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ABSTRACT 

In this dissertation, vector effects of hyper-NA (NA>1) optical systems are 

investigated. Several applications of hyper-NA optical systems in sample 

measurement are demonstrated. Simulation techniques for hyper-NA imaging are 

developed to illustrate illumination artifacts due to the vector effects in such systems. 

Several prototypes of solid immersion lens (SIL) microscopes are developed to verify 

the phenomena observed in simulation and demonstrate hyper-NA optical systems’ 

applications in sample measurement. A surface plasmon microscope is designed to 

measure the oxygen saturation (SO2) of red blood cells (RBCs).  

Vector effects of hyper-NA optical systems are studied by both simulations 

and experiments with off-axis polarized monopole illumination. A model based on 

rigorous coupled wave theory (RCWT) is used to simulate image profiles for 

dielectric, semiconductor and metal gratings with different monopole locations and 

polarization states. A solid immersion lens (SIL) microscope is used to image different 

types of samples, and the experimental images are in good agreement with simulation 

results.  

Several prototypes of hyper-NA optical systems are developed to demonstrate 

the applications. First, a SIL is described with NA=2.64 that is fabricated from a two-

step process using a large BK7 glass hemisphere and a small gallium phosphide (GaP) 

hemisphere. This two-step SIL can be used in next generation ODS systems to 

increase the capacity to 150GB/layer. Second, a near-field subsurface (100μm) 
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microscope with numerical aperture (NA) =2.45 is developed for integrated circuit 

(IC) inspection by using a silicon solid immersion lens (SIL). With the illumination 

light at 1.2μm, a lateral resolution of better than 300nm is experimentally 

demonstrated. Third, a SIL microscope system is introduced to image Blu-ray disc 

(BD) samples without removing the protective cover layer. Sub-surface imaging 

simulation is achieved by using rigorous coupled wave theory (RCWT), partial 

coherence, vector diffraction and Babinet’s Principle. Last, a SPM is designed to 

measure the oxygen saturation of red blood cells (RBCs) by measuring the refractive 

indices of RBCs at three wavelengths. SP images with different angles are simulated, 

and threshold irradiance and calibration curves are used to indicate refractive index of 

RBCs. Modulation transfer function (MTF) characteristics are also studied for the 

SPM.  
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CHAPTER 1 

INTRODUCTION 

1.1 Basic Description of research 

Since the optical microscope was invented, it has been widely used to resolve ever 

smaller objects. High lateral resolution can be achieved by increasing numerical aperture 

(NA) or reducing wavelength of the microscope. However, for most samples, absorption 

increases to unacceptable levels as the wavelength reduces into the ultraviolet range. 

Commercially available microscope objective lenses are available at NA=0.95 in air, 

which improves lateral resolution to approximately 0.5μm for visible light illumination. 

In order to further increase NA, water or oil is applied between the objective lens and 

sample in immersion microscopy. NA for immersion systems is commonly 1.3 and can 

be as high as 1.5. In order to further increase NA, a solid immersion lens (SIL) can be 

applied in the near field of the sample. NA=2.64 can be achieved with a SIL in the visible 

range of wavelengths [1]. Because of the advantages to reduce focused spot size and 

improve lateral resolution, SILs are used in the next generation of optical data storage 

(ODS) system and optical microscopy. This dissertation is focused on the study of hyper-

NA (NA>1) optical systems and their applications in sample measurements.  

 The SILs that are used in ODS systems are commonly glass SILs in a 

hemispherical shape. Numerical aperture is defined by sin mNA n  , where n is the glass 

refractive index and m  is the marginal ray angle. Since the maximum m  is limited due 

to practical designs, the NA of an ODS system is limited by the refractive index n of 

glass SIL material. In order to have a larger capacity, SILs with high refractive index ( n  
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=2.4 for diamond at  =405nm) are desired for next generation ODS systems. 

Semiconductor materials, like gallium phosphide (GaP), have larger refractive index in 

the visible range compared to glass materials, but they cannot be used in large size for 

imaging due to the crystal birefringence. A two-step SIL composed of a BK7 SIL and a 

micro GaP SIL is introduced and fabricated for this study. The micro GaP SIL has radius 

114μm and is glued to the center of the flat bottom of a truncated BK7 SIL with radius 

1.5mm to form to a hemispherical SIL. Birefringence is negligible for the micro GaP SIL. 

By using this two-step SIL with a 0.8 NA objective lens at 520nm wavelength, it is 

demonstrated that the capacity of a 12cm disc could be increased to 150GB/layer.  

 SILs are also applied in microscopy for high lateral resolution imaging. Three 

types of SILs are used in this study. Firstly, a truncated silicon SIL is used in an infrared 

microscope for high resolution subsurface imaging at infrared wavelengths. A prototype 

microscope was built to image the CPU chips with lateral resolution ~200nm. Secondly, 

a truncated BK7 SIL is used in an optical microscope (Olympus IX-70 inverted 

microscope) to image Blu-ray disc (BD) samples without removing the protective cover 

layer. Aberration caused by the cover layer is minimized by using a truncated SIL. Sub-

surface imaging simulation is achieved by using rigorous coupled wave theory (RCWT), 

partial coherence, vector diffraction and Babinet’s principle. Simulation results are 

compared with experimental images and show good agreement. Thirdly, a LaSFN9 

hemispherical SIL is used in the Olympus microscope to verify the characteristics of 

illumination artifacts observed in the simulation results of hyper-NA optical systems due 

to vector effects with off-axis polarized monopole illumination.  
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   Lastly, a reflective surface plasmon microscope (SPM) is designed to image red 

blood cells (RBCs) with different oxygen saturation (SO2) in an aquatic environment. 

The SIL-based SPM is designed to image refractive indices of RBCs at three wavelengths, 

which can be used to determine SO2 by the method described by reference [2]. Transfer 

function characteristics of the designed SPM are discussed with SP imaging theory and a 

simulation model.  

 

1.2 Motivation for this study 

Since high performance imaging tools are always desired by scientists and engineers, 

continuous efforts have been made to develop new imaging systems with hyper-NA 

(NA>1). In this study, vector effects in hyper-NA optical systems are investigated and the 

hyper-NA optical systems are applied for sample measurements in several different fields, 

such as optical data storage, subsurface imaging and surface plasmon imaging. The two-

step SIL developed in this research enables the lateral resolution improvement for optical 

systems at visible wavelengths and capacity increase for next generation ODS system. 

The SIL microscope developed for imaging BD samples provides an approach for others 

to understand writing/readout properties for BD player, and can be used for data recovery 

on broken BD samples. The silicon SIL microscope provides a solution for failure 

analysis for next-generation CPU chips. The study on illumination artifacts in hyper-NA 

vector imaging helps understand the effects of partial coherence in hyper-NA systems. 

The SPM is designed to eventually measure the in vivo SO2 for disease diagnosis.  

 



17 
 

1.3 Outline of dissertation 

This dissertation is organized as follows: Chapter 2 provides background of solid 

immersion lens (SIL) systems, surface plasmon (SP) imaging and red blood cells (RBCs). 

Chapter 3 contains the present work, summarizing the publications and manuscripts in 

appendixes. Chapter 4 lists conclusions from this work. In the appendices, two 

publications and three manuscripts that will be submitted for publication are provided. 

Other appendixes contain manuals to the MATLAB-programmed software, which are 

used for simulation in this study. Appendix A is a conference paper entitled “Fabrication 

and Testing of a GaP SIL with NA=2.64” and published in the July 2007 issue of 

Proceeding of SPIE. Appendix B is a journal paper entitled “High Resolution 

Semiconductor Inspection by Using Solid Immersion Lenses” in the March 2009 issue of 

Japanese Journal of Applied Physics. Appendix C is a manuscript entitled “Microscope 

System for Blu-Ray Disc Samples” and will be submitted to Applied Optics. Appendix D 

is a manuscript entitled “Illumination Artifacts in Hyper-NA Vector Imaging” and will be 

submitted to Journal of the Optical Society of America A. Appendix E is a manuscript 

entitled “Measurement of Red Blood Cell Oxygen Saturation with Surface Plasmon 

Imaging” and is under development to be submitted to Journal of Modern Optics. 

Appendix F is the thin film calculator manual for OptiScan. Appendix G is the RCWT 

calculator manual for OptiScan.  
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CHAPTER 2 

BACKGROUND 

In this chapter, background discussions of the solid immersion lens (SIL), SIL 

microscope, high NA vector imaging simulation, properties of surface plasmons (SPs), 

surface plasmon microscopy (SPM) and oxygen saturation (SO2) of red blood cells 

(RBCs) are presented. Section 2.1 describes SILs with different structures. Section 2.2 

provides the background of SIL microscopy. Section 2.3 illustrates the high NA vector 

imaging simulation. Section 2.4 describes the properties of SPs. Section 2.5 provides 

background of SPM. Section 2.6 describes the SO2 of RBCs.  

 

2.1 Solid immersion lens 

Science and technology research has reached the nanometer scale. For example, quantum 

dots, nanotubes, and photonic crystals are active academic research topics [3]. The latest 

photolithography technology for semiconductor mass production goes down to below 

45nm critical dimension (CD) [4]. Blue ray optical data storage technology uses 

minimum 53nm bit length [5]. A next generation flat panel display technology utilizes 

carbon nanotubes with minimum diameter of several nanometers [6]. 

The science and technology research mentioned above requires the development 

of high resolution, low cost, and reliable technology for measurement of nanoscale 

phenomena and characterization of nanostructures. Optical imaging is a widely used 
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measurement method, since human beings have always tried to improve their ability to 

see. 

When light interacts with an object, such as a microscopic sample, both near-field 

and far-field light components are generated. Far-field light propagates through space in 

an unconfined manner and is the "normal" light utilized in conventional microscopy. 

Conventional optical microscopic imaging creates images by capturing far-field light 

components. Spatial resolution of this kind of image is limited by the wavelength of the 

incident light  and by the numerical aperture (NA) of the objective lens.  

Near-field (ie. evanescent) light consists of a nonpropagating evanescent field that 

exists near the surface of an object at distances less than a wavelength of light. Light in 

the near-field region carries higher spatial frequency information than far-field light. 

Because the evanescent light decays exponentially within a distance less than the 

wavelength of light, it usually goes undetected. By capturing evanescent waves, high 

resolution images can be obtained [7]. 

The solid immersion lens (SIL), introduced as a new type of lens element by 

Mansfield and Kino in 1990, has a hemispherical shape in which the flat side is closest to 

the sample under test, as shown in Figure 2.1 [8].  
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Figure 2.1 Schematic of the SIL and the sample [7]. 

 

Numerical aperture in this case is NA=nsinθm, where θm is the marginal ray angle. 

The lateral resolution in terms of Rayleigh resolution for optical microscopes is given by 

0.61λ/NA, where λ is the wavelength of the incident light. Therefore, lateral resolution is 

improved by a factor of n in the SIL system compared to using the same objective lens in 

air. For example, spatial resolution of 139nm has been demonstrated by using a gallium 

phosphide SIL at λ=560nm (NA=2) [9]. 

Terris et al. .  introduced for a different type of SIL for optical recording, as 

shown in Figure 2.2 [10]. This type of SIL has a hyperhemispherical shape and bends the 

light at the curved surface. Thickness of the hyperhemispherical SIL is (1 1/ )r n , where 

r is the radius of the curved surface. The SIL is positioned so that the center of the sphere 

is located a distance nr from the focal point of the objective lens in air. This SIL refracts 

the beam, but introduces no spherical aberration, coma or astigmatism upon refraction 

due to the SIL surface being in an aplanatic condition. The effective NA of the 
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hyperhemispherical SIL is 2 sin mNA n  . Lateral resolution can be improved by a factor 

of 2n  in this case. Using the hyperhemispherical SIL with 1.83n   and illumination with 

780nm light, a 388nm FW 21/ e  spot size was produced. A 500nm period grating was 

resolved, and 350nm diameter magnetic domains were written and read [11].  

 

Figure 2.2 Schematic of the hyperhemispherical SIL. Light from the objective lens is bent 

on the curved surface of the truncated spherical lens and then focused on the flat bottom 

[10]. 

 

An advantage of the hyperhemispherical SIL is that it has the potential to improve 

the NA of a far-field objective by a factor of 2n , as compared to an improvement of a 

factor n for a hemispherical SIL. In both cases, the maximum achievable NA is equal to n. 

An important disadvantage of the hyperhemispherical SIL is that chromatic dispersion 

makes it subject to severe chromatic aberration because its focusing power is dependent 

on n. For most materials, this aberration limits the usable bandwidth to less than a few 
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percent of the visible spectrum. A method for compensating the chromatic variations was 

introduced by Milster, where a diffractive optical element (DOE) introduces an opposite 

dispersion [12]. Also, tolerances for the hyperhemispherical SIL are more restrictive than 

with the hemispherical SIL, so hemispherical SILs are more welcome in fabrication [13]. 

Hemispherical SILs do not have longitudinal chromatic aberration, because 

neither the height of hemispherical SIL nor the position of the image plane is wavelength 

dependent. The remaining chromatic aberration is lateral chromatic aberration, i.e., the 

variation of magnification for different wavelengths. This aberration is very small 

because, for most optical materials, the variation of the magnification is only a few 

percent over the entire visible spectrum. Therefore, hemispherical SILs can be regarded 

as nearly achromatic. Another advantage associated with hemispherical SILs is that they 

are more tolerant than hyperhemispherical SILs to the thickness of the optics [8]. The 

disadvantage of hemispherical SILs is that they need a high NA coupling objective to 

realize their full resolution capability [9]. 

The two types of SILs mentioned above have zero aberrations on axis. Thus, there 

is no need for optical correction of on-axis aberrations. For a given objective lens, the 

hemispherical SIL can give a lower NA but looser tolerance on SIL thickness compared 

to the hyperhemispherical SIL. In order to have a high NA and a loose tolerance on SIL 

thickness, the optimum SIL, which has a localized minimum spherical aberration, was 

proposed by Zhang et al. in 2004 [14,15]. In the optimum SIL design, the on-axis 

aberration is no longer zero, thus it needs another optic to correct the aberration of the 

system. A diffractive optical element (DOE), liquid crystal cell (LCC) or some aspherical 

surfaces can be used to correct the on-axis aberrations [16]. Alignment of the DOE and 
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optimum SIL must be very accurate in order to have negligible residual aberration for the 

system. In case of the high NA objective, the uncorrected aberration of optimum SIL is 

large, so tolerances are still tight even after correction. 

A two-step solid immersion lens, which combines two SILs together by index-

matching epoxy, is shown in Figure 2.3. The high refractive index micro lens, such as 

gallium phosphide (GaP), is attached to the center of a glass SIL by index-matching 

epoxy. The two SILs are image concentric. Due to residual heptaxial birefringence and 

absorption of the micro lens material, it cannot be used in a large size SIL. The micro 

lens (~100µm) is fabricated by gray scale lithography and ion mill etching. No optical 

correction of the on-axis aberration is needed. A DOE can be used to focus collimated 

light to the center of the two-step SIL and correct the off-axis aberrations. [16] 

 

Figure 2.3 Schematic of two-step solid immersion lens. Micro lens is attached to the 

spherical lens by a index-matching epoxy. The two SILs are image concentric [16]. 
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In order to satisfy requirements of various applications in different fields, 

different types of SILs have been used. In the case of collimated illumination without an 

objective lens, an elliptical SIL can be used with infinite and foci conjugate points, as 

shown in Figure 2.4 [17]. Although there is no need for the objective lens, it is seldom 

used because of difficulty in fabricating the elliptical surface.  

 

Figure 2.4 Schematic of the elliptical SIL. Collimated light is bent on the curved surface 

of elliptical lens and then focused on the flat bottom [17]. 

 

In order to avoid the elliptical SIL fabrication, a reflective SIL using a DOE was 

proposed by Chen et al. [18], as shown in Figure 2.5.  The diffractive optical element was 

fabricated on the top side of a thin slice of high index material. Collimated light is 

diffracted into two parts, and then reflected by the bottom surface. After reflection from 

the top surface again, the light is focused at the center. Both top and bottom surfaces are 

coated with metal, in order to reflect the light. A pedestal is fabricated in the center of the 

bottom surface in order to reduce area of the coupling surface between the reflective SIL 

and the sample and thus increase the tilt tolerance.  The light is focused on the surface of 

the pedestal, and the material can have very high refractive index. Thus, this system can 
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reach a high NA of 1.587. Gray scale lithography can be used to fabricate the DOE on the 

top surface. Ion mill etching can be used to fabricate the pedestal. Similarly, an aspheric 

surface can be used instead of the DOE. Another type of reflective SIL is shown in 

Figure 2.6. In this design, the bottom surface is a parabolic mirror that focuses collimated 

light to a point. Then, the point is reflected again from the top surface. The lens material 

has a high refractive index [19].  

 

Figure 2.5 Schematic of a reflective SIL by DOE. Collimated light is bent on two 

reflective surfaces and then focused on the flat bottom [18]. 

 

 

Figure 2.6 Schematic of another reflective SIL with aspheric bottom surface. Collimated 

light is illuminated on the side [19]. 

 



26 
 

Many other reflective SILs have been designed for optical data storage by using 

the conjugate points of conic surfaces. Hatano has demonstrated a reflective SIL with a 

reflective parabolic surface and a reflective elliptical surface, as shown in Figure 2.7. 

Collimated light is first reflected from a parabolic surface to a focus of the elliptical 

surface, and then it is reflected to the conjugate focus of the elliptical surface [19]. 

 

Figure 2.7 Schematic of a reflective SIL with a parabolic and an elliptical surface [19]. 

 

 Kim et al. have demonstrated a superparaboloidal solid immersion mirror (SP-

SIM) using a tilted parabolic mirror that applied total internal reflection to an optical 

flying head for near-field recording, as shown in Figure 2.8 [20]. As an SP-SIM does not 

need an objective lens or folding mirror, the height and weight of the optical flying head 

can be reduced. The effective NA of the SP-SIM was 1.32 for both sagittal and 

meridional foci. The minimum spot sizes at full width 21/ e  intensity were 237nm and 

232nm in the sagittal and meridional directions, respectively, at normal incidence 

illumination.   
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Figure 2.8 Cross-sectional view of optical path and the configuration of SP-SIM [20]. 

 

Planar solid immersion mirror (PSIM), as shown in Figure 2.9, is a two-

dimensional planar waveguide solid immersion mirror [21]. Light is confined by the 

waveguide normal to the waveguide plane and focused by a parabolic mirror in the 

waveguide plane.  Good light reflection from the parabolic sidewall can be achieved with 

either total internal reflection or a metalized sidewall. The diffraction-limited focused 

spot size for a PSIM is / (2 )  , which is determined by the waveguide mode 

propagation constant β. Peng et al. have demonstrated that light can be focused to a small 

spot size using the PSIM and that the PSIM can be used to write small marks into phase-

change material with mark sizes down to λ/4 [21]. Materials with a high index of 

refraction could be used for the core layer of PSIM to further reduce the spot size.  
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Figure 2.9 Schematic of Planar solid immersion mirror (PSIM) [21]. 

  

Diffractive solid immersion lens (dSIL), which is the diffractive analog of the 

refractive hemispherical SIL, was introduced by Brunner et al. in 2001, as shown in 

Figure 2.10 [22]. dSILs potentially allow a more simple and less expensive replication 

compared to conventional SILs. Furthermore, the diffractive elements offer more 

flexibility in the design of the optical system to adapt SIL to the objective lens. Inside the 

medium of the dSILs, the propagation angles of the first order diffracted waves point in 

the same direction as the incident angles from outside the SIL. The dSILs can be 

fabricated by direct e-beam writing and successive reactive ion etching, or holographic 

lithography. Polarization dependencies and phase impacts must be considered in the 

design of an optical element with features this small. In comparison to the 

lithographically realized binary phase grating, holographic elements have the advantage 

of high diffraction efficiency.  
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Figure 2.10 Schematic view of the working method of a dSIL. The selected design 

represents the diffractive analog of the refractive hemispherical SIL. Inside the medium 

the propagation angles of the first order diffracted waves point in the same direction as 

the incident angles from outside the SIL [22]. 

 

In order to further reduce the spot size, nano aperture probes can be fabricated in 

the center of the bottom surface of a SIL. Tang et al. proposed an APSIL that combined a 

SIL with a conical dielectric tip (tip size ~200nm), as shown in Figure 2.11. The APSIL 

exhibits a spot size reduction factor of 2 compared with a normal SIL. Tang et al. have 

demonstrated the full-width 21/ e  spot size ~200nm and achieves 50% optical efficiency 

in an edge-scan experiment with the objective NA=0.5 and illumination wavelength 

λ=488nm [23,24]. 
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Figure 2.11 A solid immersion lens combined with a conical dielectric tip [23]. 

 

Due to the difficulty in fabrication of the nano aperture at the bottom surface of 

the SIL, virtual apertures have been introduced to combine with the SIL that give similar 

results as the APSIL, as shown in Figure 2.12 [25,26,27]. A metal film with a square 

aperture in its center (size ~150nm) is located at the bottom surface of a SIL. This square 

aperture works similar to the aperture probe in APSIL, but the efficiency is low (~ 410 ). 

