

between the SPPs and the directly transmitted beam and, hence, the holes' separation and 

diameter can control the field. 

 

              Based on the periodic array nano-holes' structure, we demonstrate a plasmonic 

quarter-wave plate. Despite the periodic round holes structure being studied and fabricated in 

many previous works [26--27], this is the first time, to our knowledge, to utilize a quarter-

wave plate. Because designing the diameter of round holes and the distance separation 

between them can manipulate the phase and power of a transmitted wave, a quarter-wave 

plate can be realized by changing the periods in two perpendicular directions independently. 

              To obtain a quarter-wave plate, two conditions should be satisfied: the amplitudes of 

the transmitted field should be the same in  and   polarization directions and the phase 

difference between Ex an Ey is π  . As we have discussed, when the incident wave reaches at 

the holes, part of it will transform into SPPs, which can propagate to the neighboring holes 

and interfere with the directly transmitted light. When the two waves are phase matched, the 

transmission will reach its maximum, which we call a resonant condition [28]. When the 

length of period varies around a resonant condition, the phase and power of the transmitted 

field change dramatically. Meanwhile, we can assume the transmission coefficient and phase 

of transmitted field for  -polarized light are sensitive to the period in the   direction, and the 

transmitted field for  -polarized light is sensitive to the period in the   direction [29]. Based 

Fig. 3.3. Red and orange arrows represent the incident light comes from the top 

and goes through the gold layer with two holes. They will excite SPPs which 

propagate along the interface between the air and metal. When it reaches to the 

neighboring holes, it will transform back into light and interfere with the directly 

incident light. The transmitted light consists of directly transmitted light and the 

light coupled from SPPs. 
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on this phenomenon, we can utilize the two different periods to achieve the phase retardation 

between   and   directly. 

              As shown in Fig.3.4, the plasmonic wave plate consists of a periodic round holes 

arrangement in a gold film with a thickness of 50 nm. To simplify this model, at the beginning 

of the simulation, no substrate is introduced and the incident light is a normal incident wave. 

In one unit cell of the array, there is a round hole with a diameter   in the center of the 

rectangle cell. The periods in   and   directions are  ,   respectively. The film is assumed to 

be suspended in air. The periods in   and   directions are different, so a specific phase 

difference in the two polarizations can be produced. 

 

              In our simulations the parameters used are as follows, unless otherwise specified. 

 Relative permittivity of air:       . 

 Relative permittivity of gold:                       

        the total thickness of the gold. 

  : the periodicities in the x and y directions. 

  : the diameter of the holes. 

 

 

 

 

 

Fig. 3.4. The unit cell is rectangle shape film with a round air hole in the center. 

We choose gold as the metal material. The boundary conditions in   and   

directions are periodic. The thickness of metal is fixed at 50nm.The periods in 

the   and   directions are  ,  .The diameter of the hole is .  
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3.2 Numerical modeling 

 

 

 

 

              In this section, step by step building of the model with  periodic round holes array in 

gold film is describe.  

              First, set the basic parameters. Incident light   is 1550nm,              , 

        ,           . Second, build the gold sample. Because we can deploy a 

periodic boundary condition, we just need only one lattice of the sample. At the beginning, 

we set the size of the lattice on the film plane is 1000 nm × 1000 nm, then we will change it 

from 1000 nm to 1500nm. One round hole with 500 nm as the diameter is set in the middle of 

the lattice. We build two air layers on the top and bottom of the sample. We set 1000 nm × 

1000 nm × 250 nm air layer on the top, and 1000 nm × 1000 nm × 3000 nm on the bottom. 

Finally, we built two PMLs on the top and bottom of the whole sample: 1000 nm × 1000 nm 

×1700 nm PML is on the top and 1000 nm × 1000 nm × 1700 nm PML is on the bottom. 

              In this model, we considered building two electromagnetic-wave simulation models 

to avoid the scattering light of the gold sample reflected from the top surface of the sample. 