Instead of square or rectangle aperture, ―C aperture‖ or ―Bow Tie aperture‖ can be used 

to combine with SIL to increase the transmission from 25 times to 5000 times for similar 

spot size. By using this technique, Sendur et al. have demonstrated a FWHM spot 

diameter as small as 31nm [28]. 
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Figure 2.12 A solid immersion lens combined with a virtual square aperture [29]. 

  

The evanescent wave decays exponentially as the air gap between the SIL and 

sample increases. Normally the air gap is less than λ/3, and this small gap requires the 

sample surface to be very flat. A pedestal can be fabricated in the center of the bottom 

surface of the SIL to reduce the coupling area, and thus loose the surface roughness 

requirement for the sample, as shown in Figure 2.13(a). The SIL can also be chamfered at 

a certain degree to make the flat surface as small as possible, as shown in Figure 2.13(b) 

[29].  
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(a) (b) 

Figure 2.13 (a) SIL with a pedestal at the center of bottom surface, (b) SIL with 

chamfered surfaces [29]. 

 

Normally in optical data storage, optical disks have cover layers to protect the 

data marks. Thus the thickness of SIL has to be modified in order to focus the light 

underneath the cover layer, as shown in Figure 2.14. In this design, a hemisphere SIL is 

truncated by the thickness of the cover layer in order to focus the light on the data marks. 

The SIL and cover layer should be index matching, otherwise compensator is needed to 

correct the aberration [30].  

 

Figure 2.14 Truncated SIL to focus the light underneath the cover layer [30]. 
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In order to increase the lateral resolution of the backside subsurface microscope, 

Ippolito et al. introduced a numerical aperture increasing lens (NAIL) to increase the 

lateral resolution. The NAIL is a plano-convex lens placed on the planar surface of an 

object to enhance the amount of light coupled from subsurface structures within the 

object. The planar surface of the NAIL closely matches that of the object. The subsurface 

structure within the object to be imaged is located at a depth of aplantic point of the 

NAIL, as shown in Figure 2.15 [31,32,33]. Lateral resolution of 260nm has been reported 

recently for this technique at the wavelength of 1.2µm [34]. Another approach is being 

developed in IRlabs Inc., which uses the hemisphere SIL. In IRlabs‘s setup, an objective 

lens with NA=0.75 is used with a silicon SIL, and lateral resolution has been 

demonstrated to be as small as 300nm [35]. 

 

Figure 2.15 Schematic representation of the numerical aperture increasing lens (NAIL) 

[31]. 

 

Although NAIL can greatly increase the resolution of the subsurface microscope, 

it has very tight tolerance on the sample surface roughness. Polishing the backside of the 

chips increases the cost for the semiconductor industry. A bi-convex SIL [36] and a 
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toroidal SIL [37] have been introduced in subsurface SIL microscopes so that chips with 

small roughness surface can be tested, as shown in Figure 2.16. For the bi-convex SIL, 

the bottom surface of the hemisphere SIL is fabricated to be convex with radius larger 

than the SIL radius. For the toroidal SIL, the bottom surface of the hemisphere SIL is 

fabricated to have different radii in the two directions. In these two types of SIL, contact 

areas of the SILs and test samples are small, and the SIL material is hard. Thus, force can 

be applied between SIL and sample to make contact. The bi-convex SIL generates good 

contact in both dimensions, but has a small field of view (FOV) for imaging.  The 

attaching surface has a convex shape to make contact with an observed object at a point, 

which is advantageous in securing optical connectivity compared to the plano-convex 

lens. However, since the contact area with the object substrate is very small, light flux 

from a high NA system does not pass efficiently through the interface if the object 

substrate has any appreciable thickens. The toroidal SIL generates good contact in one 

dimension along a line, and it also has a good FOV in that dimension [37]. The line 

contact has a very large radius of curvature, as shown in Figure 16(b), which allows light 

flux with a high NA to pass through the object substrate along the contact line. In 

addition, since the toroidal SIL is brought into contact with the object substrate, 

positional control of the SIL is simplified.  
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(a) Bi-convex SIL 

 

(b) Toroidal SIL 

Figure 2.16 (a) Schematic of the bi-convex SIL, same radius for x, y dimensions. (b) 

Schematic of the toroidal SIL, different radius for x, y dimensions. Light from the 

objective lens is focused at the center of the bottom convex surface [36,37]. 

 

 

In summary, SILs increase the lateral resolution of the optical system by a factor 

between n and 2n . It has been widely used in optical data storage, near-field microscopy, 

subsurface imaging and near-field lithography. In order to satisfy different requirements, 
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the SIL can be modified to have different shapes. It can also be combined with nano 

aperture transducers to further reduce the spot size of the system. 

 

2.2 SIL microscopy 

The near-field SIL microscope initially developed by Mansfield and Kino uses a 

hemispheric lens with a refractive index of n, as shown in Figure 2.17 [8]. 

 

Figure 2.17 Schematic of the SIL microscope by Mansfield. Resolution is two times 

better than a conventional far-field microscope [8]. 

 

Later, Wu et al. reported a study of a hemispherical gallium phosphide (GaP) SIL 

used for imaging of 40-nm-diam fluorescent dye balls. Spatial resolution as small as 
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139nm was achieved at a wavelength of 560 nm, which is equivalent to a diffraction-

limited system of NA= 2.0 [9].  

SILs have also been widely used in subsurface near-field microscopy to increase 

the lateral resolution of the optical system. It is mainly used with infrared light in the 

semiconductor industry to image through the back side of the flip chips. Since patterns 

fabricated on the silicon wafer and covered by metal layers, is impossible to image 

through the top side due to the opaqueness of the metal layers. Imaging through the 

backside is preferred. However, due to the absorption of silicon, the wavelength of the 

illumination light for backside inspection is larger than 1 μm, which results in a poor 

lateral resolution for the conventional subsurface microscope according to the diffraction 

limit / (2 )NA . State-of-the-art subsurface microscopes have a typical spatial resolution 

around 1μm. In order to further increase the resolution of the subsurface microscope, a 

solid immersion lens (SIL) or numerical aperture increasing lens (NAIL) is used to 

increase the NA of the system by a factor of n or n
2
.  
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Figure 2.18 Backside subsurface microscopy with NAIL [31]. 

 

Ippolito et al. have demonstrated a confocal microscope with lateral spatial 

resolution of better than 0.26μm using an aplanatic NAIL, as shown in Figure 2.18, 

which shows the potential to use near-field imaging for semiconductor inspection, failure 

analysis, and thermal distribution of the IC flip-chips [31,32,33]. By changing the 

illumination source with longer wavelength, the thermal distribution of the working chip 

can be measured.  

Angular spectrum tailoring in optical microscopy of silicon integrated circuits 

with a solid immersion lens has also been demonstrated by Ippolito et al., as shown in 

Figure 2.19 [38]. Spatial light modulation to select only supercritical light at the 
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substrate/dielectric interface yields only evanescent and scattered light in the interconnect 

layers. They also demonstrated a technique for optical excitation microscopy with 65nm 

silicon-on-insulator circuits, which enabled localization of a fault during microprocessor 

development. Acquiring images with and without angular spectrum tailoring allowed 

longitudinal localization of the electrical response to optical excitation. Lateral 

registration of electrical response and confocal reflection images to the circuit layout was 

also significantly improved.  

 

Figure 2.19 Solid immersion subsurface microscopy without and with the angular 

spectrum tailoring [38]. 

 

Besides the pupil, polarization can be also modified in SIL microscopy to achieve 

higher lateral resolution and other effects. A phase plate with three concentric regions can 

be used to modulate the incoming light from radial polarization into outward-inward-

outward polarization. The analysis shows that the design is more suitable for a lens with a 

high NA because much energy is concentrated in the main lobe of the focus spot. A 

lateral resolution of 0.29λ/NA can be achieved by this technique from the simulation 

results [39]. 
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Chen et al. proposed a new induced polarization evanescent imaging system with 

a SIL, as shown in Figure 2.20 [40][41]. In this microscope, evanescent imaging is 

performed on a custom-built SIL microscope, which is based on an Olympus IX-70 

inverted microscope with a custom laser port. By using a 100x/0.8NA with 3mm long 

working distance objective, a full field of view of 25µm in diameter with effective 

NA=1.5 can be achieved without significant degradation of  the image. 

 

 

Figure 2.20 Induced polarization solid immersion lens microscopy [40]. 

 

SIL evanescent imaging technology uses evanescent fields that decay away from 

the bottom of the SIL. Therefore, the flat bottom surface of the SIL must be located very 

close (<100nm) to the sample surface. In order to maintain the required distance between 
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the SIL and the sample, a gap control signal based on induced polarization component is 

used. The method of gap control is to optically detect the air gap height change. Servo 

systems of this type have been used successfully to regulate gap height to better than +/- 

2 nm in data storage systems [42]. 

With polarization manipulation in both the illumination and imaging paths, 

induced evanescent polarization images are obtained. The induced polarization 

evanescent images can give image contrast enhancement, nanometer-scale height 

information of objects with high lateral resolution. 

Fluorescent microscopy is widely used in biological, and medical sciences. It uses 

molecular fluorophores to attach to specific components of complex biomolecular 

assemblies, enabling their sensitive detection and identification. Koyama et al. reported 

their experimental result showing significant enhancement of collection efficiency made 

by SILs with refractive indices n = 1.845 and 1.687 to fluorescence
 
microscopy of 0.11-

µm-radius dye-doped polystyrene sphere beads [43]. Hence, the ability of both fine 

resolution and high collection efficiency in fluorescent microscopy makes solid 

immersion microscopy a perfect tool for such applications. For the characterization of 

semiconductor nanostructures, Vollmer et al. have combined subpicosecond time 

resolution with a high spatial resolution of 1.23 NA for the study of a multiple quantum-

well sample using a SIL [44]. They demonstrated nonlinear pump–probe femtosecond 

spectroscopy at T=8K with a spatial resolution of 355nm=0.41. The solid immersion 

lens has proven its capability to enhance the resolution of classical microscopy. All these 

applications utilize the inherent advantage of lateral resolution improvment due to the 

SIL.   
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Atomic force microscope (AFM) has been widely used in measuring patterns in 

nanometer scale. It normally uses a sharp tip that is mounted to a cantilever for a 

mechanical scanning. Ghislain et al. [11] reported a near-field scanning optical 

microscope using a solid immersion lens having a sharp tip that is mounted to a 

cantilever, as shown in Figure 2.21. The sharp tip allows the sample to enter the near 

field of the illumination. The cantilever provides sensitive control of forces. Using a 

supersphere SIL with index n=2.2 and 442nm illumination, the microscope resolves 

optical features smaller than 150nm, a factor of 2 improvement over a conventional 

optical microscope.  

 

Figure 2.21 Schematic of a hyperhemispherical SIL mounted on a AFM cantilever [11]. 
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A laser terahertz emission microscope (LTEM) technique has become a valuable 

tool for both of basic science and industrial applications. Because THz radiation emitted 

from semiconductor feature show physical information including carrier dynamics, its 

mapping allows nondestructive visualization of the local electric fields in semiconductor 

devices. Kim et al. [45] have reported a laser terahertz emission microscope with solid 

immersion lens, as shown in Figure 2.22. In their setup, the full width half maximum 

(FWHM) of laser spot is around 3µm. The SIL has refractive index of 1.98. A 

femtosecond laser at wavelength 780nm is used to generate the laser spot. Lateral 

resolution of the emission microscope is reported to be 1.5µm. 

 

Figure 2.22 Schematic of a laser terahertz emission microscope (LTEM) [45]. 

 Connell et al. [46] have reported the precision optical intracellular near-field 

imaging technology (POINT) by combining the solid immersion microscope with nano 
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probe, as shown in Figure 2.23. A nanosensor array is provided that is capable of imaging 

inner regions of a living cell without destroying its natural environment and providing 

new information about molecular makeup of cells. The probe collects data from high-

resolution imagery, providing an imaging tool for investigating cells at sub-cellular and 

molecular levels. Data are then incorporated into a signature facilitating molecular 

analysis of diseases. The POINT probe non-invasively penetrates cell membranes to 

image insides of intact cells allowing the POINT probe to collect data without destroying 

cell structures.  

 

Figure 2.23 Schematic of SIL and nano probe in the precision optical intracellular near-

field imaging technology (POINT) [46]. 

 

2.3 High NA vector imaging simulation 
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Simulation of SIL microscopy requires special considerations, due to polarization and 

vector diffraction. Vector effects in the focus beam formation and high NA imaging have 

been generally discussed by Wolf and Mansuripur [47,48]. High NA image formation in 

thin films has been studied by Flagello et al. [49]. Later, Jo et al. applied this theory to a 

SIL system [50]. A modeling technique based on Flagello et al.‘s theory was used to 

explore three-dimensional image distributions formed by high NA lenses in 

homogeneous, isotropic, linear and source-free thin films. This approach is based on a 

plane-wave decomposition in the exit pupil. Thin film models are used to calculate the 

reflectance and transmittance of incident plane waves. The total electric field amplitude 

at each point in the film is derived by a coherent sum over all the plane waves. This 

model is used to show how the asymmetries in the polarized image change with different 

types of photo resist used on top of the substrate.  

  Totzeck developed numerical simulation for high NA polarization microscopy 

using rigorous coupled wave theory (RCWT) for periodic structures in order to consider 

vector diffraction from small feature samples [51]. Since RCWT is limited to periodic 

structures, Saito et al. developed a simulation model for non-periodic objects in an 

optical data storage system that used coherent illumination [52]. Torok et al. developed a 

theory to calculate the image of an arbitrary vectorial electromagnetic field and applied it 

to coherent optical microscopes [53,54]. Yang et al. later developed a simulation model 

for a SIL microscope, where thin film theory and Babinet‘s principle are used to simulate 

the vector diffraction from the object. Babinet‘s principle is used to separate different 

object areas on the sample. For example, the geometry shown in Figure 2.24 consists of 

three different areas with the reflectance values 0R , 1R  and 2R  respectively. If the 
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geometry is illuminated by electric field ( )illU r , the total reflected field ( )RU r  is 

rewritten as  

0 1 0 1 2 0 2( )=[ ( ) ( )+( ) ( )] ( )R illU R R R b R R b U  r r r r     (2.1) 

 

 

Figure 2.24. Babinet principle is used to decompose the fields reflected from the sample 

into components that consist of reflection from different areas [55].  

 

In order to consider the partial coherence of the SIL microscope, Yang et al. also 

developed a Hopkins-type model for a SIL-based hyper-NA system [55,56]. Abbe theory 

is adapted to the high NA microscope, as shown in Figure 2.25. A Kohler illumination is 

used in the microscope. Rigorous coupled wave theory (RCWT) is used to simulate the 

vector effects of periodic structures. For each point source in the pupil, an obliquely 

incident polarized plane wave is generated on the object plane. Partial coherence is 

controlled by aperturing point sources in the pupil. The total irradiance distribution of the 

image is calculated by summing irradiance images from each point source.  

( )RU r 0( )b r 1( )b r 2( )b r

0R 1R 2R

0R
1 0( )R R 

=

=
2 0( )R R 
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1( )b r 2( )b r



47 
 

 

Figure 2.25. Abbe theory adapted to the high NA microscope. An obliquely incident 

plane wave from a point light source is diffracted by the object according to the object 

structre. The diffracted orders are filtered by the stop and form the image by interference 

in the image plane [55].   

 

2.4 Properties of surface plasmon 

Surface plasmons (SPs) are of interest to a wide spectrum of scientists, ranging from 

physicists to chemists and material scientists to biologists. Properties of SPs were widely 

investigated in the fields of surface science, biosensors and microscopy following the 

pioneering work of Ritchie in the 1950s [57]. SPs are essentially light waves trapped at 

the surface interface between metal and dielectric media, due to their interaction with free 

electrons of the conductor [58]. In this interaction, free electrons respond collectively by 

oscillation in resonance with the light wave at the interface, but 180° out of phase. This 

resonance is normally called surface plasma resonance (SPR). The resonant interaction 

between the surface charge oscillation and the electromagnetic field of the light 

constitutes the SP and gives rise to its unique properties. Since the SP wave is trapped at 
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the interface between metal and dielectric media, the field amplitude exponentially 

decays with distance away from the interface [59]. 

SPs are associated with the longitudinal oscillations of the free charges at the 

interface of metal and dielectric media. The very dense plasma of free electrons in the 

metal layer allows plasma oscillations at frequencies up to those of ultraviolet light. At 

the same time, the frequency must be high enough so that individual charges oscillate 

with a period small compared to the mean time between collisions, otherwise the 

oscillations are highly damped. The propagation length of the SP is highly dependent on 

the refractive index of the metal and dielectric medium which forms the SP [60].  

In general, surface plasmons are generated at or near frequencies in the range of 

visible light, with loss increasing rapidly as wavelengths approach the infrared. However, 

plasmons cannot be generated simply by irradiating a metal surface with visible light, 

since it is impossible to match the phase between the incident light and the plasmon along 

the metal surface. This restriction was first overcome by using coupling prisms, in 

configurations devised by Otto (1968) [61] and Kretschmann (1971) [62], as shown in 

Figure 2.26. An evanescent field is generated by total internal reflection at the prism 

bottom, and the parallel component of the incident light wavelength is reduced by a 

factor of the prism index. Thus, phase match of incident light and SP wave is possible. 

Since then, SPs have been intensively studied and their major properties have been 

assessed [63].  
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(a) Otto configuration [61] 

 

 

 

(b) Kretschmann configuration [62] 

Figure 2.26. Otto and Kretschmann configurations to excite the SP waves.  

 

A different approach to generate SP is to use a metal grating to generate diffracted 

orders that phase match the SP, as shown in Figure 2.27 [64]. However, this method is 

not commonly used in experiments, because of difficult fabrication requirements 

associated with the metal grating. 
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Figure 2.27 Grating coupler-based SPR systems [64]. 

 

The characteristic of the SP wave strongly depends on material characteristics of 

the metal and dielectric media at the surface interface. For example, reflectance of the 

Kretschmann configuration has a ―dip‖ related to SPR, which is very sensitive to 

refractive index change of the dielectric (as small as 610 ) [60]. Because SP waves 

propagate along the surface, they are very useful to characterize tproperties of a thin film, 

such as refractive index and thickness. The potential of SPR for characterization of thin 

films [65] and monitoring processes at metal interfaces [66] was recognized in the late 

1970s [64]. In 1982, the use of SPR for gas detection and biosensing was demonstrated 

by Nylander and Liedberg [68,69,70]. 

For p-polarized incident light, the reflectance drops close to zero when SPR 

occurs at the interface of metal and dielectric media. This phenomenon has been used to 

build a SPM by Rothenhausler in 1988 [71]. The major advantage of SPM is the ability to 

obtain high contrast images, even for low-index-change samples. However, the lateral 

resolution of SPM mainly depends on the SP propagation length. In general, optical 

excitation of plasmons on a planar metallic surface allows detection of sub-nanometer 
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thickness thin films, while giving lateral resolution of tens of microns or better [60].  

Several ways have been introduced to improve the lateral resolution of the SPM. The first 

approach is to design the SPR microscope to have a shorter SP propagation length at a 

shorter wavelength. For example, 2μm lateral resolution has been demonstrated by 

Berger at λ=531nm [72]. Improvement of resolution can also be achieved by rotation of 

the object [73], because for the edge parallel to the SP propagation direction, the object 

can be imaged at the full optical resolution.  

Another important aspect of SPs is that SPs could help concentrate and channel 

light with subwavelength structures, which could lead to miniaturized photonic circuits. 

These circuits first convert light into SPs, which then propagate and are processed by 

logic elements, before being converted back into light [59]. Also, concentrating light 

leads to an electric field enhancement that can be used to manipulate light-matter 

interactions and boost non-linear phenomena. For example, metallic structures are used 

for the massive signal enhancement achieved in surface-enhanced Raman spectroscopy 

— a technique that can now detect a single molecule [74,75]. Surface nanostructures 

have also been used to enhance the signal in total-internal-reflection fluorescence (TIRF) 

microscopy [76].  

In order to understand the physics of SP, an interface between media 1 and 2 with 

dielectric functions ε1 and ε2 is used, as shown in Figure 2.28. The interface is defined by 

z=0 in a Cartesian coordinate system. In each half-space we consider only a single p-

polarized wave (electric vector in the plane of incidence) because the homogenous 

solution that decays exponentially with distance from the interface is desired. s-polarized 
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light (electric vector perpendicular to the plane of incidence) does not have such a 

solution for Maxwell‘s equations, thus s-polarized light cannot be used to excite SPR.  

 

Figure 2.28. Interface between two media 1 and 2 with dielectric functions ε1 and ε2. The 

interface is defined by z=0 in a Cartesian coordinate system. The plane of incidence is the 

x-z plane. In each half-space only p-polarized light is considered [77]. 

 

p-polarized plane waves in half-spaces j=1 and j=2 are written as 
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,  j=1,2    (2.2) 

By setting the reflected wave to zero, using Snell‘s Law and matching the 

tangential field boundary conditions, a relationship between the wavevector along the 

propagation direction, angular frequency ω and dielectric constants ε1 and ε2 is given by: 
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where 0k  is the free-space wave number.  

An expression for the normal component of the wavevector is given by: 
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,  j=1,2     (2.4) 

In order to have a surface wave that propagates along the interface, a real    is 

required. In order to obtain a ―bound‖ solution, the normal components of the wavevector 

should be purely imaginary in both media, giving rise to exponentially decaying solutions. 

These characteristics require the following conditions to generate a SP wave:  

   1 2 0         (2.5) 

and 

   1 2 0          (2.6) 

which means that one of the dielectric functions must be negative with an absolute value 

exceeding that of the other. Metals, such as gold and silver, which have large negative 

real parts of the dielectric constant along with small imaginary parts, are good candidates 

for the medium. Therefore, at the interface between a metal and a dielectric, such as glass 

or air, localized modes at the metal-dielectric interface can exist.  

In order to excite SPs, both energy and momentum are conserved. From the Eqs.  

(2.1)-(2.6), interaction between surface charge density and electromagnetic field results 
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in the momentum of the SP mode      being greater than that of a free-space photon of 

the same frequency,    . The SP dispersion relation is given by:  

 0
d m

SP

d m

k k
 

 



     (2.7) 

As an example, the wavevector for a silver-air interface in the red part of the 

visible spectrum is found to be           . This increase in momentum is associated 

with the binding of the SP to the surface, and results in a momentum mismatch between 

light and SPs of the same frequency that must be bridged if light is to be used to generate 

SPs.  

This restriction was first overcome by Otto in 1968, as shown in Figure 2.26(a) 

[61]. In the Otto configuration, a prism is used to generate an evanescent wave at a 

glass/air interface. A metal/air interface is brought in proximity, which only weakly 

influences the evanescent wave. By tuning the angle of incidence of the reflected beam 

inside the prism, the resonance condition for excitation of SP waves, i.e. the matching of 

parallel wavevector components, can be fulfilled. The excitation of SPR is exhibited by a 

minimum in the reflected light versus angle. The reflectivity of the system as a function 

of the angle of incidence and of the gapwidth between prism and metal are given in 

Figure 2.29.  
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Figure 2.29. Reflectivity of the excited beam is plotted as a function of the incident angle 

and for different air gaps (in nm). The curve are evaluated for a gold film For 

comparison, a single trace is also plotted for silver for which the resonance is much 

sharper because of lower damping. [77] 

 

The Otto configuration proved to be experimentally inconvenient, because of the 

challenging control of the small air gap between the prism and metal substrate. In 1971, 

Kretschmann suggested an alternative method to excite SPs that solved this problem [62]. 

In his method, a thin metal film is deposited on the flat bottom of a prism, as shown in 

Figure 2.26(b). To excite SPs at the metal/air interface, an evanescent wave created at the 

glass/metal interface penetrates through the metal layer. If the metal is too thin, the SPs 

are strongly damped because of radiation damping into the glass. If the metal is too thick, 

the SPs are not efficiently excited due to the absorption in the metal. Figure 2.30 shows 

reflectivity as a function of the metal film thickness and the angle of incidence. As before, 

the resonant excitation of surface plasmons is characterized by a dip in the reflectivity 

curves.  
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Figure 2.30. Reflectivity of the exciting beam is plotted as a function of the incident 

angle and for different air gaps (in nm). The curves are evaluated for a gold film. For 

comparison a single trace is also plotted for silver. Note the much sharper resonance due 

to the smaller damping of silver as compared to gold. The critical angle of total internal 

reflection shows up as a discontinuity marked by an arrow. [77] 

 

An alternative way to excite SPs is by the use of a grating coupler. Here, the 

increase of the wavevector necessary to match SP momentum is achieved by adding a 

reciprocal lattice vector of the grating to the free-space wavevector. This requires in 

principle that metal surface is structured with the right periodicity d over an extended 

spatial region. The new parallel wavevector then reads as   
           with       

being a reciprocal lattice vector.  

Lin et al. designed a highly sensitive SPR sensor for hydrogen sensing by using a 

PD-coated metallic diffraction grating to [78]. As shown in Figure 2.31, the diffraction at 

a metallic diffraction grating provides excess in-plane momentum to compensate the 
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wave vector mismatch between the incident wave and SP wave. The match condition of 

wave vector is expressed as  

2
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,    (2.8) 

where, 0k  is the free space wave vector of incident light, m  is the permittivity of the 

metal, SPR  is the resonant angle of incidence, an  is the refractive index of analyte which 

in contact with the surface of grating, m is the diffraction order and   is the period of the 

grating. Sign ‗+‘ and sign ‗-‘ correspond to m>0 and m<0 respectively. An expression of 

the sensitivity of this SPR sensor is given as 
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Figure 2.31. Illustration of SPR sensor based on metallic diffraction grating [78]. 

 

It is interesting that the sensitivity is expressed as a function depending only on 

the resonant angle, not on the diffraction order m. The relationship of sensitivity and 

resonant angle is shown in Figure 2.32 for both cases of negative (m<0) and positive 
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(m>0) diffraction order.  High sensitivity is obtained at larger resonant incident angle if 

negative diffraction order of metallic grating is used to excite the SP. 

 

Figure 2.32 Sensitivity of the resonant angle of grating-based SPR sensors versus the 

resonant angle of incidence. The line is the theoretical curve calculated using Eq.(2.9) 

[78]. 

 

Once the SPs are excited, there is a strong interaction between surface charges 

and the electromagnetic fields. One consequence is that the field perpendicular to the 

surface decays exponentially with distance from the surface, in contrast to the 

propagating nature of the SPs along the surface. In the following part of this section, 

expressions are given to calculate the penetration depth and propagation length.  

As mentioned earlier, SP waves can only be generated for p-polarized light at the 

interface of metal and dielectric medium for a certain incident angle. To accommodate 

losses associated with electron scattering the imaginary part of the metal‘s dielectric 

function must be considered. 

1 1 1' "i           (2.10) 
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with    
  and     real. The adjacent medium is a good dielectric with negligible losses, i.e. 

   is assumed real. Then, the wavevector components are rewritten as: 
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In dielectric medium:  
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In metal medium:  
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From these expressions above, the general properties of SP waves can be calculated.  

Surface plasmon wavelength:  
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where,    is the wavelength for the incident light in vacuum.  

Surface plasmon propagation length: (1/e decay length for field amplitude) 
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Penetration depth in dielectric medium: (1/e decay depth for field amplitude) 
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Penetration depth in metal medium: (1/e decay depth for field amplitude) 
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For example, at the silver/air interface, with the excitation light wavelength 

  =632.8nm, the surface plamon wave properties are given as the following: SP wave 

wavelength    =615.36nm, SP wave 1/e intensity propagation length    =61.32μm, SP 

1/e intensity penetration depth in air medium   =417.82nm, and SP 1/e intensity 

penetration depth in silver medium   =22.96nm.  

In general, SPs at the interface between a metal and a dielectric material have a 

combined electromagnetic wave and surface charge character as shown in Figure 2.33. 

The generation of surface charge requires an electric field normal to the surface. This 

combined character also leads to the field component perpendicular to the surface being 

enhanced near the surface and decaying exponentially with distance away from it. In the 

dielectric medium, the decay length of the field is of the order of half the wavelength of 

light involved, whereas the decay length into the metal is determined by the skin depth, 

as shown in Figure 2.34. The dispersion curve for a SP mode shows the momentum 

mismatch problem that must be overcome in order to couple light and SP modes together, 

as shown in Figure 2.35, with the SP mode always lying beyond the light line, that is, it 

has greater momentum (    ) than a free space photon (   ) of the same frequency ω.  
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Figure 2.33. Electromagnetic wave and surface charge are combined at the interface 

between a metal and a dielectric material. This combined character leads to the field 

component perpendicular to the surface being enhanced near the surface and decaying 

exponentially with distance away from it [59]. 

 

 

Figure 2.34. The field in the perpendicular direction is said to be evanescent, reflecting 

the bound, non-radiative nature of SPs, and prevents power from propagating away from 

the surface. In the dielectric medium, typically air or glass, the decay length of the field, 

is of the order of half the wavelength of light involved, whereas the decay length into the 

metal is determined by the skin depth [59]. 
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Figure 2.35. The dispersion curve for a SP mode shows the momentum mismatch 

problem that must be overcome in order to couple light and SP modes together, with the 

SP mode always lying beyond the light line [59]. 

 

 

The expression for calculating the SP propagation length given above is for the 

ideal interface between metal and dielectric medium, without considering the effects of 

the excitation medium. In real cases, excitation prism, as well as protective dielectric 

layers on metal layer, has effects on the SP propagation length. In order to calculate the 

SP propagation length precisely, thin film model has to be used to calculate the full-

width-half-maxium (FWHM) width of the dip in the reflectance curve for the geometry. 

Assume the SPR angle is θres and the FWHM width is Δθ, the wavevector is k0, then the 

length is given by [79]: 

1

0 0( )SP resk cos         (2.19) 

In some cases, the propagation length calculated from this equation given here 

might be quite different from the equation given earlier. However, this equation should 

be used because it takes into accounts all the effects, e.g. excitation prism, multiple thin 

films for protecting metal layer from oxidation. 
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2.5 Surface plasmon microscope 

An SP wave has the unique property to propagate along the interface of the metal and 

dielectric medium. Its propagation performance strongly depends on the metal and 

dielectric materials. For example, a small change in the refractive index in the dielectric 

material will shift the dip in the reflectance curve for the Kretschmann configuration to 

generate the SPR, which has been widely used to characterize the thickness and the 

refractive index of ultrathin organic and biopolymer films at noble metal (Au, Ag) 

surfaces [71]. Another common application for SPR is the surface plasmon microscope 

(SPM), which has the capability to image low-contrast samples (e.g., ultrathin organic 

and biopolymer films).  

The first SPM was introduced by Rothenhausler et al.  in 1988, and the schematic 

setup is shown in Figure 2.36 [71]. A laser beam is coupled to the SP modes at the silver-

coating-air interface via a prism in the usual Kretschmann configuration. Resonant 

excitation of the SP wave in the laterally heterogeneous interface occurs wherever the 

momentum matching condition between the parallel component of the photon wavevector 

and SP wavevector is fulfilled. In their experiment, a 50nm silver film was evaporated at 

the base of a glass prism. A multilayer assembly of biopolymer was then coated by the 

Langmuir-Blodgett (LB) dipping technique [80]. Next, part of the multilayer assemblies 

was removed by photo desorption with ultraviolet light through the regularly spaced 

holes of an electron microscope grid used as a mask. The laser beam incident angle was 

tuned for the bare silver film. Thus, for areas with bare silver, SP fields were generated 
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that resulted in dark area in the image. While for other areas with the assembly, light was 

reflected and resulted in bright area in the image. An image of a test structure by the SPM 

is given in Figure 2.37.  

 

Figure 2.36. Schematic of the optical setup of SPM. Not to scale [71]. 

 

Figure 2.37. Image of a test structure illuminated on the SPM [71]. 
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The lateral resolution of SPM is limited by both the propagation length and 

diffraction. Normally, the propagation length δSP of the SPs dominates the lateral 

resolution of SPR imaging. In order to be resolved, two neighboring areas on a sample 

surface must each be approximately δSP in size [72]. This propagation length varies 

greatly for different metals and for different wavelengths used in the imaging experiment. 

For example, at  =676.4nm, the SP propagation length for a 44nm thick gold film is SP

=14μm, whereas SP =0.5μm is calculated for  =530.9nm. Figure 2.38 shows a SiO2 test 

pattern on gold that was imaged with five different wavelengths, ranging from 676.4nm 

to 530.9nm [72].    

 

Figure 2.38. A SiO2 test pattern on gold film, imaged with five different wavelengths: 

676.4, 647.1, 632.8, 568.2 and 530.9nm, respectively on a SPM. Correction using p- and 

s-polarized light was applied. The plasmon vector is pointing to the right, and the dark 

area is the bare gold at resonance [72].   
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Thus, in order to have a better lateral resolution for the SPM, shorter wavelength 

incident light should be used, in order to produce a smaller propagation length. However, 

there is a tradeoff between the lateral resolution and the sensitivity of the samples. A 

smaller propagation length means a larger width of the resonance dip for the reflectance 

curve, which reduces the minimum index change that can be detected by SPM. The 

reflectance curves for a bare gold layer are given in Figure 2.39 with different 

wavelengths.  

 

Figure 2.39. Reflectance curves for a bare gold layer, measured with different 

wavelengths: (a) 676.4nm; (b) 647.1nm; (c) 632.8nm; (d) 568.2nm; (e) 514.5nm; (f) 

488.0nm. The resonance width for shorter wavelength is larger, and thus the sensitivity is 

worse. But the propagation length is smaller, which gives a better lateral resolution for 

the SPM [72].   

 

In order to further improve the contrast and resolution of the SPM, several 

methods have been used. Firstly, in order to reduce the effect of lateral inhomogeneities 
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in the light beam, images were acquired with both p- and s-polarization [72]. Then the p-

polarization image was divided by the s-polarization image to generate a better contrast 

image, as shown in Figure 2.40.  

 

Figure 2.40. Example of the suppression of the effect of lateral inhomogeneities in the 

light beam by the division of images acquired with p- and s-polarization. From left to 

right we see the p-polarized image, the s-polarized image, and the ratio of the two [72].  

 

Most of the SPMs are used in reflection mode, which is more efficient than the 

transmission mode that is shown in Figure 2.36. In these reflective setups, the sample 

plane is not perpendicular to the optical axis, which results in image deformation by a 

factor cosθ in the direction parallel to the plasmon wave vector. For the sample edges that 

are parallel to the plasmon wave vector, the resolution is determined by diffraction 

instead of propagation length. Thus, it is advantageous to rotate the object relative to the 

plasmon wave vector [73]. The prism has been replaced by a high refractive index 

hemisphere in Figure 2.41, so that only incident light and imaging optics need to rotate. 

The hemisphere and the object slides are made of SF10 glass, which has a relatively high 

refractive index (n=1.72).  
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Figure 2.41. SPM with incoupling optics and imaging optics on two arms that can rotate 

over 90°. L1 is a plano-concave lens with f=25mm; L2 and L2 are microscope objectives. 

The hemisphere can rotate around its symmetry axis, A-A‘ [73]. 

  

A test object with squares of 50-3μm of photoresist (n=1.63) on top of silver layer 

was used to test the lateral resolution of the SPM in Figure 2.39. The 120nm thickness of 

the photoresist was so large that, for the silver layer that was covered with photoresist, no 

plasmon could be excited. Figure 2.42 shows the effect of rotating the hemisphere with 

an object slide to change the edges of the image that are seen clearly, since plasmon 

fading occurs only in the direction that is parallel to the plasmon wave vector. Thus, the 

resolution with which the edge of the dielectric layer is imaged depends on the 

orientation of the edge compared to the plasmon wave vector [73].  

1) If the plasmon wave vector points from non-resonance area to resonance area, it is 

found that the length along the surface that is necessary to build the plasmon is 

determined by the propagation length [81]. Thus, the lateral resolution for this edge is 

around the propagation length.  
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2) If the plasmon wave vector points from the resonance area to the non-resonance 

area, the field drops quickly due to the strong damping in the metal layer. Thus, these 

edges can be imaged with optical resolution.  

3) If the edge of the dielectric layer lies parallel with the plasmon wave vector, no 

disturbance of the resolution that is due to the plasmon effect is expected [82].  

 

Figure 2.42. (a) Test pattern with 50, 25, 10, 5, and 3μm squares and lines with thickness 

of 5, 3, and 1μm. Images of a 120nm thick test pattern of photoresist on 53nm silver with 

rotation angles of (b) 0°, (c) 40°, and (d) 90°. It is clearly seen that the fading occurs only 

in the direction parallel to the plasmon vector [73]. 
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Commonly, in an SPR imaging experiment, spatial differences in reflectance (due 

to differences in film thickness or index of refraction across the metal surface) are 

measured at a fixed angle. A collimated, monochromatic beam of light is used to 

illuminate the sample assembly at a single incident angle (near the SPR angle), and the 

light reflected from the surface is detected with a camera to produce the SPR image. 

However, this light source can be replaced with a collimated white light/narrow-band 

interference filter combination [83,84]. The SPR imaging experimental setup for a white 

light source is given in Figure 2.43.  

 

Figure 2.43. SPM with the white light source, narrow-band interference filter can be 

inserted in the optical path to select the wavelength for the incident light [84].  

 

Three distinct advantages result from the white light SPM configuration: (1) The 

sharpness of the SPR resonance in the NIR wavelength leads to larger reflectance 

changes on absorption, (2) the excitation wavelength can be easily varied by changing 

filters and images can be collected at multiple wavelengths, and (3) the incoherence of 
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the white light source eliminates interference fringes that are often problematic when 

using coherent laser excitation [80].  

Prisms are widely used for SPM experimental setups, due to their convenience. 

However, this geometry of the optical arrangement causes aberration and requires a large 

working distance. Thus, the NA of the collection optics is limited. Recently, a solid 

immersion lens (SIL) based SPM was introduced, as shown in Figure 2.44 [85]. An 

aplanatic SIL made of S-LAH79 glass (refractive index of n=1.995 at 632.8nm) was used 

to replace the prism. The SIL was combined with conventional microscopy to form the 

SPM. In order to change the samples easily, a two-piece SIL was used which included a 

truncated ball and a coverslip with the same material. Index matching fluid was used 

between them to reduce aberration, as shown in Figure 2.45 [85]. 

 

Figure 2.44. A solid immersion lens (SIL) based SPM system sketch [85]. 
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Figure 2.45. Diagram of the two-piece aplanatic SIL with the index matching fluid to 

reduce aberration [85].  

 

 

2.6 Oxygen saturation of red blood cells 

A typical human RBC has a disk diameter of 6-8μm and a thickness of 2μm. Oxygen 

saturation (SO2) of hemoglobin in blood, SO2 is a major clinical diagnostic parameter for 

routine and many specialized applications.  The diagnostic instruments used presently 

provide a statistical average of all oxygen bonded states relative to the maximum amount 

of oxygen that can be bonded. Variation in oxygen level throughout the body can 

significantly impact disease and wound healing process. Further, there are many diseases 

that involve structural and biochemical modifications of the hemoglobin in red blood 

cells (RBCs). For instance, there is a change in the function and structure of hemoglobin 

due to mutation that cause disease, such as sickle cell anemia [86]. Low oxygen level also 

leads to vasoocclusion in sickle cell anemia [87]. Cancer cells that exist in hypoxic 

conditions are characterized as more virulent and more resistant to radiotherapy [88] Low 
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oxygen level marks the onset of wound healing process, but prolonged hypoxia 

eventually leads to non-healing of wounds [89]. These are just a few examples that point 

to a critical need to monitor and control oxygen in RBCs.   

Hemoglobin, which is contained in RBCs, can cooperatively bind up to four 

oxygen molecules to form oxygenated hemoglobin that is responsible for transportation 

of oxygen from lungs to the tissues and of carbon dioxide from tissues to lungs. Oxygen 

bonding states that bind one, two or three oxygen molecules are thought to be present in 

concentrations as high as 15% in blood cells. The tense (T) quaternary hemoglobin 

structure has low affinity for oxygen, while the relaxed (R) quaternary hemoglobin 

structure has high affinity for oxygen. Cooperativity in oxygen binding arises from a shift 

in the population from low affinity T quaternary structure to high affinity R quaternary 

structure with increasing oxygen pressure [90]. The shift in population from T to R 

structures due to breaking of salt bridges, and cooperative bonding of oxygen molecules 

with hemoglobin in the R structure, results in conformational and structural changes in 

hemoglobin.  

These conformational and structural changes affect the complex refractive index 

(NHb) of hemoglobin at a macroscopic level and thereby its optical properties. Thus, 

precise measurement of NHb in RBCs, and its relationship to the chemical nature of the 

hemoglobin and to diseases altering hemoglobin are very important. Several optical 

approaches are reported to determine NHb of whole blood samples and RBC sizes.  These 

approaches include conventional techniques, such as measurement of NHb by angle of 

minimum deviation using an equilateral hollow quartz prism filled with blood [91] and 

by measurement of Fresnel‘s reflectance and transmittance coefficients [92]. A more 
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sophisticated technique involves measurement of both real and imaginary parts of whole 

blood NHb using Kramers-Kronig analysis [93] and optical coherence tomography [94]. 

Gosh et al. [95] and Kugeiko et al. [96] used a light scattering method to measure the 

mean diameter and mean NHb of RBCs.  Tomographic phase microscopy and diffraction 

phase microscopy techniques [97,98] have been proposed to construct a 3-D map of 

isolated blood cells, but they are exceedingly complicated in terms of experimental 

implementation and associated numerical modeling to estimate NHb. Further, these 

techniques do not establish any relationship between the four oxygen bonding states of 

individual RBCs, their NHb, and the SO2 level. Furthermore, these methods cannot be 

developed for in vivo measurements of SO2 in RBCs.  

Spectroscopically, SO2 in blood samples is often calculated based on 

deoxyhemoglobin and oxyhemoglobin extinction coefficients.  Oximetry model 

equations, such as those used in co-oximeters or pulse oximetry to calculate SO2, also 

assume that there are only two forms of hemoglobin: deoxyhemoglobin and 

oxyhemoglobin.  Attempts to use these model equations when in vivo have not resulted 

in calibrated measurements. Further, published results on extinction coefficients for 

hemoglobin that are used in oximeters differ from investigator to investigator by as much 

as 20%, leading to calibration error [99]. Pulse oximeters that are used in vivo have a 

number of limitations that lead to inaccurate readings. Some of these limitations are due 

to the sigmoid shape of the hemoglobin dissociation curve [100], presence of an elevated 

carboxyhemoglobin level [101], motion artifacts [102], skin pigmentation [103], 

intravenous dyes [104], and low perfusion states [105,106].     