The first electromagnetic-wave model is used to calculate the background field of the second 

one. Specially, in the first electromagnetic-wave model, we use the air layer instead of gold 

layer. We need to set a new wave equation for the gold layer and set the parameter of air in 

the wave equation. For the boundary condition, we set periodic boundary conditions for all 

surfaces, except the top and bottom. Then we set the bottom layer as PML. For the second 

electromagnetic-wave model, we just needed to explicitly define the gold-layers, and change 

the top layer into PML. The most important thing in the second electromagnetic-wave model 

is setting the background electric field, which is the calculation result of the first 

electromagnetic-wave model. 
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3.3 Influence of hole size 

 

 

 

 

              We have built the model in the previous section, now it is the time to analyze the 

influence of variations in the geometric size of the model. In section 3.1, we discussed the 

diameter of the holes and distance between these holes can affect the coherence and 

transmission coefficient. In the model, we can assume the transmission coefficient and phase 

of Ex are sensitive to the period in the   direction and Ey is also the same. We propose to 

design a sample that fulfills two conditions: 1) the amplitudes of the transmitted field should 

be the same in   and   polarization directions and 2) the phase difference between Ex and Ey 

is    . We can achieve this objective by two steps. First, we need to find a proper size for the 

diameter of the holes. We know that the transmission will reach a maximum as the resonant 

condition, the phase and power of the transmitted field varies dramatically when the size 

changes around the resonant condition. As we discussed in Section 3.1, we suppose utilizing 

different periods in x and y directions to achieve the phase retarding     between Ex  and Ey, 

so we need to find one specified diameter of the holes that can provide enough phase 

retarding. Second, after we find the specific diameter of the hole, we need to analyze the 

relationship between transmission coefficient and length of period and try to find two specific 

sizes of period that have the same transmission coefficient, but also have     phase retarding. 

Based on what I was said before, the analysis of the transmission coefficient and phase 

variation is made by changing the geometric size of the model.  

              The first task is finding the specified diameter of the holes, which can provide 

enough phase variation by changing the length of period. First, we suppose one specific 

diameter of the hole. To simplify this model, we consider the two periods   equal   at the 

beginning. The incident wave is a linearly polarized with 45-degree polarization angle with 

respect to the   axis, so the proportional power of light is the same in   and   directions. If 

we change the two equal periods   and   simultaneously, then the phase and power of the 

transmitted field in   and   directions should be the same. Using this method, we can get the 

relationship between period and phase or power. However, this represents only one group of 

data. Second, we swept the diameter of holes, to get many groups of data responses to 

different diameters. In our simulation, the length of period changes from 1000 nm to 1500 nm 

in   and   directions, and the diameter of hole changes from 500 nm to 700 nm.  



 

18 

 

              Fig. 3.2. shows the power and phase variations of the transmitted field due to 

different periods and diameters. Note that enlarging the diameter of round holes leads to an 

increase of transmission coefficient. However, the effect is also accompanied by a decrease of 

the phase shift. As we discussed before, we consider fixing a specific size of the round hole 

first and then using the length of periods to control the phase and transmission coefficient. 

 

              In Fig.3.2, we can see, that when the diameter of the hole is small, it exists with a 

couple of periods that fulfill the conditions of the same transmission and that the phase 

difference between the transmitted lights in the two scenarios is    . The couple of periods 

can be used as the periods  ,  . However, the transmission coefficient is also small. To 

balance the phase difference and transmission coefficient, we chose the diameter of the round 

hole   to be 600 nm. Now, transmission coefficient and phase of transmitted light are only 

controlled by period. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. The normal incident plane wave transmits through the sample. Periods   

and   change from 1000 nm to 1500 nm simultaneously and the diameter of the 

round hole   varies from 500 nm to 700 nm. (a) Transmission coefficient 

(normalized to incident power). (b) Phase of the transmitted field. The observed 

plane has a 3250 nm distance below the lower surface of the sample. 
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3.4 Influence of period 

 

 

 

 

              In the previous section, we investigate the influence of the diameter of the holes. We 

can see that the diameter can control both the power and phase of the transmitted field. After 

balancing the transmission coefficient and phase shifting, we chose the diameter as 600 nm. 