75 
 

A method for in vitro measurement of SO2 level in hemoglobin has been 

described by Denninghoff et al. that is based on a shift in the transmission minima in the 

range 475nm - 510 nm [107,108]. This method does not rely on hemoglobin extinction 

coefficients, change in path length or hemoglobin concentration. This technique provides 

a more accurate method for the measurement of SO2 in hemoglobin and is self 

calibrating, although it relies on a transmission measurement.  



76 
 

CHAPTER 3 

PRESENT STUDY 

This dissertation investigates hyper-NA optical systems and their applications in sample 

measurement. The ultimate goal is to design and build a SIL-based SPM to measure the 

oxygen saturation (SO2) of RBCs. In order to do so, firstly, the procedures to fabricate 

and test SILs are developed with the demonstration of a two-step SIL. Since multiple 

coatings are used in SPM, subsurface imaging for SIL microscopes is studied next both in 

simulation and experiment. Silicon SIL microscope and BD SIL microscope are 

developed for different applications. Since SP waves are only generated at the resonance 

angle, monopole illumination source is used in SIL microscope. Illumination artifacts due 

to vector effects are observed in hyper-NA optical systems. Last, a preliminary SIL-based 

SPM design is proposed based on the learnt knowledge. 

The theoretical background, simulation techniques and experimental results of 

this research are summarized in this chapter. Each manuscript is placed in the appendix 

of the overarching project. A theoretical model that I derived to calculate the modulation 

transfer function (MTF) for SPM is described first. Then, the simulation techniques used 

in this research for hyper-NA optical systems are discussed. After that discussion, the 

experimental apparatus of SIL microscope is reviewed, followed by the applications of 

hyper-NA optical systems. I demonstrated four applications experimentally: high 

resolution imaging at visible wavelengths with a two-step SIL, high resolution subsurface 

imaging at infrared wavelengths with a silicon SIL, high resolution subsurface imaging at 

visible wavelengths for samples with cover layers, and investigation of illumination 
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artifacts in hyper-NA optical system. At last, a preliminary design of SPM is proposed to 

measure the small refractive index change in RBCs with different oxygen saturations.  

 

3.1 Theory of MTF for SPM 

Surface plasmon microscopy (SPM) has been widely used in the fields of surface science, 

biochemistry and biology since its introduction. Resolution and sensitivity of SPM have 

been well studied. The lateral resolution of SPM is determined by the SP propagation 

length SP , which is on the order of microns. As the sample size is close to the SP 

propagation length, such as red blood cells (RBCs), the image contrasts could be greatly 

reduced due to the SP  resolution effect. Thus, an analytical model of SPM is required in 

order to design the SPM for RBCs with good contrast images.  

 Appendix E contains the manuscript “Measurement of Red Blood Cell Oxygen 

Saturation with Surface Plasmon Imaging”, which is under development and will be 

submitted to Journal of Modern Optics. In this article, an analytical solution of the MTF 

is derived from Yeatman’s diffraction theory on SP imaging [60]. The analytical solution 

of MTF is related to the SP  of SPM, which can be calculated from the resonance dip 

width in the reflectance curve of the thin films structures in SPM. This analytical solution 

can be used to efficiently characterize the performance of the SPM. The theory assumes 

that the samples in SPM exhibit small variations, such as small refractive index change or 

small thickness change. For samples like RBCs with different oxygen saturation, the 

analytical MTF can provide an efficient way to analyze the system performance of the 

designed SPM. The results are briefly summarized here: 
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SP propagation length is   

0

1
P

SPRp

S
n k cos w




 ,     (3.1) 

where, 
pn is the refractive index of the prism,    is the vacuum wave vector for the 

incident light, SPR  is the resonance angle, and w are the width for the resonance dip in 

the reflectance curve.  

In case that imaging optics is not considered in SPM, the MTF of SPM along SP 

propagation direction ( )MTF   and perpendicular to SP propagation direction ( )MTF   

are given by 
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( ) 1MTF   .       (3.3) 

where, t  is the total loss and   is the spatial frequency. 

In case that imaging optics is considered in SPM, the MTF of SPM along SP 

propagation direction 
, ( )SPMMTF   and perpendicular to SP propagation direction 

, ( )SPMMTF 
 are given by 

,SPM oMTF MTF MTF  ,     (3.4) 

,SPM oMTF MTF MTF   ,     (3.5) 

where oMTF  is the modulation transfer function for imaging optics system of the SPM. 
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 MATLAB-programmed code of the thin film model can be found in Appendix F. 

The code is also included in the software OptiScan as the Thin Film Calculator with a 

GUI interface. Thus, a manual is provided to use the program.  

 

3.2 Simulation techniques for hyper-NA optical systems 

Two simulation techniques are developed in this research for simulating hyper-NA 

optical systems. For non-periodic structures, such as BD samples, a simulation technique 

is developed with Babinet’s principle, partial coherence and vector diffraction. This 

model is described in detail in Appendix C entitled “Microscope System for Blu-Ray 

Disc Samples”. For periodic structures, a simulation technique is developed with rigorous 

coupled wave theory (RCWT). A vector version of Abbe’s theory of imaging is used to 

describe partial coherence imaging with Kohler illumination in this model. Details about 

this model are given by Yang et al. [55,56]. However, since illumination sources with 

different polarization states and partial coherence are used in this research, they are 

explained in detail in Appendix D entitled “Illumination Artifacts in Hyper-NA Vector 

Imaging”.  

Simulation techniques are summarized here. For the simulation technique for non-

periodic structures, such as BD samples, the reflected electric field from an illumination 

plane wave with ˆ ˆ ˆ ˆ    k x y z  by using Babinet’s Principle is, 
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where ˆ ˆx y r x y  is evaluated at the object with z = 0, b(r) is a binary function that 

specifies data pit location, and ˆ ˆ ˆ( ) ( ) ( )land pit  R k R k R k . Note that ˆ( )pitR k  and 

ˆ( )landR k  are calculated from different thin-film geometries, depending on the physical 

structure of the pit and land regions. 

The irradiance image for an incoherent system (σc = 1) is 
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where  
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and ( )ˆH k  is the imaging system coherent transfer function (CTF). ˆ( ) 1SRCA k  for all k̂ . 

IC  and IC  are constants. Note that 2 2

illuminationCL cn NA     . 

 For the simulation technique for periodic structures, only illumination sources are 

described here. For a polarized off-axis monopole illumination source, available point 
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sources in the pupil ( , )   are given by 
2 2

illumination( ) ( )SIL c cn NA         , 

where SILn is the refractive index of the SIL, ( , )c c   is the center of the monopole source 

in the pupil, and  is the partial coherence of the source.  

MATLAB-programmed code of the RCWT model can be found in Appendix G. 

The code is included in the software OptiScan as the RCWT Calculator with a GUI 

interface. Thus, a manual is provided to use the program. 

 

3.3 Apparatus of SIL microscope 

For the experimental setup, different types of SILs and samples are tested with a SIL 

microscope based on an Olympus IX-70 inverted microscope at visible wavelength. For 

subsurface imaging at infrared wavelengths, samples are tested on a prototype silicon SIL 

microscope developed in IRLabs, Inc. For the Olympus IX-70 inverted microscope, a 

long working distance 0.8 NA objective lens (Olympus LMPLANFL 100X) is used for 

illumination and imaging. An incoherent tungsten source is used as the source. The color 

filter and linear polarizer are used to select the wavelength and polarization state of the 

illumination. An iris is placed in the aperture stop to set the partial coherence and location 

of the monopole, as shown in Figure 3.1. The illumination light focuses through the 

objective lens and SIL on the sample surface. Light is reflected back to the microscope to 

form an image on the CCD camera. A second linear polarizer is used to choose the native 

(uncrossed polarization) or induced (crossed polarization) image. 
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Figure 3.1 Illumination optics for the SIL microscope.  

 

 In the SIL microscope, illumination and imaging paths share the same objective 

lens. The tilt between the sample and the SIL is very critical for the measurements. In the 

experiment, a Mirau interferometer is used to remove the tilt. The 100X objective lens 

and the Mirau interferometer objective are shown in Figure 3.2. The procedures to reduce 

tilt on the object are shown in Figure 3.3. One fringe covers the sample surface when the 

sample surface is perpendicular to the optical axis. The sample is fixed on a high 

resolution 2 dimension stage. The SIL is either fixed on a bimorph (swing arm) or located 

on top of the sample, depending on the application.  
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Figure 3.2 Objective lens and Mirau interferometer objective in the SIL microscope.  

 

 

 

Figure 3.3 Procedure to reduce tilt on the object.  
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3.4 Applications 

3.4.1 Two-step SIL microscope 

Appendix A contains the manuscript “Fabrication and Testing of a GaP SIL with 

NA=2.64”, published in Proceeding of SPIE in July 2007. In this work, a two-step SIL 

with NA=2.64 at 520nm  is fabricated and tested. The two-step SIL is composed of a 

large BK7 glass SIL and a small gallium phosphide (GaP) hemisphere. The GaP 

hemisphere has a radius 114μm, and is cemented in the center of BK7 SIL with index-

matching epoxy. The BK7 SIL thickness is accommodated to have both BK7 SIL and 

GaP SIL in an image centric configuration. The two-step SIL can be used to increase the 

lateral resolution of optical microscope at visible wavelength, and also increase the 

capacity of next generation ODS systems.  

 

Figure 3.4 A two-step SIL on top of a chrome grating (40lines/mm) under microscope.  

 

3.4.2 Si SIL microscope 
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Appendix B contains the manuscript “High Resolution Semiconductor Inspection by 

Using Solid Immersion Lens”, published in Japanese Journal of Applied Physics in 

March 2009. This work was in cooperation with IRLabs, Inc. In this work, a near-field 

subsurface (100μm) microscope with NA=2.45 is developed for integrated circuit (IC) 

inspection by using silicon SIL. It is optimized for imaging patterns underneath the 

surface (around 100μm deep). With the illumination light at 1.2μm, a lateral resolution of 

better than 300nm is experimentally demonstrated. Gap control and tilt servos are 

suggested for the possibility of dynamic imaging. The system sketch of the near-field 

subsurface microscope is shown in Figure 3.5. A prototype silicon SIL microscope was 

built in IRLabs, Inc. The system is currently on the market.  

 

Figure 3.5 System sketch of the near-field subsurface microscope by using silicon SIL. 
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3.4.3 SIL microscope for BD samples 

Appendix C contains the manuscript “Microscope System for Blu-Ray Disc Samples”, 

which will be submitted to Applied Optics. In this work, a SIL microscope is introduced 

to image BD samples without removing the cover layer. A BK7 SIL is used in the 

experiment, due to its availability and small refractive index difference from BD cover 

layer. Aberration caused by the cover layer is minimized by a truncated SIL. By 

optimizing SIL thickness and illumination source vergence, NA=1.21 is achieved at 

400nm wavelength with 0.05 waves rms of measured aberration. Third order aberrations 

are calculated by tracing marginal and chief rays to define a starting point in the design. 

Ray-trace software (Code V) is then used to fine tune the design and optimize vergence. 

The imaging system is rigorously simulated by using RCWT. Images are not well 

resolved for small partial coherence ( c ) due to MTF filtering effects on the high spatial 

frequency content of the object. Thus, 1c  is the optimal illumination for BD samples. 

Images with and without aberration are simulated by Babinet’s approach, which show 

qualitatively agreement with the RCWT results and experimental measurements. RCWT 

results match better with the measurements, because the exact geometry of BD samples is 

used in the RCWT simulation instead of the binary object used in Babinet’s approach. 

The BK7 SIL is in contact with BD samples, as shown in Figure 3.6. The best contrast 

image for a BD-ROM sample is given in Figure 3.7.  
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Figure 3.6 Truncated BK7 SIL on top of BD-ROM sample. The radius is 1.5mm, and the 

thickness of BK7 is 1.371mm.  

 

 

Figure 3.7 The best contrast image for BD-ROM sample with the BK7 SIL microscope in 

experiment. 

 

3.4.4 Illumination artifacts 

Appendix D contains the manuscript “Illumination Artifacts in Hyper-NA Vector 

Imaging”, which will be submitted to Journal of the Optical Society of America A. In this 
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work, off-axis polarized monopole illumination is applied to a hyper-NA (NA>1) 

microscopic system, as shown in Figure 3.8. Illumination artifacts due to vector effects 

are observed, which are asymmetric and depend on illumination conditions, as shown in 

Figure 3.9. A model based on RCWT is used to simulate image profiles for dielectric, 

semiconductor and metal gratings with different monopole locations and polarization 

states. A SIL microscope is used to image different types of samples including: MoSi 

photomask, patterned silicon wafer and chrome photomask. The experimental images are 

in good agreement with the simulation results.  

 

Figure 3.8 An example of off-axis monopole illumination in the pupil plane. 
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Figure 3.9 Experimental native polarization image for a patterned silicon wafer with 

source center at ( , ) (0,0.67)c c   , 0.167  and p- polarizations. 

 

3.5 SPM design for RBC’s SO2 

Appendix E contains the manuscript “Measurement of Red Blood Cell Oxygen 

Saturation with Surface Plasmon Imaging”, which is under development and will be 

submitted to Journal of Modern Optics. In this work, a SPM is designed to measure the 

oxygen saturation (SO2) of red blood cells (RBCs) by measuring the refractive indices of 

RBCs at three wavelengths, as shown in Figure 3.10. A two-piece solid immersion lens 

(SIL) is used in the SPM with removable cover slips. SP images with different angles are 

measured, and threshold irradiance and calibration curves are used to measure the 

refractive index of RBCs. SP imaging theory, a thin film model and a rigorous coupled 

wave theory (RCWT) model are used to analyze SPM’s performance. The refractive 

index measurement error on the SPM is dominated by the roughness of thin films on top 

of cover slips and the sampling angle of incident light. SPM’s Modulation transfer 
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functions (MTFs) are generated by analytical theory and an RCWT model, which show 

good agreement.  

 

Figure 3.10 SPM design with Kretschmann configuration illumination for measuring 

RBC’s SO2. An Ar+ source is coupled into an optical fiber. The fiber is located in the 

illumination plane such that a collimated beam illuminates the SIL bottom. Immersion oil 

is filled between the truncated SIL and cover slip. A high NA (0.8) imaging lens is used 

to image the RBCs on the coupled-charge-detector (CCD). 
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CHAPTER 4 

CONCLUSIONS 

This dissertation is focused on the study of hyper-NA optical systems and their applications in 

sample measurements. This chapter summarizes the conclusions from this research, as well as 

suggested future work.  

 

4.1 Summary of dissertation 

The primary accomplishment of this research is to illustrate vector effects in hyper-NA optical 

systems and demonstrate the applications of hyper-NA optical systems in sample measurements. 

These works have important contributions to several different fields, such as optical data storage, 

high resolution imaging, high resolution subsurface imaging and surface plasmon imaging. To 

achieve these goals, theories, simulation techniques and prototype microscopes are developed for 

hyper-NA optical systems.  

A theory is derived to calculate the modulation transfer function (MTF) of the surface 

plasmon microscope (SPM). This model provides an approximate MTF for a SPM for samples 

exhibiting small variations. The analytical MTF is related the SP propagation length. A thin film 

model is built to calculate the SP propagation length from the reflectance curve of SPM in order 

to achieve an optimal design. These tools are used for a preliminary design of SPM to measure 

the oxygen saturation (SO2) of RBCs.  

Two simulation techniques are developed to simulate the hyper-NA optical systems for 

different sample structures. For a non-periodic structure, the simulation technique for hyper-NA 



92 
 

imaging is developed with Babinet’s principle, partial coherence and vector diffraction. This 

simulation technique is used in simulating the BD samples in this research. This simulation 

technique can only approximately predict images of BD samples in a hyper-NA microscope, 

because a strictly binary object must be used. For a periodic structure, a model based on RCWT 

is built to simulate the hyper-NA imaging. The RCWT model is used to illustrate vector effects 

in hyper-NA optical systems. The image contrasts of BD samples with different illumination 

conditions can be predicted accurately with RCWT, assuming the periodic structures of BD 

samples. The RCWT model is also used to predict the best illumination condition for BD 

samples with the SIL microscope.  

Four prototypes of SIL microscopes are built in this research to illustrate vector effects of 

hyper-NA optical systems and demonstrate applications of the hyper-NA optical systems in 

sample measurement. Firstly, a SIL is described with NA=2.64 that is fabricated from a two-step 

process using a relatively large BK7 glass hemisphere and a small gallium phosphide (GaP) 

hemisphere. It is proven that a GaP SIL can be used to further increase NA of a SIL microscope 

at visible wavelength in a small size in order to reduce the crystal birefringence associated with 

semiconductor materials. With this two-step SIL, the capacity of a 12cm optical disc in the next 

generation ODS system can be increased to 150GB/layer.  

Secondly, a near-field subsurface (100μm) microscope with NA=2.45 is developed for 

integrated circuit (IC) inspection by using a silicon SIL. The system is optimized for imaging 

patterns underneath the surface (around 100μm deep). With the illumination at 1.2μm, a lateral 

resolution of better than 300nm is experimentally demonstrated.  
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Thirdly, a hyper-NA microscopic system is built for imaging BD samples without 

removing the cover layer by using a truncated BK7 SIL. By optimizing SIL thickness and 

illumination source vergence, NA 1.21 is achieved at 400nm wavelength with 0.05rms waves of 

measured aberration. Third order aberrations are calculated by tracing marginal and chief rays to 

define a starting point in the design. Code V is then used to fine tune the design and optimize 

vergence. The imaging system is rigorously simulated with the RCWT model. Although small 

partial coherence ( c ) illumination predicts a larger contrast, images of BD samples are not well 

resolved due to MTF filtering effects on the high spatial frequency content of the object. Thus, 

c =1 is the optimal illumination for BD samples.  

A LaSFN9 SIL microscope is used to illustrate the illumination artifacts in hyper-NA 

vector imaging. Artifacts occur when using off-axis illumination, like that associated with a 

coherence factor 1c . The RCWT model is used to simulate the native and induced image 

profiles for dielectric, semiconductor and metallic gratings. For illumination conditions in which 

the grating vector is parallel to the plane of incidence, asymmetric artifacts, like spikes and 

fringes, are observed in native and induced image profiles. For illumination conditions in which 

the grating vector is perpendicular to the plane of incidence, no asymmetric artifacts are 

observed. Experimental results for MoSi isolated lines, patterned Si wafers, and chrome 

photomasks match well with the simulation results. The amplitudes of artifacts increase as the 

refractive index of the sample increases.  

 An SPM is designed to measure the refractive indices of RBCs at three different 

wavelengths that can be used to measure the oxygen saturation (SO2) of RBCs. A two-piece SIL 

is used in the SPM with removable cover slips. SP imaging theory, thin film model and RCWT 
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model are used to analyze the performance of SPM. The simulation results show that this 

technique has adequate accuracy to measure the refractive index change of RBCs with different 

SO2 at the designed wavelengths. Refractive index measurement error is dominated by the 

roughness of thin films on top of cover slips and the angle error of the incident light. The error 

can be reduced with smaller film roughness, more measurements in the incident angle range and 

an experimental calibration. 

 

4.2 Future work 

Addition work is required to improve the performance of the developed hyper-NA optical 

systems as well as to extend the applications in different fields. Future work is suggested here 

based on the results of this dissertation.  

1) In order to use the two-step SIL in the ODS industry, a compact design of the optical 

system and a gap servo are necessary. Aberration and tolerance analysis is suggested in 

order to apply the two-step SIL in near-field imaging.    

2) NA of the BD microscope can be improved by using the ideal SIL, which has the same 

refractive index as the cover layer of BD samples. A compact design of the optical 

system and a gap servo system are suggested in order to drive this technique into the 

market. Application of the BD microscope could be extended for data recovery on broken 

samples.  

3) More functions could be incorporated in the silicon SIL microscope, such as 

hyperspectral imaging which can be used to analyze the p-type and n-type emission 

spectrum.    
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4) The structure of metallic grating used in the SPM could be optimized with the RCWT 

model. The effects of water gap between RBCs and the metal grating need to be studied. 

An experimental setup of the designed SPM should be built to measure the refractive 

indices of RBCs with different SO2.  
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APPENDIX A 

 

REPRINT: FABRICATION AND TESTING OF A GAP SIL 

WITH NA=2.64  

 

The following manuscript was published in Proceeding of SPIE, July, 2007, and is 

reprinted with permission from the Society of Photo-Optical Instrumentation Engineers 

(SPIE). 

 



 

 

Fabrication and Testing of a GaP SIL with NA = 2.64 
 

Jun Zhang1, Matt Lang1, Tom D. Milster1, Tao Chen1, Eric Aspnes1, Bernard Bell2 
College of Optical Science, University of Arizona, Tucson, AZ, 85721, USA 

InPhase Technologies, Longmont, CO, 80501, USA 
jzhang@optics.arizona.edu 

 
Abstract: A solid immersion lens (SIL) is described with NA = 2.64 that is fabricated 
from a two-step process using a large BK7 glass hemisphere and a small GaP hemisphere. 
The Gallium Phosphide (GaP) hemisphere has a radius 114µm, and is cemented in the 
center of BK7 SIL with index-matching epoxy. The BK7 SIL thickness is accommodated 
to have both BK7 SIL and GaP SIL in an image centric configuration. The two-step GaP 
SIL is tested on an induced polarization imaging system. Induced polarization pupil 
images, the native polarization image and induced polarization image of a DVD RW 
sample are given in this paper.  