In this section, we will continue to research the effect of periodic length. If we can find two 

periods that have the same transmission and     phase difference, then they can be used as   

and   of one lattice.When the diameter of the round hole is fixed at 600 nm and period is 

changed from 1000 nm to 1500 nm, the phase and transmission coefficient variation are as 

shown in Fig. 3.3. The resonance period is around 1400 nm where the transmitted power 

reaches its maximum. The transmission and phase vary dramatically around this period. 

 

              In Fig. 3.3, we focus on the two periods 1250 nm and 1450 nm. We can see the phase 

difference between the two periods is π   and the transmission coefficient is the same 0.35. 

Because the transmitted electric field is primarily sensitive to the period that is parallel to 

incident polarization direction, when the length of period   is 1250 nm and   is 1450 nm, 

these can produce the same transmission and π   phase retardation in   and   directions. 

 

 

Fig. 3.3. The normal incident plane wave transmits through the sample. Periods   

and   change from 1000 nm to 1500 nm simultaneously and the diameter of the 

round hole   varies from 500 nm to 700 nm. (a) Transmission coefficient 

(normalized to incident power). (b) Phase of the transmitted field. The observed 

plane has a 3250 nm distance below the lower surface of the sample. 
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3.5 Result and discussion 

 

 

 

 

              If the incident light is linearly polarized with 45 degree to the   axis, then it can make 

the same proportion of incident power in   and   directions. Fig. 3.4(a) and 3.4(b) show the 

simulation result for amplitude ratio and phase retardation of the transmitted field in   and   

directions. We also simulate the incident polarization and transmitted polarization in Fig. 

3.4(c) and 3.4(d). In Fig. 3.4(a) and 3.4(b), the amplitude ratio and normalized phase 

difference are very close to unity, which satisfies the two required conditions of a quarter-

wave plate. Fig. 3.4(c) and 3.4(d) confirm the sample can convert the linear polarization into a 

right-hand circular polarization. 

 

Fig. 3.4. (a) Amplitude ratio     is plotted over a unit lattice; the value is 

around 1. (b) Phase difference between x and y polarized transmitted fields is 

normalized to    , and it can be seen as                          π     . 

The incident wavelength is 1550 nm. (c) The incident light is 45 degrees linearly 

polarized. (d) Transmitted light is circular polarized: when the transmitted light 

moves by one wavelength distance, its polarization direction rotates    radian. 
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              To further evaluate our design of a plasmonic quarter-wave plate, we also simulated 

the amplitude ratio and phase retardation in   and   directions with different polarization 

angles, which are shown in Fig. 3.4. The normally incident light is a linearly polarized wave 

with   denoting the angle of polarization with respect to the   axis. The amplitude ratio and 

phase differences in   and   directions change with different polarization angles. When the 

polarized angle is 0 degree, the amplitude of    is zero, so the ratio is 0, too. The opposite 

situation happens when the angle is 90 degrees; the ratio tends to be infinite. Only when the 

polarization angle is 45 degree, are the amplitudes in both directions equal. It is clearly seen 

that no matter the proportion of light transmitted through the sample, the phase difference is 

constant      (-1.57) between the   and   directions. All these behaviors have a high degree 

of approximation to a traditional quarter-wave plate. We can assume this plasmonic quarter- 

wave plate has the same function as the traditional one at a 1550 nm wavelength.  

 

              Considering that the periods are almost equal to the incident wavelength, we have to 

examine whether the transmitted wave is a plane wave. If the electric component is in the 

propagation direction, or the Ez component is negligible compared with the Ex and Ey 

components, and the transmitted wave can be assumed to be a plane wave. The observation 

surface is below the sample. The distance between the observation surface and sample is 

referred to as detected distance.  

              Fig. 3.5 shows that the amplitude ratio of Ez and Ex varies with different detected 

distances. The intensities of Ex and Ey are almost equal and Ez and Ex are distance dependently. 

The amplitude ratios of Ez and Ex are less than 5 percent only when the detected distance is 

larger than 2900 nm. The transmitted wave therefore can reasonably be considered as a plane 

wave. 

 

 

 

Fig. 3.5 It shows the relationship between the amplitude ratio and detection 

distance. The amplitude ratio between    and    is constant equal 1. The 

amplitude ratio between    and    is distant dependent, It is inverse proportional 

to the detection distance. When the detected distance is larger than 2900nm, the 

amplitude ratio of    and    is less than 5 percent. We can assume it as plane 

wave. 
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3.6 Simulation on a glass substrate 

 

 

 

 

              In the above sections, we have designed a plasmonic quarter-wave plate without any 

substrate. For fabrication, we need to put the gold layer on a substrate. In this section, I 

simulate the same pattern plasmonic quarter-wave plate on a glass substrate. 

              In fact, the periodic arrayed holes structure also can also be used as a plasmonic 

quarter-wave plate above a substrate. We use silica glass as the substrate with refractive index 

of 1.45. In principle, using different substrate material can produce different SPPs, so the 

resonant wavelength will also shift. For a glass substrate, we need to find new appropriate 

sizes of the quarter-wave plate for a 1550 nm wavelength. With the same strategy, we get the 

new parameter with        ,          , and         . The thickness of the gold 

film is the same at 50 nm and the transmission coefficient is 0.345. Fig. 3.6 shows the 

simulation results for amplitude ratio and phase retardation. 

Fig. 3.6. (a) Amplitude ratio     is plotted over a unit lattice. (b) Phase 

difference between   and   polarized transmitted fields is normalized to    . (c) 

Incident light is 45 degree linearly polarized. (d) Transmitted light is circular 

polarized. 
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3.7 Potential measurement setup 

 

 

 

 

              We also designed an experimental setup to evaluate the plasmonic quarter-wave plate. 

In general, we considered setting up two series of systems. Fig.3.7 (a) shows the first system, 

which does not contain a quarter-wave plate. The incident light without any specific 

polarization state goes through the polarizer; it can get a linear polarization with 45 degrees 

with respect to the   axis. If the sample has the function of a quarter-wave plate, then this 

light will transform its linear polarization into circular polarization. When the circular 

polarization light goes through the second polarizer, whenever we rotate the polarizer, the 

detected power should be constant. However, there is another possibility which can lead to 

the same result: The incoming light does not have any specific polarization. So we set up 

another system to distinguish the two situations and put the traditional quarter-wave plate in 

the system.  

 

              Fig. 3.7(b) shows the second system with a traditional quarter-wave plate. It is 

inserted between the sample and second polarizers. If the transmitted field after the sample 

has circular polarization, then it can be transformed back into linear polarization after it goes 

Fig. 3.7 (a) The system without traditional quarter wave plate. (b) The system 

with traditional quarter wave plate.  
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through the traditional wave plate. If we rotate the second polarizer, then the detected power 

will reach its maximum when the polarization direction is parallel with the optical axis of the 

polarizer. The minimum power happens when the two directions are perpendicular. However, 

if the transmitted field after the sample has no specific polarization, then it still does not have 

specific polarization after the traditional quarter-wave plate. So whatever we rotate the later 

polarizer, the detected power is constant. Used in this way, we can assume the plasmonic 

quarter-wave plate has the same function as the traditional one. 
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4 Plasmonic Quarter-Wave Plate: Cross-Shaped Holes 

 

 

 

 

4.1 Structure and geometry parameters 

 

 

 

 

              In Chapter 3, we designed a plasmonic quarter-wave plate that consists of periodic 

array nano-holes. In principle, we utilize different periods to control the phase of transmitted 

field in different directions. However, if we use another structure, like cross-shaped apertures, 

we can control the phase of transmitted field by adjusting the length of each arm. Fig 4.1 

shows the basic structure of the cross-shaped structure.   

              In fact, this structure has been studied for plasmonic quarter-wave plate [30]; 

however, in the reference the authors did not give an accurate size for the quarter-wave plate 

at 1550 nm wavelength. Here by using COMSOL, we design the numerical characterize the 

performance of such a wave plate. 