 
1. Introduction 
 

    In order to further increase the capacity of optical discs, many different technologies have been proposed.  
One strong candidate is near field optics.[1]  By using a solid immersion lens (SIL) with a high refractive 
index material, the spot size can be reduced by a factor n, the SIL’s refractive index, and thus increase 
the data density on the disc. Fabrication of very high index GaP micro-SILs has been proposed using a 
two-step process.[2][3]  In this paper, a gallium phosphide (GaP) SIL with NA=2.64 is fabricated using a 
variation of the two-step process, and preliminary testing is reported. 

  
2. NA=2.64 lens design and fabrication 
The two-step process for fabricating high-index SILs proposed by Lang et al. is illustrated in Fig. 1.[3]  
The two-step process is better than fabricating a large singlet GaP lens, because ion-etching techniques 
can reliably etch arrays of micro-surfaces in the GaP wafer.  By combining the GaP micro-SIL with a 
larger, easy-to-fabricate refractive SIL, handling is simplified and NA is large. 

The process described in this report is similar, except that the refractive lens is not fabricated with 
a resist-melting step.  Instead, individual GaP lenses are cut from the GaP substrate, as shown in Fig. 2(a), 
and they are mounted directly on the flat side of a 3mm diameter BK7 SIL.  The GaP wafers are etched 
by MEMS Optical, Inc., to form microlenses with a 0.114±0.002mm radius on its surface.  The pitch of 
the lenses is 1mm. The thickness if the BK7 SIL is reduced to accommodate the GaP SIL, such that both 
SIL surfaces are image centric.  The combination is then mounted in a custom holder that is used for 
chamfering, lapping and polishing.  Careful control in these steps is necessary in order to provide a high 
quality lens.   

A BK7 glass hemisphere with 3mm diameter is first mounted on a holder and then lapped and 
polished to a thickness of 1.476mm, which allows for the GaP lens thickness and an epoxy layer. The 
GaP microlens is cemented in the center of the glass hemisphere with an index-matching epoxy, as 
shown in Fig. 2(b).  Then, the GaP microlens is lapped and polished to the correct total thickness.  
Surface root-mean-square roughness (RMS) is such that RMS ~ 2nm, as measured by a VEECO NT9800 
optical profiler in PSI mode that gives a vertical resolution of 0.3 nm. Two photos are shown in Fig. 3, 
where 3(a) is a photo of surface of the GaP SIL (RMS=8.69nm, area=130µm*100µm) and 3(b) is a photo 
of the subregion of the central part of the GaP SIL (RMS=0.86nm, area=35µm*30µm). These photos 
show that a small amount of residual curvature remains on the GaP SIL, but it is negligible in the small 
region in the central part of the GaP SIL where the lens is used for imaging.  Also, the surface quality is 
adequate in this region. 
 
3. Experiment measurements 

After the polishing step, excess GaP material is removed and the assembly is faceted with 15 
degree slope angles. The GaP SIL then is mounted on a flexure, as described by Chen et al. [4], which is 
inserted between the objective lens and sample in the microscope imaging system shown in Fig. 4. A 
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pupil image of the induced polarization reflection captured by the CCD is shown in Fig. 5(a). A 
simulated pupil image is shown in Fig. 5(b), where the model is based on vector plane-wave 
decomposition of light emitted from the exit pupil [5][6][7]. The experiment is performed with the SIL 
mounted on an inverted Olympus IX70 microscope [4], which has a 100X, 0.8NA objective lens in air 
that illuminates the combination SIL. In this case, the GaP (n=3.3) SIL used with a 650nm laser source 
has NA=3.3×0.8≈2.64. The wide induced polarization pupil image for GaP SIL (NA=2.64) compares 
well with the simulation. Then a DVD-RW sample is used in the system, Fig. 6(a) is the image of a 
DVD-RW sample using 100X objective without SIL, Fig. 6(b) is the native polarization image of the 
DVD-RW using 100X objective with the two-step GaP SIL, and Fig. 6(c) is the induced polarization 
image of the DVD-RW using 100X objective with the two-step GaP SIL. Reflective data masks are 
visible for native polarization image, and tracks are visible for the induced polarization image. Lastly, the 
two-step GaP SIL is set on a grating with 40lines/mm under a microscope, image of the grating through 
the two-step GaP SIL and the microscope is taken, given in Fig. 7.  Transverse magnification changes 
can be seen after the two-step GaP SIL.  
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Figure 1.  Process to fabricate two-step SIL proposed by Lang et al..[3] 
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(a) (b) 

Figure 2.  (a) A GaP micro lens cut from the wafer; and (b ) GaP micro lens mounted in the center of the 
glass hemisphere, before chamfering or polishing. 
 
 

  
(a) (b) 

Figure 3.   (a)GaP micro lens surface after polishing, th e area is 130µm×100µm, the RMS is 8.69nm; (b) 
Central part of the GaP micro lens surface after po lishing, the area is 35µm×30µm, the RMS is 0.86nm. 

 

 
Figure 4.  Schematic diagram for the induced polarization imaging system. 
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(a) (b) 

Figure 5.  (a)Pupil image captured by the CCD with GaP SIL in the system; (b) Simulation pupil image 
with GaP SIL for the system at gap distance 500nm (far field). 

 

  
(a) (b) (c) 

Figure 6.  (a) Image for a DVD-RW sample without SIL using 100X objective, (b) Native polarization 
image of the DVD-RW sample with two-step GaP SIL, (c) Induced polarization image of the DVD-RW 
sample with two-step GaP SIL. 

 

 

Figure 7.  Magnification changes after the two-step GaP SIL 
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A near-field subsurface (100mm) microscope with numerical aperture ðNAÞ ¼ 2:45 is developed for integrated circuit (IC) inspection by using

silicon solid immersion lenses (SIL). It is optimized for imaging patterns underneath the surface (around 100 mm deep). With the illumination

light at 1.2 mm, a lateral resolution of better than 300nm is experimentally demonstrated. Gap control and tilt servos are suggested for the

possibility of dynamic imaging. # 2009 The Japan Society of Applied Physics

DOI: 10.1143/JJAP.48.03A043

1. Introduction

Integrated circuit (IC) technology has achieved minimum
pattern size on the chip around 45 nm. There is a need to
image subsurface features with high lateral resolution. The
current flip-chip configuration normally has many opaque
metal layers and structures above the semiconductor pattern,
thereby hindering the topside inspection of the buried
surface. Thus, backside imaging through the IC silicon
substrate is often preferred. However, due to the absorption
of silicon, the wavelength of the illumination light for
backside inspection is larger than 1 mm, which results in
a poor lateral resolution for the conventional subsurface
microscope according to the diffraction limit �=ð2� NAÞ.
State-of-the-art subsurface microscopes have a typical
spatial resolution around 1 mm. In order to further increase
the resolution of the subsurface microscope, a solid
immersion lens (SIL) or numerical aperture increasing
lens (NAIL) is used to increase the NA of the system by a
factor of n or n2.1,2) Unlike data storage applications, this
application requires imaging over an area of the object.

Ippolito et al. have demonstrated a confocal microscope
with lateral spatial resolution of better than 0.23 mm using an
aplanatic NAIL,3) which shows the potential to use near-field
imaging for semiconductor inspection, failure analysis, and
thermal distribution of the IC flip-chips. But the aplanatic
NAIL which they used requires a very tight tolerance for
the sample surface quality and the thickness between the
pattern and the backside of the chips. A hemispherical SIL is
welcome because of its loose tolerance. Chen et al. have
also demonstrated a near-field solid immersion lens micro-
scope at visible light using the induced polarization signal to
control the air gap between the sample and the SIL.4,5)

Ishimoto et al. have demonstrated a gap and tilt servo for the
near-field recording system.6)

In this paper, we present a near-field subsurface micro-
scope by using a modified hemispherical silicon SIL with
NA ¼ 2:45 when illuminated with 1.2 mm wavelength light
source. It has a loose tolerance for the sample surface quality
and a high lateral resolution which is better than 300 nm
from experiments. Gap and tilt servo for the microscope are
also discussed.

2. System Design and Optical Performance

The near-field subsurface microscope uses a specific infrared

objective with NA ¼ 0:7, the latest infrared detector, and is
optimized for the patterns 100 mm underneath the surface
which matches up with the IC industry. A hemispherical
silicon SIL with radius 2mm is truncated 100 mm and then
put on top of the backside surface of the wafer. Thus, the
incident beam focuses underneath the backside surface of
the wafer on the semiconductor pattern. The object is located
at the center of the solid immersion lens. The system sketch
is given in Fig. 1. The silicon SIL is chamfered at 15� to
reduce the tilt tolerance. A small air gap (<20 nm) can be
left between the SIL and the backside surface of the wafer
for evanescent wave coupling, which makes dynamic
imaging fast for this system.

Due to the absorption of silicon, the near-field subsurface
microscope uses illumination light source with wave-
length 1.2 mm. At this wavelength, silicon has refractive
index n ¼ 3:5, which gives the microscope an effective
NA ¼ 2:45. The lateral resolution of the system is approx-
imately 0:5�=NA � 250 nm.

Incident Light
(IR Laser)

Objective Lens

Reflected Light

Silicon SIL

n=3.5 

NA=2.54

CPU Chip (Backside)

Air Gap 0nm to 20nm

Backside of CPU

Si Substrate

Highest Resolution Layers
(Where Heat is Generated)

Lower Resolution Layers and
Metalization

Front Side of CPU
(Connects to Circuit
Board)

Fig. 1. System sketch of the near-field subsurface microscope.

�E-mail address: jzhang@optics.arizona.edu

Japanese Journal of Applied Physics 48 (2009) 03A043 REGULAR PAPER

03A043-1 # 2009 The Japan Society of Applied Physics

             
102

http://dx.doi.org/10.1143/JJAP.48.03A043


In order to characterize the lateral resolution of the
microscope, a resolution target with different periods of
gratings is used to test the system. The resolution target is
covered with a 100 mm thick and double side polished silicon
wafer in order to be used in our near-field subsurface
microscope. Gratings with half pitch 400 nm can be easily
resolved, while 300 nm half pitch gratings can be resolved
with a lower image contrast. Images of the 400 and 300 nm
half pitch gratings are given in Fig. 2. The contrasts of these
two images are calculated to compare to the ideal poly-
chromatic diffraction modulation transfer function (MTF)
which is generated in Zemax,7) as shown in Fig. 3. The
experimental image contrast is very close to the ideal MTF
for 400 nm half pitch grating, while is 0.2 less than the ideal
MTF for 300 nm half pitch grating.

3. Gap and Tilt Servo Simulation

Current subsurface microscopes using SILs have very high
spatial resolution,5) but they normally require the sample and
the SIL to be highly polished and operate in contact (zero
gap) for imaging. Thus, the images must be taken locally and
then stitched together to give the topology of the pattern. In
order to have a dynamic measurement by the microscope,
which is preferred for IC inspection and failure analysis, a
gap and tilt servo is needed. In our experimental setup, we
use the induced polarization signal technique5,6) for gap and
tilt control. A linear polarized light source illuminates the
pattern through the objective and the silicon solid immersion
lens. After reflection, frustrated total internal reflection
(FTIR) occurs, the induced polarization reflection is collect-
ed for the gap and tilt control. The reflected power of the
induced polarization component changes monotonically with
the air gap, as shown in Fig. 4. The native polarization

signal changes with air gap thickness and is also given in
Fig. 4. The simulation model is based on a vector plane-
wave decomposition of light emitted from the exit pupil.8–10)

OptiScan software is used to generate the images.11)

Tilt is a major issue in SIL technology. Normally the SIL
is chamfered at a certain angle to reduce area of the bottom
surface and improve tilt tolerance of the system. In addition,
a small pedestal can be fabricated at the center of the bottom
surface by etching.5) The tilt servo is designed using the
radial tilt error signal (RTES) and tangential tilt error signal
(TTES).6) Simulated radial tilt and tangential tilt induced
polarization pupil images at a tilt angle 20mrad are given in
Fig. 5. The pupil image is divided into four components A,
B, C, D, as shown in Fig. 5. The TTES and RETS are
defined as the display TTES ¼ ðAþ DÞ � ðBþ CÞ and
RETS ¼ ðAþ BÞ � ðCþ DÞ.

The relationships between the normalized RETS, normal-
ized TTES and tilt angle are given in Fig. 6, where the tilt
direction is the same as the radial direction. 1 mradian tilt
angle can be detected by this technique, which corresponds
to 0.06�.

4. Conclusions

We present a near-field solid immersion lens microscope
with lateral resolution around 300 nm at the wavelength
1.2 mm. As the pattern size continues to shrink in the
semiconductor industry, the need for subsurface imaging
with submicron resolution is greatly increased. A SIL system
has unique advantages to satisfy these imaging requirements.
Combined with gap and tilt servo technology to achieve the
dynamic imaging, it has very promising applications for IC
inspection and failure analysis in the semiconductor industry.

(a) (b)

Fig. 2. Images of the 400 and 300nm half pitch gratings.
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Fig. 5. Pupil images at tilt angle 20mrad: (a) radial tilt induced

polarization pupil image; (b) tangential tilt polarization pupil image.
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Fig. 6. (a) Normalized TTES vs tilt angle. (b) Normalized RTES vs tilt angle.
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A microscope system using a solid immersion lens (SIL) is introduced to image Blu-ray 

disc (BD) samples without removing the protective cover layer. Aberration caused by the 

cover layer is minimized with a truncated SIL. Sub-surface imaging simulation is achieved 

by using rigorous coupled wave theory (RCWT), partial coherence, vector diffraction and 

Babinet’s Principle. Simulated results are compared with experimental images and atomic 

force microscopy (AFM) measurement.  
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1. Introduction 

In many microscopes, such as those used for biological samples, a cover plate is used to avoid 

damage to the sample and microscope lens. Numerical aperture (NA) can be high with liquid 

immersion, but NA is limited by refractive indices of the liquid and the cover plate. Also, a 

cleaning process is required after experiments in order to remove the liquid left on the surface of 

the cover plate. Replacing the liquid with a solid immersion lens (SIL) provides higher NA and 

keeps the sample cleaner after measurements. A high-index cover plate can be combined with a 

SIL to produce hyper NA (> 1.5). An interesting application is analysis of Blu-ray disc (BD) 

samples, which are media with very small features covered by a thin, high-index cover plate. 

Microscopic imaging of these features is challenging. In this paper, imaging aspects of a special 

SIL microscope designed for imaging BD samples is discussed. 

The BD read-only (BD-ROM) structure consists of pit and land areas. A pit is a 

depression on the surface and the land is the area between pits. A long track of pits and 

associated land areas contain encoded data. Tracks are arranged along a spiral on a plastic disc. 

Track pitch is 320nm and minimum pit lengths are 160nm, 149nm and 138nm for 23.3, 25.0 and 

27.0 Giga Byte data capacities in single layer, respectively.  For BD-ROM, pit and land areas are 

coated with a Ag-alloy reflective layer (thickness is 20nm to 70nm). Pit depth is about 60nm. 

The reflective layer is covered with a cover layer (nCL = 1.6 at 405nm and thickness is 0.1mm) to 

protect data underneath. Since refractive index of the cover layer is different from that of the SIL, 

the cover layer causes aberrations, which makes the BD samples hard to image with normal 

microscopes. A BD-R (recordable) sample exhibits similar spatial scales, but a different thin-film 

structure produces contrast between pits and lands.  
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A microscope for imaging BD samples is shown in Fig. 1. The source is polarized and 

illuminates the BD sample through a high NA objective lens. The reflected light is imaged onto 

the CCD. Illumination NA is greater than 1.0, so vector calculations are used to simulate the 

optical system. Also, BD sub-wavelength structures require Maxwell equation solvers, such as 

rigorous coupled wave theory (RCWT), to simulate light interacting with the sample. Since the 

cover layer acts as a plane parallel plate, it causes aberrations. Thus, the SIL imaging system is 

optimized to minimize aberrations caused by the cover layer. By adjusting size of the 

illumination source, the relation between image contrast and partial coherence is also 

investigated. 

Section 2 provides background on near-field imaging systems. In Section 3, aberrations 

caused by the cover layer are analyzed and minimized by optimizing SIL thickness. Section 4 

describes a sub-surface imaging simulation program developed using RCWT and a second 

simulation technique using partial coherence and vector diffraction. Experimental results are 

shown in Section 5, along with comparison to simulation. Section 6 lists conclusions from this 

work. 

 

2. Background 

Since the SIL was introduced by Mansfield and Kino in 1990 [1], most of the interest has been in 

advanced data storage systems, where a single laser beam is focused to a spot that reads and 

writes data on a spinning disc. By using a gallium phosphide (GaP) SIL, NA is increased up to 

2.64 [2]. There have also been investigations of SIL systems for microscopy applications. For 

example, Chen et al. show that high resolution topographical information is produced with 
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induced (crossed) polarization using a SIL microscope [3]. Near-field induced polarization 

imaging with a SIL is also used to provide high lateral resolution and topographical imaging for 

investigating lithographic alternating phase shift masks [4, 5].  

Simulation of imaging in the BD microscope involves several special considerations. 

From Lang et al.’s third-order aberration study on a SIL imaging system, conditions on radii and 

thickness for aberration-free use, spot size change, and tolerances on SIL thickness and field of 

view are discussed [6]. However, Lang et al. calculate aberration caused only by a SIL, and they 

do not consider effects of a cover layer. With respect to vector interactions with object structures, 

Totzeck developed numerical simulation of high NA polarization microscopy [7, 8] with RCWT. 

Since RCWT is used for only periodic geometries, his work is limited to only periodic objects. In 

order to simulate the BD structure properly, a non periodic geometry simulation method is 

required. Saito et al. developed a non periodic geometry simulation with high NA for near-field 

optical disc system, but their work is only for coherent readout in a scanning optical microscope 

[9]. Yang et al. developed simulation techniques for high NA polarized microscopy with 

Babinet’s principle, partial coherence and vector diffraction for non-periodic geometries, but 

their work is not applied to a BD structure [10]. 

As shown in Fig. 1, the BD microscope system consists of polarized illumination at 

400±20nm wavelength, 0.8 NA objective lens and the SIL, which is a high refractive index 

hemisphere. A hemispheric SIL can be used to image an object in the absence of a cover layer, as 

shown in Fig. 2a [1]. In this case, NA is equal to sinSIL mn  , where SILn  is the SIL index of 

refraction and m  is the marginal ray angle. Lateral resolution is improved by a factor of SILn in 

the SIL system compared with using the same objective lens in air. If the object surface being 

imaged is underneath a cover layer, as shown in Fig. 2b, SIL thickness should be optimized to 
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reduce aberration, which results in changing the marginal ray angle after refraction at the SIL 

spherical surface. In this case, NA is equal to sinCL CLn  , where CLn  is cover layer refractive 

index and CL is marginal ray angle in the cover layer. 

In this paper, high resolution SIL microscope technology is optimized for BD samples 

without removing the cover layer. Thus, the BD is imaged in high resolution without damage. A 

third-order aberration calculation is applied to the BD imaging system, which takes effects of the 

cover layer into account. Also, simulation techniques are developed for high NA polarized 

microscopy with RCWT, partial coherence and vector diffraction in one dimension. Part of Yang 

et al.’s work is adapted to calculate non-periodic BD structure images.  

 

3. Sub-Surface Imaging System Aberration Analysis 

With equations developed in the appendix, third order aberrations, 040W , 131W , 222W  and 220sW  

are depicted as functions of SIL thickness SILt  normalized by SIL radius R in Figs. 3 and 4. The 

objective-lens-to-SIL distance is chosen to focus the beam on the object plane as SILt / R is varied. 

The refractive index of the SIL and the cover layer are SILn = 1.530 and CLn = 1.600, respectively, 

at 405nm. The ideal SIL should have the same refractive index as the BD cover layer in order to 

minimize aberration. However, in the experiment a BK7 SIL is used due to its availability and 

small refractive index difference from BD cover layer. A relatively low NA (0.3) is used for the 

initial design in order to establish an operating point without significant higher-order aberrations 

and tight tolerances. Other parameters include SIL radius R = 1.5mm and thickness of cover 

layer CLt = 0.1mm. Figure 3 shows third order aberrations when the cover layer is not present. 

The aberrations are minimized for hemispherical ( SILt / R = 1.0) and hyperhemispherical ( SILt / R  
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= 1.65) shapes, where spherical 040W , coma 131W  and Petzval 220sW  are zero at SILt / R  = 1.0 and 

astigmatism 222W  is small. Spherical, coma and astigmatism are zero at SILt / R  = 1.65 with a 

small amount of Petzval. 