              First of all, we need to find out the relationship between arms-length and phase of 

transmitted field. In fact, the length of the arm affects the phase of transmitted field in a 

Fig. 4.1. The geometric structure of cross-shaped plasmonic quarter-wave 

plate. It is formed by a periodic array of cross-shaped apertures in the gold 

film. We can design the lengths of arms to produce phase retarding in 

different directions. 
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perpendicular direction with the arm [31]. Similar to Chapter 3, we assume the two lengths of 

arms are equal and we can change them simultaneously. 

              In our simulations, the parameters used are as followed, unless otherwise specified. 

 Relative permittivity of air:       . 

 Relative permittivity of gold:                      . 

 Relative permittivity of SiO2:           . 

 Relative permittivity of Si:           

         the total thickness of the gold. 

  : the periodicities in the x and y directions. 

  : the diameter of the holes. 

 

 

 

 

4.2 Numerical modeling 

 

 

 

 

              For geometry setting, the thickness of the gold layer is 165 nm. The size of lattice is 

830 nm by 830 nm, and the cross-shaped hole is set at the center of the lattice. Then, we set 

100 nm as the width of arms. Below the gold layer, we added a SiO2 layer with 500nm. At the 

bottom, we used a Si layer as the substrate. Finally, we changed the length of arms a from 400 

nm to 700 nm. Fig. 4.2 Shows the transmission coefficient and phase of transmitted field 

varying. 
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              As we discussed before, we need to find two specify lengths of the arms that have the 

same transmission coefficient but have π   phase retarding. We found two lengths of the 

arms that are 473 nm and 646 nm. We can see the phase difference between the two length is 

π   and the transmission coefficient is the same at 0.33. Because the transmitted electric field 

is primarily sensitive to the arm which is parallel to incident polarization direction, when one 

arm is 473 nm and another one is 1450 nm, they can produce same transmission and π   

phase retardation in   and   directions. 

              First, we need to use linearly polarized incident light with 45 degrees to the   axis, 

which means same proportion incident power in   and   directions. Fig. 4.3 shows the basic 

structure of cross-shaped plasmonic quarter-wave plate. We set one of the arms as 646 nm and 

another as 473 nm. The simulation results and discussion will be shown in the next section. 

646nm 

 

473nm 

 
Fig. 4.3. The geometric structure of a unit cell of 

cross-shaped aperture. 

  

 

830 nm 

 

Length of arm (nm)  

 Fig. 4.2. The normal incident plane wave transmits through the sample. Length of arms   

changes from 400nm to 700nm simultaneously. The blue line shows the transmission 

coefficient (normalized to incident power). The green line represents the phase of the 

transmitted field. The observed plane has a 3250nm distance below the lower surface of 

the sample 

400              450                500                 550                600                 650               700 
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4.4 Results and discussion 

 

 

 

 

              In the previous section, we have designed the cross-shaped plasmonic quarter-wave 

plate. If we apply a 45-degree linearly polarized light as the incident light, it can make the 

same proportion incident power in   and   directions. The amplitude ratio and phase retarding 

of transmitted field are shown in Fig. 4.4(a) and Fig. 4.4(b). Compared with round holes in a 

plasmonic quarter-wave plate, the distributions of amplitude ratio and phase retarding are not 

so uniform. We calculated the average number of amplitude ratio, which is about 1.0145, and 

the phase retarding, which is about 1.5692. Fig. 4.4(c) and Fig 4.4(d) shows the incident 

polarization and transmitted polarization. Because of no uniform distribution of amplitude 

ratio, we can see the circular polarization is as good comparing as the round holes plasmonic 

quarter-wave plate. 

Fig. 4.4. (a) Amplitude ratio     is plotted over a unit lattice, and the middle value is 1. 

(b) Phase difference between x and y polarized transmitted fields is normalized to    , and 

it can be seen as                          π   . The incident wavelength is 1550nm. 