Considering manufacturing tolerances of the SIL, the hemispherical shape is widely used 

in practice. However, aberration optimum points are shifted by adding a cover layer, as shown in 

Fig. 4. When a CLt = 0.1mm cover layer is introduced, one minimum aberration point is found 

near SILt / R  = 0.91, where spherical and Petzval are close to zero with a small amount of coma 

and astigmatism. Optimizing SILt / R  reduces aberration, but it also changes NA. By Snell’s law, 

NA in the cover layer is equal to that in the SIL. Therefore, the marginal ray in the SIL defines 

NA in the cover layer. Since the amount of aberration is also dependent on the marginal ray 

angle, a compromise must be found between NA and aberration.  

The low-NA results of Figs. 3 and 4 also are characteristic of high-NA behavior, except 

that actual values for high-NA aberration are more easily calculated with ray-trace software tools 

that include higher-order terms. Figure 5 shows root-mean-square (rms) on-axis source point ray 

trace calculations and NA as a function of SILt / R  when NA of the objective lens is 0.8. Spacing 

between the objective lens and the SIL is optimized to minimize rms spherical aberration for 

each SILt / R . Both infinite-conjugate illumination on the objective and finite-conjugate 

illumination conditions are shown. For the infinite conjugate, minimum rms spherical aberration 

of 040W = 0.33 waves is found at NA=1.22 and SILt / R =0.91, which agrees with the third-order 

design point. In case of finite-conjugate illumination, maximum NA of 1.24 is shown at 0.06 

waves rms and SILt / R =1.1. Although higher NA is achieved with finite-conjugate illumination 

for SILt / R =1.1, the tolerances of image height and SIL decenter are very tight, as shown in Fig. 
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6. For SILt / R =0.91, as shown in Fig. 5, a slight change in the illumination vergence to 

compensate for spherical aberration reduces aberration to 0.05 waves rms, which is acceptable 

for microscopy. In this paper, the lowest aberration condition ( SILt / R =0.91) with finite-

conjugate illumination (NA=1.21) on the objective is chosen due to its best tolerance. Thickness 

of the R = 1.5mm SIL made with BK7 for the experiment is optimized at 405nm wavelength and 

fabricated with SILt = 1.380mm, which is very close to the target of 1.371mm. Imaging results are 

shown in Section 5. 

 

4. Sub-Surface Microscopy Simulation Techniques 

In this section, the BD microscope system is simulated with two approaches. First, RCWT is 

used assuming the BD structure is periodic in one dimension. Second, the two dimensional 

image is estimated with a Babinet decomposition.  

In the first approach, the Abbe theory of imaging is used to describe partial coherence 

imaging with Kohler illumination [7], as shown in Fig. 7. Details about this model are given by 

Yang et al. [11]. Thus, only a brief overview of the model is given here. However, since 

illumination sources with different polarization states and partial coherence are used in this paper, 

they are explained in detail.  

A polarizer sets polarization characteristics of the illumination from an extended 

incoherent quasimonochromatic source. Each point of the source becomes an obliquely incident 

polarized plane wave at the object plane, which is diffracted by the object according to the object 

structure. The diffracted orders are filtered by the stop and form the image by interference in the 

image plane. Since an extended incoherent source is used, images from different source points do 
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not interfere with each other. The total irradiance distribution is calculated by summing 

irradiance images from each source point. Spatial partial coherence is controlled by aperturing 

the source image at the illumination exit pupil.  

Illumination NA is too high to use the Hopkins approximation, which assumes that 

amplitude and phase of the diffraction orders do not change with the angle of incidence [12]. 

Geometry of the structure is so small that diffraction efficiency and phase of diffraction orders 

are not the same with different polarization illuminations. Therefore, diffraction from the object 

is calculated rigorously by solving Maxwell’s equations [13]. Although Fig. 7 displays a 

transmissive unfolded model, the actual microscope is used in reflection. The only significant 

differences are that propagation direction is changed from ẑ  to ˆz  after reflection from the 

object and the objective lens is used as a condenser lens in the illumination path.  

The plane wave exiting the condenser lens illuminates the object with propagation vector 

ˆ ˆ ˆ( ˆ )k k      xk k y z , where 0 2 /CL CLk n k n     and α, β and γ are direction cosines in x, 

y, and z directions, respectively, CLn is refractive index of the incident medium and λ is vacuum 

wavelength. Direction cosines are defined as sin cos   , sin sin    and 

2 2 1/2(1 )      at the object, where θ and  are defined in Fig. 8. 

Mathematically, the incident wave at the object is 

 ˆ( ) ( )exp( ),ill ill i U r A k k r  (1) 

where 
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and ( sA , pA ) are local ŝ  and p̂  complex field amplitudes incident onto the object.  
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where ˆ( )SRCA k  is complex amplitude of the plane wave, which is determined by the radiant 

exitance from each point of the source.  Note that 2 2

illuminationCL cn NA     , where c is the 

partial coherence of the source, which is defined by the ratio of the source image diameter in the 

aperture stop to the stop diameter.  

A flow diagram of the RCWT approach is shown in Fig. 9. This procedure is repeated to 

calculate the electric field from all source points. Irradiance images from all source points are 

summed to calculate the total image irradiance distribution. As shown in Fig. 7, size of the light 

source is controlled by the illumination path aperture stop diameter. When the size of light 

source reduces, the imaging system becomes more coherent. If light source size is equal to or 

bigger than the stop size, the imaging system approaches incoherent illumination. In this Kohler 

illumination system, the source is imaged into the stop of the imaging path. 

Because RCWT supports only periodic geometries, a transfer function technique is used 

with the second simulation approach in order to approximate two-dimensional non-periodic 

images. First, consider an object with uniform, homogeneous layers. If this object is illuminated 

by ( )illU r  of Eq. (1), the reflected field is given by  

  ˆ ˆ( , ) ( ) ,R illU r k R k U r  (4) 
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where ˆ( )R k  is the reflectance described as 
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which describes the angle of incidence and polarization sensitivity of the medium. Values of 

ˆ( )sR k  and ˆ( )pR k  are calculated from thin-film theory [14]. 

By using Babinet’s Principle, the reflected electric field from an illumination plane wave 

with ˆ ˆ ˆ ˆ    k x y z  is 
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where ˆ ˆx y r x y  is evaluated at the object with z = 0, b(r) is a binary function that specifies 

data pit location, and ˆ ˆ ˆ( ) ( ) ( )land pit  R k R k R k . Note that ˆ( )pitR k  and ˆ( )landR k  are calculated 

from different thin-film geometries, depending on the physical structure of the pit and land 

regions. 

Since the transverse magnification mt ≫ 1, vector diffraction effects in image space are 

negligible. Therefore, scalar convolution is used to calculate image space electric field, which is 
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where r is the Cartesian coordinate vector on the image plane, nimage is refractive index of image 

space and ( )h r  is the imaging system point spread function (PSF) from the object to the image 

plane, which is assumed to have no polarization dependence. The leading 22 matrix in Eq. (7) 

converts (s, p) polarization in object space to (x, y) polarization in image space, assuming that f2 

is much larger than the stop diameter.  Thus, the irradiance image for an incoherent system (σc = 

1) is 
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where  
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and ( )ˆH k  is the imaging system coherent transfer function (CTF). ˆ( ) 1SRCA k  for all k̂ . IC  and 

IC  are constants. Note that 2 2

illuminationCL cn NA     . Equation (8) is used to estimate BD-

ROM images in the next section. 
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5. BD-ROM Experiment and Comparison with Simulation 

The RCWT structure used to simulate the BD-ROM structure is shown in Fig. 10 [15]. Pit depth 

is 60nm, and the thickness of the reflective layer is 70nm. Refractive index of the cover layer and 

substrate is 1.600 and that of the Ag-alloy reflective layer is 0.1+2i at 405nm  . The period of 

the structure is 320nm. Figure 11 shows image contrasts for different polarized illuminations as a 

function of partial coherence σc , as calculated from RCWT. At 1c  , SRC  = 0 is expected to 

provide the best contrast, while SRC  = 90 is predicted to provide the worst. The ideal Hopkins-

type modulation transfer function (MTF) is shown in Fig. 12 for different degrees of spatial 

coherence. Since ξλ/NA= 1.04 for the spatial frequency chosen in calculating Fig. 10, image 

contrast is not monotonic as a function of c . Although contrast for this spatial frequency is 

larger at small partial coherence (σc =0.1) compared with large partial coherence (σc =1), the 

image is not well resolved for small partial coherent illumination due to higher spatial frequency 

content in the object. Thus, σc =1 is the optimal illumination for BD samples.  

For the experimental setup, a SIL with thickness of 1.380mm and radius of curvature 

1.5mm is placed on a BD-ROM sample without removing the cover layer. Since the pattern area 

is already protected by the cover layer, no air gap between the BD-ROM and the SIL is required. 

A long working distance 0.8 NA objective lens (Olympus LMPLANFL 100X) is used for 

illumination and imaging. A tungsten illumination source is filtered by a band-pass filter with 

center wavelength 400nm and bandwidth 40nm. Figure 13 shows experimental images for a BD-

ROM sample under different polarized illumination conditions and a BD-R sample for the best 

illumination condition. Contrast for BD-ROM with SRC  = 0 (0.37) is higher than for SRC  = 
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90 (0.10) and SRC  = 45 (0.22), as calculated from line profiles in Fig. 14. These results agree 

qualitatively with expectation from the simulation results shown in Fig. 11. The experimental 

images have slightly different contrast than the simulation values, because of imperfect angle 

settings between BD sample tracks and the illumination polarization direction in the experiment. 

Interestingly, the BD-R sample exhibits highest contrast at SRC =90, which is probably due to a 

different polarization sensitive data structure. Image contrasts from the RCWT simulation and 

experiment are summarized in Table 1 for σc = 1. Since aberration is not considered in RCWT 

simulation results, RCWT simulation indicates higher contrast than experimental result at 

SRC =0.  Figure 15 is the experimental image for BD-ROM sample under SRC  = 90 

illumination with σc = 0.33. The image contrast is 0.52, which is larger than the contrast at σc = 1, 

but the image is not well resolved due to MTF filtering effects on the object’s high spatial 

frequency content.  

The simulation image with aberration is calculated by using the aberration measured with 

a Shack-Hartmann Wavefront Sensor (Thorlab WFS150C), as shown in Fig. 16. The measured 

aberration of 0.05 waves rms is dominated by spherical aberration and agrees well with the ray-

trace calculation that includes illumination vergence. NA for the 0.05 waves rms aberration 

system is slightly less (1.21) compared with the system with an infinity conjugate illuminating 

the objective lens (NA=1.22). However, the aberration is greatly reduced. Thus, illumination 

vergence is used to correct the aberration, without significant loss of NA. In Fig. 17, Babinet 

simulation approach results with different aberrations are compared with an experimental image 

and an AFM image. AFM data are measured after removing the cover layer and used to define 

( )b 'r  in Eq. (8). Contrast of the simulated Babinet image without aberration, as shown in Fig. 

17(c), is 0.60, which is higher than the contrasts calculated by RCWT simulation under all 
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illuminations, as shown in Table 1. This higher contrast observed from the Babinet simulation 

approach could result from two factors. First, a binary object is used, which does not include the 

sidewall geometry of the BD-ROM samples. In addition, the Babinet model tends to 

overestimate image contrast for high spatial frequency objects [10]. In order to see the 

improvement of image contrast with illumination vergence optimization, 0.05 waves rms and 

0.33 waves rms aberrations are also applied in the Babinet simulation approach. For the 

simulated image with 0.33 waves rms aberration, as shown in Fig. 17(d), contrast is 0.08. For the 

simulated image with aberration 0.05 waves rms aberration, as shown in Fig. 16(e), contrast is 

0.53. The experimental image with 0SRC    illumination, as shown in Fig. 16(b), has 0.37 

contrast. Compared with the RCWT simulation result with 0SRC    illumination, experimental 

image contrast is lower, because of the imperfect angle setting in the microscope during the 

measurements. In the Babinet simulation approach, homogeneous layers are used to calculate the 

reflectance for each point on the BD-ROM sample, so there is no contrast difference for different 

SRC . Thus, only contrast results for 0SRC    are shown in Table 1 for Babinet images.  

 

6. Conclusions 

An imaging system for BD samples without removing the cover layer is presented. By 

optimizing SIL thickness and illumination source vergence, NA 1.21 is achieved at 400nm 

wavelength with 0.05 rms waves of measured aberration. Third order aberrations are calculated 

by tracing marginal and chief rays to define a starting point in the design. Ray-trace software 

(Code V) is then used to fine tune the design and optimize vergence. The imaging system is 

rigorously simulated by using RCWT. Images are not well resolved for small partial coherence 
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( c ) due to MTF filtering effects on the high spatial frequency content of the object. Thus, 

1c  is the optimal illumination for BD samples. Images with and without aberration are 

simulated by Babinet’s approach, which show qualitatively agreement with the RCWT results 

and experimental measurements. RCWT results match better with the measurements because the 

exact geometry of BD samples is used in the RCWT simulation instead of the binary object used 

in Babinet’s approach.   
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Appendix 

The third order aberrations at each surface are calculated by the equations shown below. 
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 (A-2) 

u and y are marginal ray angle and marginal ray height, respectively, and u  and y  are 

chief ray angle and marginal ray height, respectively. C is the curvature of the surface. Lang et 

al.’s work is expanded to the sub-surface imaging system, which employs a cover layer. By 

tracing a marginal ray and a chief ray, all paraxial variables are determined. Therefore, all third 

order aberrations are calculated with paraxial variables. Marginal and chief rays propagate from 
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the incident medium, air, to the cover layer through a SIL. Since all refractive indices are known 

and u1, R, t2 and 3y are also given, remaining variables are described as functions of known 

variables.   

From marginal ray tracing, ray heights, y1, y2 and y3 are given by 
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And marginal rays also are expressed similarly, where, 
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and u1 is predetermined by the objective lens. 

However, in order to trace the chief ray, one assumption is made. It is assumed that the 

stop is located at the vertex of the SIL, which makes 1y  zero. Then, the remaining chief ray 

heights are 
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where 3y  is given from the field of view. 
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Figure 1: BD imaging system 
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Figure 2: Types of SIL. (a) Hemispheric SIL (Kino and Mansfield), (b) BD microscope SIL. A 

high-index cover layer is introduced above the object being imaged and SIL thickness is reduced. 
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Figure 3: Third order aberrations of a SIL imaging system without a cover layer. (NAobjective = 

0.3, nCL = 1.600, nSIL = 1.530 at 405nm, SIL radius of curvature = 1.5mm and object field height 

= 25μm) 
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Figure 4: Third order aberrations of the SIL BD microscope imaging system with a cover layer. 

(NAobjective = 0.3, nCL = 1.600, nSIL = 1.530 at 405nm, SIL radius of curvature = 1.5mm, object 

field height = 25μm and cover layer thickness tCL = 0.1mm) 
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Figure 5: Root-mean-square (RMS) aberration and NA in the cover layer versus normalized SIL 

thickness. (NAobjective = 0.8, nCL = 1.6, nSIL = 1.530 at 405nm, SIL radius of curvature= 1.5mm, 

object field height = 25μm, and cover layer thickness tCL = 0.1mm) 
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Figure 6: RMS aberration versus image height and SIL decenter in cases of SILt =1.371mm and 

1.650mm (NAobjective = 0.8, nCL = 1.6, nSIL = 1.530 at 405nm, SIL radius of curvature= 1.5mm, 

object field height = 25μm, finite illumination conjugate on the objective lens and cover layer 

thickness tCL = 0.1mm) 
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Figure 7: Abbe Theory adapted to the BD microscope. An obliquely incident plane wave from a 

point light source is diffracted by the object according to the object structure. The diffracted 

orders are filtered by the stop and form the image by interference in the image plane. 
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Figure 8: Angle definitions for RCWT.  is the angle of incidence with respect to z axis.   is the 

rotational angle about the z axis.  inc is the polarization angle (inc = 90 for s-polarization and 

 inc = 0 for p-polarization). 
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Figure 9: Flow chart of sub surface imaging system simulation. 
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Figure 10: BD-ROM geometry for RCWT [15]. 
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Figure 11: Contrast of images with different partial coherence c. Grating pitch = 320nm and 

structure is shown in Fig. 9. Calculation is performed with RCWT without aberration. 
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Figure 12: Modulation transfer function with respect to partial coherence c. For BD samples, 

the normalized spatial frequency corresponding to a grating pitch of 320nm is ξλ/NA = 1.04.  
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Figure 13: Experimental images of BD-ROM and BD-R samples with different illuminations. 

Images of (a) SRC  = 0; (b) SRC  = 45 ; and (c) SRC  = 90 are taken in the same region of the 

BD-ROM sample. Only the best contrast image for BD-R sample is shown for SRC  = 90. 

1c   for all images.  
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Figure 14: Line profiles for BD-ROM samples from experimental images with different 

illuminations. (a) SRC  = 0 illumination, (b) SRC  = 45 illumination, (c) SRC  = 90 

illumination. 
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Figure 15: Experimental image for BD-ROM sample under SRC  = 90 illumination with σc = 

0.33. 
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Figure 16: Aberration measurement plot. Aberration is measured and shows 0.05 waves rms.  
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(a) AFM (b) Experiment 

 

 

(c) Simulation no aberration (d) Simulation with 0.33 waves rms 

aberration  

          
(e) Simulation with 0.05 waves rms 

aberration 

 

                

 

Figure 17: Experimental BD-ROM image comparison with AFM image and simulation. The 

experimental image is not from the same region of the object as the AFM and simulation images. 

(a) AFM image, (b) Experimental image, (c) Simulation image without aberration, (d) 

Simulation image with aberration for collimated beam illumination (0.33 waves rms), (e) 

Simulation image with measured aberration (0.05 waves rms) in Fig. 16 for convergent beam 

illumination.  
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Table 1: Contrast comparison between RCWT simulation, Babinet simulation (both without 

aberration and with 0.05 waves rms aberration) and experiment for c = 1. 

 

Illumination RCWT Babinet 
Babinet  

(0.05 waves rms) 
Experiment 

 = 0 0.42 0.60 0.53 0.37 

 = 45 0.22   0.22 

 = 90 0.04   0.10 
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APPENDIX D 

 

MANUSCRIPT: ILLUMINATION ARTIFACTS IN HYPER-NA 

VECTOR IMAGING 

 

The following manuscript will be submitted to Journal of the Optical Society of America 

A.  
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patterned silicon wafer and chrome photomask. The experimental images are in good 

agreement with simulation results.  
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1. Introduction 

Lateral resolution of diffraction-limited optical microscopy is often characterized by the 

Rayleigh resolution 0.61λ/NA. In this expression, λ is the wavelength of incident light, and NA 

is the numerical aperture of the microscope. Two methods are commonly used to improve 

resolution, which are to reduce wavelength or increase NA. However, for most samples, 

absorption increases to unacceptable levels as the wavelength reduces into the ultraviolet range. 

Commercially available microscope objective lenses are available at NA=0.95 in air, which 

improves lateral resolution to approximately 0.5μm for visible light illumination. In order to 

further increase NA, water or oil is applied between the objective lens and sample in immersion 

microscopy. NA for immersion systems is commonly 1.3 and can be as high as 1.5. In order to 

further increase NA, a solid immersion lens (SIL) can be applied in the near field of the sample. 

NA=2.64 can be achieved with a SIL in the visible range of wavelengths [1]. In these hyper-NA 

(NA>1) systems, artifacts particular to the vector scattering from an object’s surface are 

observed in the image. These artifacts depend on illumination conditions and thus vary with 

coherence settings. This paper illustrates examples of artifacts and shows simulation results that 

predict them for several types of object materials.    

 In this paper, an iris is located at the entrance pupil of a SIL-based microscope to form an 

off-axis monopole source, and artifacts are found in both native (uncrossed polarization) and 

induced (crossed polarization) images of samples with different materials. The artifacts strongly 

depend on the location of the monopole source and polarization. Common phenomena are found 

for different types of samples that include dielectric, semiconductor and metal materials. 

Artifacts are asymmetric and caused by vector diffraction from the samples under off-axis 

monopole illumination conditions.  
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 Section 2 provides background of SIL microscopy and vector imaging. Section 3 

describes the simulation technique and results for different types of samples using the SIL 

microscope with a monopole illumination source in the entrance pupil. Section 4 shows 

experimental images for a MoSi photomask, a patterned silicon wafer and a chrome photomask. 

Section 5 lists conclusions from this work.   

   

2. Background 

Two types of SILs are commonly used in hyper-NA microscopy with either hemispherical or 

hyperspherical shapes [2, 3]. However, the hemispherical SIL is preferred in experiments due to 

its loose tolerances in fabrication. Aberrations of SIL microscopy have been studied in detail by 

Lang et al. [4]. In order to have NA larger than 2.0, semiconductor materials, like gallium 

phosphide (GaP), have been used as the SIL by Wu et al. [5]. In their experiment, they 

demonstrated NA=2.0. A two-step SIL made of GaP and BK7 glass was later reported by Zhang 

et al., with NA=2.64.  

Chen et al. studied polarization effects in SIL microscopy and showed that high accuracy 

topographical surface information can be obtained by processing the induced image with a 

calibration curve [6]. For samples with the patterns under the surface, such as CPU chips or blu-

ray discs, SIL thickness was modified to minimize the aberration for subsurface imaging [7, 8]. 

Illumination masks in the pupil plane of a SIL microscope were reported by Ippolito et al. in 

order to improve resolution [7]. In their setup, light sources with incident angle less than the total 

internal reflection (TIR) angle were blocked by the mask. Thus, only evanescent field 

illumination was used to form images, which greatly reduced background noise.   
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 Simulation of SIL microscopy requires special considerations, due to polarization and 

vector diffraction. Vector effects in the focus beam formation and high NA imaging have been 

generally discussed by Wolf and others [9, 10]. High NA image formation in thin films has been 

studied by Flagello et al. [11]. Later, Jo et al. applied this theory to a SIL system [12]. Totzeck 

developed numerical simulation for high NA polarization microscopy using rigorous coupled 

wave theory (RCWT) for periodic structures in order to consider vector diffraction from small 

feature samples [13]. Since RCWT is limited to periodic structures, Saito et al. developed a 

simulation model for non-periodic objects in an optical data storage system that used coherent 

illumination [14]. Torok et al. developed a theory to calculate the image of an arbitrary vectorial 

electromagnetic field and applied it to coherent optical microscopes [15, 16]. Yang et al. later 

developed a simulation model for a SIL microscope with Babinet’s principle [17]. In order to 

consider the partial coherence of the SIL microscope, Yang also developed a Hopkins-type 

model for a SIL-based hyper-NA system [18, 19]. In this paper, off-axis partially coherent 

illumination is applied to a SIL microscope to study the vector effects of these illumination 

sources.  

 As shown in Fig. 1, Kohler-like illumination is used in the SIL microscope. The light 

source is conjugate to the aperture stop and the entrance pupil plane of the objective lens. An iris 

is located at the aperture stop to control partial coherence and location of the center of the 

monopole. An example off-axis monopole illumination source is shown in Fig. 2, with partial 

coherence diameter 0.167  and center located close to the edge of the pupil. The white circle 

indicates the illumination pupil edge with diameter 1  . Different monopole source locations 

and polarizations are applied in the simulation model. It is found that asymmetric artifacts occur 

for periodic object structures when the grating vector is parallel to plane of incidence defined by 
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the center of the monopole and the object’s surface normal. No asymmetric artifacts are seen for 

periodic structures when the grating vector is perpendicular to the plane of incidence. Simulation 

results for different material samples are given in the next section.  

 

3. Simulation 

A vector version of Abbe’s theory of imaging is used to consider partial coherence for Kohler 

illumination in the SIL microscope, as shown in Fig 3. Details about this model are given by 

Yang et al. [19]. Thus, only a brief overview of the model is given here. However, since a 

different illumination source is used in this paper, the source is explained in detail.  

 In this SIL microscope, an incoherent quasimonochromatic source is used with Kohler 

illumination. The light source is conjugate to the entrance pupil plane of the microscope. A linear 

polarizer determines the polarization of the light in the pupil. For each point in the pupil plane, 

an oblique collimated beam is generated to illuminate the object structure. In Fig. 3, an unfolded 

optical path of the reflection-type microscope is drawn. RCWT is used to calculate diffracted 

order amplitude and phase of the reflected light. Those diffracted orders propagate back to the 

pupil plane after reflection and are filtered by the stop. The unfiltered orders propagate through 

the imaging lens and form an image on the camera by the principle of interference. Since the 

light source is an extended incoherent source, images formed by different point sources do not 

interfere and are added incoherently. In this paper, an illumination mask is applied in the 

simulation, and only images generated by source points within the off-axis monopole are added 

to form the final images. A polarizer is located in front of the image plane to select native or 

induced polarization images.   
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For each point source in the pupil plane, a plane wave exiting the condenser lens 

illuminates the object with propagation vector ˆ ˆ ˆ ˆ( )k k      k k x y z , where 

0 2 /SIL SILk n k n     and α, β and γ are direction cosines in x, y, and z directions, respectively, 

SILn is the refractive index of the SIL material and  is the vacuum wavelength. Direction cosines 

are defined as the following: sin cos   , sin sin    and 2 2 1/2(1 )     , while   and 

  are defined in Fig. 4.  

Mathematically, the source in the pupil plane has linear polarization 

cos
ˆ ˆ( , ) ( )

sin

SRC

SRC SRC SRC

SRC

A





 
  

 
A k k ,     (1) 

where SRC  determines polarization of the incident light. For each point in the pupil ( , )  , a 

plane wave is generated to illuminate the object. In order to calculate the diffracted orders by 

RCWT, light is transformed into s and p polarized components with the following relationships: 

ˆ( )= ( )exp( )ill ill i U r A k k r ,      (2) 

where,  

2 2

1ˆ ˆ( ) ( , )
s

ill SRC inc

p

A

A

 


  

   
    

   
A k A k ,   (3) 

and ( , )s pA A  are local ŝ  and p̂ complex field amplitudes incident onto the object.  

Since a polarized off-axis monopole illumination source is used in the simulation, 

available point sources in the pupil ( , )   are given by 

2 2

illumination( ) ( )SIL c cn NA         , where SILn is the refractive index of the SIL, ( , )c c   

is the center of the monopole source in the pupil, and  is the partial coherence of the source. 

For example, the off-axis monopole source shown in Fig. 2 has the parameters 
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( , ) (0.67,0)c c    and 0.167  . Details about the RCWT model and image forming 

mechanics for the SIL microscope are given in reference [19].  

Four positions of the monopole in the pupil and polarization states are used, which are 

shown as Cases (1)-(4) in Fig. 5. In the RCWT geometry, the grating vector is always in the x 

direction. In the RCWT geometry, the period is chosen to be large and duty cycle small, so that 

the interaction between adjacent lines is minimized. Thus, the image profile simulated by RCWT 

is close to that expected from an isolated line or isolated groove. 

These four cases are also used in the SIL microscope to image samples made from 

different materials. Results from simulations of native and induced polarization images for these 

samples are given in the following paragraphs. In order to be consistent with the experimental 

setup, the wavelength for the illumination source is λ=550nm. A 100x, 0.8 NA objective lens (in 

air) is used in the simulation. An LaSFN9 SIL is used with the refractive index 1.856SILn  . 

Thus, NA sin 1.856*0.8 1.48SIL mn    . In the experiment, the objective lens (Olympus 

LMPLFL 100X) has stop diameter 3mmEPD  , and an iris with diameter 0.5mmirisD   is used 

to form the monopole. Thus, partial coherence / 0.167iris EPD D   is used in the simulation. 

For all simulation graphs in this paper, spatial coordinates are referenced to the object plane and 

scaled image irradiance is normalized with respect to total illumination irradiance. 

 

3.1 Dielectric grating sample 

For this sample, a MoSi grating on a fused silica substrate is used as the object. The MoSi 

material has refractive index 2.229 0.080MoSiN i   at λ=550nm. The MoSi grating has 10% 

duty cycle, with MoSi line feature width 500nm and period 5μm. The grating height is 68nm. 

Due to the small duty cycle of the grating, it is assumed that the image profile of a period of the 
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MoSi grating is close to an isolated MoSi line. Off-axis monopole illuminations with different 

polarizations and source locations are used in the simulation, and image profile results are shown 

in Figs. 6 and 7. In Fig. 6, the monopole source is located at ( , ) (0.67,0)c c    with s- or p-

polarization (Cases 1 and 2 in Fig. 5), where the grating vector is in the plane of incidence. In 

both native and induced polarization image profiles, asymmetric artifacts are observed. These 

artifacts are due to vector diffraction from the sample, where amplitude and phase of the 

diffracted orders are modified due to vector interaction with the object feature. These artifacts 

are not observed with lower NA or a centered monopole, and they are not due to scalar-like 

spatial frequency filtering. For s-polarized illumination in Case 1 (Fig. 6(a)), a native-image 

spike artifact is observed on the side opposite to the illumination direction. For p-polarized 

illumination in Case 2 (Fig. 6(b)), the artifact appears as a periodic variation. The period is 

234nm, which is approximately the same as the resolution of this system (227nm). A minimal 

spike artifact is observed on the same side of illumination direction in Case 2, which is not 

observed in Case 1. Induced image profiles exhibit the opposite behavior, where the spike is 

dominant in Case 2 with p-polarization.  In Fig. 7, the monopole source is moved to 

( , ) (0,0.67)c c   , with both s- and p-polarization with the grating vector perpendicular to the 

plane of incidence. For Cases 3 and 4 in Fig. 7, image profiles are symmetric. 

 

3.2 Semiconductor grating sample 

A silicon 5μm period grating ( 4.127 0.0137SiN i   at 550nm  ) on a silicon substrate is used 

in this simulation. Width of the silicon line is increased to 1μm in order to match with object 

features used in the experiments. The grating height is 170nm. Similarly, off-axis monopole 

illuminations with different polarizations and positions in the pupil are applied in the simulation. 
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The results are summarized in Figs. 8 and 9. In Fig. 8, the source is located at ( , ) (0.67,0)c c   , 

and the grating vector is in the plane of incidence (Cases 1, 2). For both native and induced 

polarization image profiles, asymmetric artifacts are observed due to the vector diffraction from 

the sample. Similarly to MoSi grating sample, on the side opposite to the illumination direction, 

a spike artifact is dominant for Case 1, while the periodic variation is dominant for Case 2 in 

native polarization images. However, the spike and the periodic variation have a larger contrast 

with the silicon grating sample than for the MoSi grating sample under the same illumination 

conditions. This increased artifact amplitude is associated with silicon’s larger real refractive 

index. The positive and negative spikes on the same side as the illumination direction in the 

native image are more pronounced for the silicon sample. The period of the periodic variation in 

Case 2 is 254nm. In induced image profiles, the periodic variation is dominant for both Case 1 

and 2. The period is 253nm. The contrast of this periodic variation is larger compared to the 

MoSi grating sample. In Fig. 9, the monopole source is moved to ( , ) (0,0.67)c c   , with both 

s- and p-polarization where the grating vector is perpendicular to the plane of incidence. For 

Cases 3 and 4 in Fig. 9, no asymmetric artifacts are observed.  

 

3.3 Metal grating sample 

A chrome ( 2.314 3.136CRN i   at 550nm  ) grating on a fused silica substrate is used in this 

simulation. The grating height is 100nm. Width of the chrome lines is 2μm in order to match 

general features on the sample used in the experiment. In the simulation, differences between 

image profiles for the 2μm chrome lines are minimal when the period is larger than 5μm. Thus, a 

period of 5μm is used in the simulation. Four types of off-axis monopole illumination conditions 

(Case 1-4) are applied in the simulation, and the results are summarized in Figs. 10 and 11. In 
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Fig. 10, the source is located at ( , ) (0.67,0)c c   , and the grating vector is in the plane of 

incidence (Cases 1, 2). For s-polarized illumination (Case 1), a high spike is observed on the side 

opposite to the illumination direction. Different from MoSi and silicon samples, a pronounced 

negative spike is observed on the same side as the illumination direction. This effect could be 

associated with Cr’s large imaginary index. Thus, the reflection is large for the Cr pattern. For p-

polarized illumination in Case 2, the periodic variation on the opposite side of the illumination 

direction is dominant in the native image and exhibits a period of 254nm. In Fig. 11, the 

monopole source is moved to ( , ) (0,0.67)c c   , with both s- and p-polarization, where the 

grating vector is perpendicular to the plane of incidence. For Case 3 and 4 in Fig. 11, all image 

profiles are symmetric. 

 In order to further understand the illumination artifacts observed in the RCWT simulation 

results, a finite-difference-time-domain (FDTD) model is used to calculate the electric field 

irradiance distribution for a rectangular (500nmx900nmx100nm in x-y-z) Cr object in air with 

large-angle illumination. A 1μm cube with Cr object in the center is used as the calculation area 

with 10nm cubic voxels. A plane wave in the x-z plane is used to illuminate the object at an 

incident angle of 42° and s-polarization (y direction). The y-component electric field irradiance 

distribution in an x-y plane 150nm above the Cr object’s top surface is shown in Fig. 12. The y-

component irradiance distribution corresponds to the native images in RCWT simulation results. 

For an x profile, the illumination condition is Case 1, and an asymmetric irradiance distribution 

is observed. Relatively low irradiance is observed on the leading edge of the illumination, and 

relatively high irradiance is observed on the opposite side. These features correspond to the 

negative/positive spikes observed for Cr gratings in the RCWT simulation results of Fig. 10(a). 

For the y profile, the illumination condition is Case 3, and a symmetric irradiance distribution is 
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observed that corresponds to the symmetric line profiles observed in the RCWT simulation 

results of Fig. 11(a). Thus, illumination artifacts due to vector effects are confirmed with the 

results given by the FDTD model.  

 

4. Experimental results 

A MoSi photomask is used for the first sample, where a MoSi isolated line with height 68nm and 

width 500nm on a fused silica substrate is imaged with different off-axis monopole illumination 

conditions. Exposure time for the induced images is normally ten times larger than the native 

images. Thus, background noise is much larger for induced images, and image data are not 

collected for induced polarization. Native images for MoSi isolated lines with Case 1 and Case 2 

illumination conditions (grating vector in the plane of incidence) are shown in Fig. 13. 

Asymmetric artifacts observed in the experimental image profiles are similar to those predicted 

in Fig. 6. However, for the Case 1 illumination condition, the spike artifact in the experimental 

image does not have the same amplitude as predicted from the simulation. This difference might 

be due to roughness (3nm) of the SIL bottom surface and defects in the MoSi isolated line on the 

object sample. For the Case 2 illumination condition, the experimental result is in a good 

agreement with the simulation result. Native image profiles for the MoSi isolated line with Case 

3 and Case 4 illumination conditions (grating vector perpendicular to the plane of incidence) are 

shown in Fig. 14. With Case 3 and Case 4 illuminations, no asymmetric artifacts are predicted by 

the simulation results in Fig. 7(a) and Fig. 7(b). However, the experimental images have slightly 

asymmetric image profiles. This asymmetric irradiance distribution could be due to the fact that 

the SIL bottom surface has small surface roughness.   
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 The second sample used in the experiment is the patterned silicon wafer. Patterns on the 

wafer are complicated, so no line profiles are drawn. However, fringes-shape artifacts are 

observed in the native and induced images for different off-axis monopole illumination sources. 

Orientations of the artifacts depend on location of the monopole source in the pupil and 

polarization. Induced polarization images have degraded image quality due to the long exposure 

time compared to native polarization images. In Fig. 15, native and induced polarization images 

for a patterned silicon wafer are shown for Case 1 and Case 2 illumination conditions. These two 

illumination conditions have the same location for the monopole source in the pupil plane, but 

different polarizations. For the Case 1 illumination condition and native-image observation, a 

spike artifact on the opposite side of the illumination direction is predicted from simulation, 

which is confirmed by the bright right edges of the features in Fig. 15(a). Dark left edges are 

observed for the isolated features on the sample, which also match with the simulation. For the 

Case 2 illumination condition, a native-image spike artifact is predicted on the same side of the 

illumination direction and periodic variations on the other side. These phenomena are observed 

in Fig. 15(c) with the bright left edges and fringe-like right edges. Induced images in Fig. 15(b) 

and 14(d) display fringe-like artifacts in a left-right orientation. “Hot spots” observed in the 

induced images are in the top-bottom direction. In Fig. 16, native and induced polarization 

images for the patterned silicon wafer are shown for Case 3 and Case 4 illumination conditions. 

No asymmetric artifacts are predicted from the simulation. In the experimental images, no spike 

or fringe type artifacts are observed in the left-right orientation in both native and induced 

images. However, in the other direction, spike and fringe type artifacts are observed, because the 

illumination conditions change to Case 1 and 2. The non-uniformity of the experimental images 

is due to residual roughness of the SIL bottom surface.  
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 The third sample used in the experiment is the chrome photomask. The chrome patterns 

have thickness 100nm with a fused silica substrate. Figure 17 shows native and induced images 

for Case 1 and Case 2 illumination conditions. In Fig. 17(a), the left edges of Cr lines are dark 

and the right edges of Cr line are bright, which are predicted from simulation. In Fig. 17(c), a 

lower amplitude spike is observed on left edges of Cr lines, and fringe type artifacts are observed 

on right edges of Cr lines. These phenomena agree well with simulation. No asymmetric artifacts 

are observed in the left-right orientations of the induced images. Figure 18 shows native and 

induced images for Case 3 and Case 4 illumination conditions. No asymmetric artifacts are 

observed in the left-right orientation for both native and induced images. These phenomena agree 

with simulation results.  

 The simulation and experimental results given above are performed with air as the 

medium between SIL and sample. Since the refractive index of air is low compared to SIL 

material, an evanescent wave is generated at the SIL interface that might cause the artifacts. In 

order to eliminate effects of these evanescent waves, the SIL material is applied to fill the region 

between the SIL interface and the sample in the simulation. Similar asymmetric illumination 

artifacts are observed in the simulation results, which confirms that the illumination artifacts 

observed in hyper-NA imaging are due to the vector interaction with the sample and not 

waveguiding effects of the air gap.  

 Last, a modified Wollaston prism is incorporated in the SIL microscope to form a 

differential interference contrast (DIC) SIL imaging system. The MoSi photomask is used as the 

sample. Four types of illuminations (Cases 1-4) are applied in the DIC SIL microscope. Native 

polarization images for the MoSi isolated line under different illumination conditions are shown 

in Fig. 19. Induced polarization images are not collected, due to the long exposure time. In Fig. 
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19, asymmetric fringe-like artifacts are observed on both edges of the MoSi isolated line in Cases 

1 and 2. These phenomena are similar to the results displayed in Figs. 13 and 14. However, 

artifacts in the DIC microscope have different shapes, because the DIC image is due to 

differential optical path lengths reflected from the sample.  

 The simulation and experimental results given above are for linear polarized monopole 

illumination sources. However, the results can be used to predict results for other conditions, 

such as with circularly polarized illumination and unpolarized illumination. For example, for left 

circularly polarized illumination, the source in the pupil plane has polarization

11ˆ( , )
2

SRC SRC
i


 

  
 

A k , which can be decomposed as two linearly polarized sources. If a left 

circularly polarized monopole source at ( , ) (0.67,0)c c    and 0.167  is used such that the 

grating vector is perpendicular to the plane of incidence, a combination of results from Case 1 

and Case 2 for the linear polarized monopole source will result. Since asymmetric artifacts are 

dominant in the images for Case 1 and Case 2 illumination conditions, especially on the side 

opposite to the illumination direction, illumination artifacts are also predicted for circularly 

polarized monopoles. If the circularly polarized monopole source is located such that the grating 

vector is parallel to the plane of incidence, no asymmetric artifacts are expected to occur, since 

no asymmetric artifacts are observed for Case 3 and Case 4 illumination conditions for linear 

polarized monopole sources. For unpolarized monopole sources, which have linear polarized 

light in all directions, the analysis is similar. If the unpolarized monopole source is located such 

that the grating vector is perpendicular to the plane of incidence, asymmetric artifacts can be 

predicted from the summation of Case 1 and Case 2 results. If the unpolarized monopole source 

is located such that the grating vector is parallel to the plane of incidence, no asymmetric 

artifacts are predicted.  
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5. Conclusions 

Illumination artifacts in hyper-NA vector imaging are studied in this paper. A model based on 

RCWT is used to simulate the native and induced image profiles for dielectric, semiconductor 

and metallic gratings. For illumination conditions in which the grating vector is parallel to the 

plane of incidence, asymmetric artifacts, like spikes and fringes, are observed in native and 

induced image profiles. For illumination conditions in which the grating vector is perpendicular 

to the plane of incidence, no asymmetric artifacts are observed. Experimental results for MoSi 

isolated lines, patterned Si wafers, and chrome photomasks are shown for different off-axis 

illumination conditions. The amplitudes of the artifacts increase as the refractive index of the 

sample increases. A positive spike is observed on the side opposite to the illumination direction, 

while a negative spike is observed on the same side to the illumination direction. For all samples, 

the artifacts phenomena are similar. However, amplitudes for artifacts in different samples are 

different.  They are in good agreement with the simulation results. The illumination artifacts are 

also observed in DIC microscope, but with different shapes because of its different imaging 

mechanics. Similar illumination artifacts are predicted for circularly polarized and unpolarized 

monopole illuminations, but with a lower contrast.  
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Figure 1. Sketch of a SIL microscope. An incoherent tungsten source is used as the source. The 

color filter and linear polarizer are used to select the wavelength and polarization state of the 

illumination. An iris is placed in the aperture stop to set the partial coherence and location of the 

monopole. The illumination light focuses through the objective lens and SIL on the sample 

surface. Light is reflected back to the microscope to form an image on the CCD camera. A 

second linear polarizer is used to choose the native (uncrossed polarization) or induced (crossed 

polarization) image.  
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Figure 2. An example of off-axis monopole illumination in the pupil plane. Considering only the 

diameter of the monopole, the partial coherence is 0.167  . The center of the monopole is 

located at: 0.67c  , 0c  . SILn  is the refractive index of the SIL material. The white circle 

shows the illumination boundary in the pupil plane with 1  . 
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Figure 3. Optical path for imaging of the SIL microscope. A vector version of Abbe’s theory of 

imaging is used to consider the partial coherence. For periodic structures, RCWT is used to 

simulate the vector diffraction from the sample. An illumination mask is applied in the stop, so 

that an off-axis polarized monopole illuminates the object.  
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Figure 4. Angle definition in RCWT. Grating vector is in the x direction.   is the angle between 

the incident light and the z axis.   is the rotation angle about the z axis. inc is the polarization 

angle for the incident light. 0inc    for p-polarized light and 90inc    for s-polarized light.  
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Figure 5. Four types of polarized off-axis monopole illumination sources are used in the 

simulation with different center location and polarization. (a) Case 1: center ( , ) (0.67,0)c c    

with s-polarization, (b) Case 2: center ( , ) (0.67,0)c c    with p-polarization, (c) Case 3: center 

( , ) (0,0.67)c c    with s-polarization, (d) Case 4: center ( , ) (0,0.67)c c    with p-polarization. 
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(a) MoSi on FS, CASE 1 

 
 

(b) MoSi on FS, CASE 2 

 
Figure 6. RCWT simulation of native and induced image profiles of MoSi gratings on a fused 

silica (FS) substrate with monopole center at ( , ) (0.67,0)c c    and different polarizations. 