(c) Incident light is 45 degrees linearly polarized. (d) Transmitted light is not a perfect 

circular polarized: when the transmitted light moves by one wavelength distance, its 

polarization direction rotates    radian. 
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              Although the plasmonic quarter-wave plate is not so perfect, we designed an Si 

substrate below the 500 nm thick SiO2 layer. This means we can fabricate it by electron beam 

lithography.  In the next section, we will discuss the fabrication samples. 

 

 

 

 

4.5 The sample of cross-shaped plasmonic quarter-wave plate  

 

 

 

 

               As was discussed in previous section, the cross-shaped plasmonic quarter-wave 

plate is fabricated on silicon substrate. Because different from glass substrate, silicon is a 

conductive material, and it can avoid the charging problem when doing EBL. There are four 

main steps to fabricate the sample: First, a 500 nm thick SiO2 layer is deposited on the Si 

substrate. Second, we use EBL to pattern the periodic cross-shaped array onto the negative 

resist which is spinned onto the substrate before exposure. Third, 165 nm thick gold film is 

deposited onto the sample by E-beam evaporation. Finally, the cross-shaped quarter-wave 

plate is realized after lift-off, by soaking the sample in Acetone in an ultrasonic remover for 

several minutes. Fig. 4.5 shows the SEM (scanning electron microscope) images of the 

fabricated sample. 

Fig. 4.5. The plasmonic quarter wave plate with periodic array cross-shaped aperture 

structure. The width of arm is 102 nm. The length of arm in the y direction is 513 nm, and 

the length of arm in the x direction is 650 nm. 
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5 Conclusions and outlook 

 

 

 

 

5.1 Conclusions 

 

 

 

 

              Surface plasmonic polaritons (SPPs) can be excited by photons and propagate along 

a metal-dielectric interface. It can manipulate the transmitted field by designing the structure 

of plasmonic devices. In this thesis, we designed three different kinds of devices: plasmonic 

polarization filter, plasmonic quarter-wave plate with periodic array round holes, and 

plasmonic quarter-wave plate with periodic array cross-shaped apertures. For the plasmonic 

polarization filter, we utilized the principle of wire grid polarizer to design such a polarization 

filter to transmit the radial polarization and block the azimuthal polarization. The polarization 

filter is formed by a set of concentric rings. First, we investigated the distance between the 

rings to get a high efficiency ratio for transmission and blocking. Second, we inserted the 

polarization filter of a specific size. For designing a plasmonic quarter-wave plate with 

periodic array round holes, we adjusted the diameter of the holes and holes separation 

distance to control the transmitted field. For designing a plasmonic quarter-wave plate with 

periodic array cross-shaped apertures, we utilized the different length of arm to achieve the 

phase retarding in different polarization. Both quarter-wave plates, they can make π   phase 

retarding between fast-axis and slow-axis. Compared with the traditional quarter-wave plate 

that always needs a bulky design, the plasmonic quarter-wave plate can achieve the 

polarization conversion with sub-micrometers thickness. However, the periodic array of 

cross-shaped aperture plasmonic quart-wave plates needs a fabrication accuracy down to tens 

of nanometers. The plasmonic quarter-wave plate with a periodic arrangement of round holes 

is a new method, as the lattice is rectangular. Using the new structure can enlarge the minimal 

feature size to several hundred nanometers, which can provide an effective way to fabricate 

by electron beam lithography. 
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5.2 Outlook 

 

 

 

 

              Some problems remain about these plasmonic devices. For polarization filters, the 

property of gold wire still needs to be improved. We should try to increase the transmission 

coefficient by optimize the width of gold wire. For plasmonic quarter- wave plates with 

periodic array round holes, the transmission is just 33%. The substrate is silica, which is hard 

to be observed by the SEM directly. A meaningful work to do in the future is to use a multi-

layer substrate, which can increase the transmission and is helpful for SEM observation. 

Further, one can consider perforating different sizes holes in the gold film and try to make a 

broad-band plasmonic quarter-wave plate. For a plasmonic quarter-wave plate with periodic 

array cross-shaped apertures, the transmitted field is not perfectly circularly polarized. One 

still needs to improve it. 
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