(Cases 1,2) (a) ( , ) (0.67,0)c c   with s-polarization, (b) ( , ) (0.67,0)c c    with p-polarization. 

( 1.546FSn  , 2.229 0.080MoSiN i  , grating period = 5μm, duty cycle = 10%, MoSi width = 

500nm, grating height = 68nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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(a) MoSi on FS, CASE 3 

 
 

(b) MoSi on FS, CASE 4 

 
Figure 7. RCWT simulation of native and induced image profiles of MoSi gratings on a fused 

silica (FS) substrate with monopole center at ( , ) (0,0.67)c c    and different polarizations. 

(Cases 3,4) (a) ( , ) (0,0.67)c c   with s-polarization, (b) ( , ) (0,0.67)c c    with p-polarization.  

( 1.546FSn  , 2.229 0.080MoSiN i  , grating period = 5μm, duty cycle = 10%, MoSi width = 

500nm, grating height = 68nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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(a) Patterned Si wafer, CASE 1 

 
 

(b) Patterned Si wafer, CASE 2 

 
Figure 8. RCWT simulation of native and induced image profiles of Si gratings on a Si substrate 

with monopole center at ( , ) (0.67,0)c c    and different polarizations. (Cases 1,2) (a) 

( , ) (0.67,0)c c   with s-polarization, (b) ( , ) (0.67,0)c c    with p-polarization.  

( 4.127 0.0137SiN i  , grating period = 5μm, duty cycle = 20%, Si width = 1μm, grating height 

= 170nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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(a) Patterned Si wafer, CASE 3 

 
 

(b) Patterned Si wafer, CASE 4 

 
Figure 9. RCWT simulation of native and induced image profiles of Si gratings on a Si substrate 

with monopole center at ( , ) (0,0.67)c c    and different polarizations. (Cases 3,4) (a) 

( , ) (0,0.67)c c   with s-polarization, (b) ( , ) (0,0.67)c c    with p-polarization. 

( 4.127 0.0137SiN i  , grating period = 5μm, duty cycle = 20%, Si width = 1μm, grating height 

= 170nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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(a) Cr on FS, CASE 1 

 
 

(b) Cr on FS, CASE 2 

 
Figure 10. RCWT simulation of native and induced image profiles of chrome gratings on a fused 

silica substrate with monopole center at ( , ) (0.67,0)c c    and different polarizations. (Cases 

1,2) (a) ( , ) (0.67,0)c c    with s-polarization, (b) ( , ) (0.67,0)c c    with p-polarization.   

( 1.546FSn  , 2.314 3.136CRN i  , grating period = 5μm, duty cycle = 40%, Cr width = 2μm, 

grating height = 100nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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(a) Cr on FS, CASE 3 

 
 

(b) Cr on FS, CASE 4 

 
Figure 11. RCWT simulation of native and induced image profiles of chrome gratings on a fused 

silica substrate with monopole center at ( , ) (0,0.67)c c    and different polarizations. (Cases 

3,4) (a) ( , ) (0,0.67)c c   with s-polarization, (b) ( , ) (0,0.67)c c    with p-polarization.  

( 1.546FSn  , 2.314 3.136CRN i  , grating period = 5μm, duty cycle = 40%, Cr width = 2μm, 

grating height = 100nm, 0.167   and NA=1.48 at λ=550nm. For all k̂ , ˆ( ) 1ill A k .) 
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Figure 12. Electric field irradiance distribution from an FDTD model of a rectangular 

(500nmx900nmx100nm) Cr object in air illuminated with a plane wave at 42° in x-z plane with 

s-polarization (y direction). The irradiance distribution shown here is for the y field component, 

which corresponds to native images in RCWT simulation results. An asymmetric intensity 

distribution is observed for the x profile under Case 1 illumination. A symmetric intensity 

distribution is observed for the y profile under Case 3 illumination. The phenomena observed in 

FDTD results match well with RCWT simulation results. White color indicates higher irradiance. 

The dashed box is the boundary of the Cr object.  
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(a) MoSi on FS, CASE1 

 

(b) Line profile of MoSi on FS, CASE 1 

 
(c) MoSi on FS, CASE 2 

 

(d) Line profile of MoSi on FS, CASE 2 

 
Figure 13. Experimental native images and line profiles for s and p polarized sources at 

( , ) (0.67,0)c c    (Cases 1 and 2). (a) Native image with s-polarization, (b) Line profile of 

native image with s-polarization, (c) Native image with p-polarization, (d) Line profile of native 

image with p-polarization. The sample is an isolated MoSi line, with height 68nm and width 

500nm. The experimental results are in good agreement with the simulation results in Fig. 6(a) 

and Fig. 6(c).  
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(a) MoSi on FS, CASE 3 

 

(b) Line profile of MoSi on FS, CASE 3 

 
(c) MoSi on FS, CASE 4 

 

(d) Line profile of MoSi on FS, CASE 4 

 
Figure 14. Experimental native images and line profiles for s and p polarized sources at 

( , ) (0,0.67)c c    (Cases 3 and 4). (a) Native image with s-polarization, (b) Line profile of 

native image with s-polarization, (c) Native image with p-polarization, (d) Line profile of native 

image with p-polarization. The sample is the isolated MoSi line, with height 68nm and width 

500nm. The experimental results are in good agreement with the simulation results in Fig. 7(a) 

and Fig. 7(c).  
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(a) Si wafer, CASE 1, native image 

 

(b) Si wafer, CASE 1, induced image 

 
(c) Si wafer, CASE 2, native image 

 

(d) Si wafer, CASE 2, induced image 

 
Figure 15. Experimental native and induced polarization images for a patterned silicon wafer 

with source center at ( , ) (0.67,0)c c   , 0.167  and different polarizations (Cases 1 and 2). 

(a) Native image with s-polarization, (b) Induced image with s-polarization, (c) Native image 

with p-polarization, (d) Induced image with p-polarization.  
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(a) Si wafer, CASE 3, native image 

 

(b) Si wafer, CASE 3, induced image 

 
(c) Si wafer, CASE 4, native image 

 

(d) Si wafer, CASE 4, induced image 

 
Figure 16. Experimental native and induced polarization images for a patterned silicon wafer 

with source center at ( , ) (0,0.67)c c   , 0.167  and different polarizations (Cases 3 and 4). 

(a) Native image with s-polarization, (b) Induced image with s-polarization, (c) Native image 

with p-polarization, (d) Induced image with p-polarization. 
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(a) Cr on FS, CASE 1, native image 

 

(b) Cr on FS, CASE 1, induced image 

 
(c) Cr on FS, CASE 2, native image 

 

(d) Cr on FS, CASE 2, induced image 

 
Figure 17. Experimental native and induced polarization images for chrome patterns on a fused 

silica substrate with source center at ( , ) (0.67,0)c c   , 0.167  and different polarizations 

(Cases 1 and 2). (a) Native image with s-polarization, (b) Induced image with s-polarization, (c) 

Native image with p-polarization, (d) Induced image with p-polarization. 
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(a) Cr on FS, CASE 3, native image 

 

(b) Cr on FS, CASE 3, induced image 

 
(c) Cr on FS, CASE 4, native image 

 

(d) Cr on FS, CASE 4, induced image 

 
Figure 18. Experimental native and induced polarization images for chrome patterns on a fused 

silica substrate with source center at ( , ) (0,0.67)c c   , 0.167  and different polarizations 

(Cases 3 and 4). (a) Native image with s-polarization, (b) Induced image with s-polarization, (c) 

Native image with p-polarization, (d) Induced image with p-polarization. 
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(a) MoSi on FS, CASE 1, with DIC 

 

(b) MoSi on FS, CASE 2, with DIC 

 
(c) MoSi on FS, CASE 3, with DIC 

 

(d) MoSi on FS, CASE 4, with DIC 

 
Figure 19. Experimental native polarization images for MoSi isolated lines on a fused silica 

substrate in a differential interference contrast (DIC) SIL microscope with different illumination 

conditions (Cases 1-4). (a) Native image with Case 1 illumination, (b) Native image with Case 2 

illumination, (c) Native image with Case 3 illumination, (d) Native image with Case 4 

illumination. The MoSi isolated line has height 68nm and width 500nm. 
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APPENDIX E 

 

MANUSCRIPT: MEASUREMENT OF RED BLOOD CELL 

OXYGEN SATURATION WITH SURFACE PLASMON 

IMAGING 

 

The following manuscript is under development and will be submitted to Journal of 

Modern Optics.   
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A surface plasmon microscope (SPM) is designed to measure the oxygen saturation of red 

blood cells (RBCs) by measuring the refractive indices of RBCs at three wavelengths. A 

two-piece solid immersion lens (SIL) is used in the SPM with removable cover slips. SP 

images with different angles are measured, and threshold irradiance and calibration curves 

are used to measure the refractive index of RBCs. SP imaging theory, a thin-film model, 

rigorous coupled wave theory (RCWT) simulation are used to analyze SPM’s 

performance. 

 

[Note: This appendix presents a preliminary manuscript that requires further expansion 

before submission for publication.]  
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1. Introduction 

Since the optical microscope was invented, it has been widely used to resolve ever smaller 

objects. Essentially, such instruments respond to the reflection, transmission or photoemission 

distributions of samples under investigation. It remains a challenge to image reflective samples 

exhibiting inhomogeneous distributions of small refractive index changes, like small changes of 

refractive index in red blood cells (RBCs) due to changes in oxygen saturation (SO2). In this 

paper, a reflective surface plasmon microscope (SPM) is designed to image RBCs with different 

oxygen saturation in an aquatic environment. The SPM is designed to image refractive indices at 

three wavelengths, which can be used to determine SO2 by the method described by reference 

[1]. Transfer function characteristics of the designed SPM are discussed with SP imaging theory 

and a simulation model.  

 Surface plasmons (SPs), which are associated with longitudinal oscillation of free 

charges at the interface between metal and dielectric media, can be used to enhance image 

contrast. In a surface plasmon microscope (SPM), the angle of the incident light is tuned for 

different object materials to generate surface plasmon resonance (SPR). For the resonance areas, 

evanescent energy of the incident light is coupled into SP waves. Thus, almost no light is 

reflected to form an image. For non-resonance areas, most of the incident light energy is coupled 

to reflected light due to total internal reflection (TIR). Thus, high contrast images can be 

achieved for reflective samples exhibiting inhomogeneous distributions of small refractive index 

changes.  

 Although SPM has ability to image low-contrast samples, its lateral resolution, which is 

determined by the SP propagation length, is relatively large (on the order of microns). Resolution 

and sensitivity of SPM have been studied [2,3]. However, these studies are only suitable for 
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coherent illumination and simple periodic geometries. Moreover, transfer function characteristics 

of SPM, to the authors’ knowledge, have not been studied. In this paper, a model based on 

rigorous coupled wave theory (RCWT) is used to simulate SPM reflectance characteristics for 

RBC samples. The refractive index distributions are calculated through a calibration procedure. 

The SP resonance angles for RBC samples are relatively large ( 60SPR  ), which makes design 

of an imaging microscope challenging. The SPM described here uses a Ag grating to generate 

the SP coupling, which greatly simplifies the optical design.   

With respect to the application of measuring oxygen saturation (SO2) of hemoglobin in 

blood, SO2 is a major clinical diagnostic parameter for routine and many specialized 

applications.  The diagnostic instruments used presently provide a statistical average of all 

oxygen bonded states relative to the maximum amount of oxygen that can be bonded. Variation 

in oxygen level throughout the body can significantly impact disease and wound healing process. 

Further, there are many diseases that involve structural and biochemical modifications of the 

hemoglobin in red blood cells (RBCs). For instance, there is a change in the function and 

structure of hemoglobin due to mutation that cause disease, such as sickle cell anemia [4]. Low 

oxygen level also leads to vasoocclusion in sickle cell anemia [5]. Cancer cells that exist in 

hypoxic conditions are characterized as more virulent and more resistant to radiotherapy [6] Low 

oxygen level marks the onset of wound healing process, but prolonged hypoxia eventually leads 

to non-healing of wound [7]. These are just a few examples that point to a critical need to 

monitor and control oxygen in RBCs.   

 The SPM is shown schematically in Fig. 1. Illumination is provided by an external optical 

system adjusted to project collimated illumination onto the SP grating. The angle of incidence is 

controlled using an optical fiber mounted on a translation stage. In reflection, the grating 
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produces diffraction orders that exhibit plasmon resonance properties. The imaging lens collects 

only the -1 diffraction order, which is optimized for this study. The distribution of large RBCs 

(compared to the grating period) produces an angular spectrum around the -1 diffraction order 

that is used for imaging.  

 Section 2 provides the background of SPM. Section 3 illustrates the theory in SP imaging 

related to SP propagation length and the analytical solution of the SPM transfer function. Section 

4 illustrates the design of the SPM for measuring refractive index of individual RBCs. SP 

imaging theory and the RCWT model are used to analyze sensitivity of the refractive index 

measurement. Section 5 summarizes this paper. 

 

2. Background 

Surface plasmons (SPs) are evanescent electromagnetic waves associated with the longitudinal 

oscillation of free charges at the interface between metal and dielectric media. SP waves 

propagate along the surface of the metal, and they are highly dependent on the refractive index 

and thickness of the dielectric film adjacent to the metal surface.   

Surface plasmon microscopy, since it was introduced by Yeatman & Ash in 1987 [8] and 

Rothenhausler & Knoll in 1988 [9], has been widely used in the fields of surface science, 

chemistry and biochemistry. In a SPM, surface plasmon resonance is used as the contrast 

mechanism for imaging. In order to excite SPR at the interface between metal and dielectric 

media, Otto [10] or Kretschmann [11] configurations are often used. The Kretscahmnn 

configuration with a metal film coated at a prism base is more commonly used in experiments. 

Although the SPM described here and shown in Fig. 1 uses a solid immersion lens (SIL) instead 

of a prism, SP physics are identical.   
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 A collimated p-polarized monochromatic laser beam illuminates the SIL base. At the SP 

resonance angle SPR  associated with a particular sample material, a minimum of reflectance 

occurs. In this situation, the evanescent field has a strong coupling to surface plasmons. In other 

sample areas that exhibit small refractive index or layer thickness differences, conditions to 

generate SPR are no longer satisfied. Thus, most of the energy is reflected due to total-internal-

reflection (TIR). Thickness variation of a dielectric layer as small as a few tenths of a nanometer 

can be imaged with prism-based SPM [12,13].  A similar SPR mechanism is used in the prism-

based SP biosensor, which has the capability to detect index changes as low as 10
-6 

[2]. Other 

advantages of SPM are that no vacuum or probe is needed for obtaining the image. Also, the 

half-space opposite to the prism or SIL in the Kretschmann configuration is empty, which allows 

SPM to be combined with other techniques.  

 Lateral resolution of SPM is limited by SP propagation length, which is defined as the 

distance along the surface for which the attenuation of the plasmon electric field amplitude 

decays by 1/e. Normally, SPR is generated in visible or infrared spectral regions, and the 

propagation length is on the order of microns. In order to improve lateral resolution of the SPM, 

several methods have been applied. One method is to choose the metal film and wavelength to 

have a small propagation length.  Several microns lateral resolution can be achieved by this 

method [2]. Further improvement of SPM resolution has been demonstrated by rotations of the 

object [14]. It should be noted that SP propagation length only limits resolution in the direction 

parallel to the SP. Resolution in the perpendicular direction is limited by optical resolution of the 

microscope.  

 In order to incorporate high NA optics in SPM, a solid immersion lens (SIL) has been 

used by Zhang et al. to replace the Kretschmann prism [15]. In their SIL-based SPM, the SIL is 
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in an aplanatic configuration, which consists of a truncated SIL and a coverslip. Index matching 

fluid between the truncated SIL and the coverslip is used to reduce aberration. A metal film is 

coated on the coverslip, which can be replaced easily. The greatest advantage of SIL-based SPM 

is the high NA imaging optics, which provides high optical resolution.  

 An alternative way to excite SP is to use a metallic grating. Lin et al. designed a highly 

sensitive SPR sensor for hydrogen sensing by using a Pd-coated metallic grating [16]. A 

theoretical resolution of hydrogen concentration on the order of 0.001% is obtained in their 

design. Although high sensitivity is achieved in their grating-based SP sensor, SP imaging is not 

discussed.     

Conformational and structural changes affect the complex refractive index (NHb) of 

hemoglobin in RBCs at a macroscopic level and thereby its optical properties. Thus, precise 

measurement of NHb in RBCs, and its relationship to the chemical nature of the hemoglobin and 

to diseases altering hemoglobin are very important. Several optical approaches are reported to 

determine NHb of whole blood samples and RBC sizes.  These approaches include conventional 

techniques, such as measurement of NHb by angle of minimum deviation using an equilateral 

hollow quartz prism filled with blood [17] and by measurement of Fresnel’s reflectance and 

transmittance coefficients [18]. A more sophisticated technique involves measurement of both 

real and imaginary parts of whole blood NHb using Kramers-Kronig analysis [19] and optical 

coherence tomography [20]. Gosh et al. [21] and Kugeiko et al. [22] used a light scattering 

method to measure the mean diameter and mean NHb of RBCs.  Tomographic phase microscopy 

and diffraction phase microscopy techniques [23,24] have been proposed to construct a 3-D map 

of isolated blood cells, but they are exceedingly complicated in terms of experimental 
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implementation and associated numerical modeling to estimate NHb. Furthermore, these methods 

cannot be developed for in vivo measurements of SO2 in RBCs.  

A method for in vitro measurement of SO2 level in hemoglobin has been described by 

Denninghoff et al. that is based on a shift in the transmission minima in the range 475nm - 510 

nm [1,25,26]. This method does not rely on hemoglobin extinction coefficients, change in path 

length or hemoglobin concentration. This technique provides a more accurate method for the 

measurement of SO2 in hemoglobin and is self calibrating, although it relies on a transmission 

measurement. The SPM proposed here retains all these advantages, provides additional 

capabilities of imaging individual RBCs, simplifies instrumentation by using reflection and 

facilitates the technology to be developed for in vivo measurements.  The SPM can map oxygen 

content of the hemoglobin in RBCs and determine RBC shape simultaneously.  The SPM would 

also be useful in measuring refractive index of proteins that undergo structural and 

conformational change because of some underlying physiological conditions. 

A typical human RBC has a disk diameter of 6-8μm and a thickness of 2μm [27]. The 

real refractive index of RBCs is [1.30, 1.45] depending on SO2 as listed in reference [28]. In the 

SPM design, an aquatic environment is applied, since RBCs are normally contained in liquid. 

The SPM is designed at three wavelengths (476.5, 488.0 and 514.5nm), because these 

wavelengths are easily generated by an Ar
+
 laser and are similar to Denninghoff et al.’s 

measurements [1]. A reflection SP measurement is used to determine the real refractive index. 

 

3. SP Imaging Theory 
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In this section, theory developed by Yeatman et al. is illustrated to calculate SP propagation 

length and simulate image profiles for small-index-variation periodic samples in SPM [2]. An 

analytical solution of the transfer function in SPM is derived at the end of this section based on 

calculations from this theory, which is extended to consider imaging optics of the SPM.      

In Yeatman’s model, h and w are the height and width for the resonance dip in the SP 

reflectance curve respectively, versus angle, which are given by 
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where i  is the intrinsic loss term, r  is the re-radiative loss term, pn is the refractive index of the 

prism, 0k  is the vacuum wave vector for the incident light, and SPR  is the resonance angle. 

The decay length is found by 
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An example reflectance curve for a SPM with the Kretschmann configuration is shown in 

Fig. 2. A LaK8 SIL ( 8 1.723LaKn   at  =476.5nm) is used with 42nm thick silver coating 

( 0.133 2.712iAgN    at  =476.5nm) on the SIL base to excite SP waves at  =476.5nm. A 

30nm thick SiO2 film ( 2 1.464SiOn   at  =476.5nm) is coated on top of silver film for protection. 

The measured sample is water ( 1.338watern   at  =476.5nm). A resonance dip is observed at 

SPR =69.431°, with dip height h = 0.91 and width w = 0.167radians. The SP propagation length 

is SP =1.083μm.   



190 

 

If collimated light is used to illuminate the object, image contrast is  

 0
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where 0C  is a constant. As an extension to Yeatman’s theory, the normalized transfer function 

for SPM with a sample containing small variations along the SP propagation direction is given 

by 
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For a sample with small variations perpendicular to the SP propagation direction, no perturbation 

is added wave vector component along the SP propagation direction. Thus, a constant contrast is 

obtained for samples with different spatial frequency. The normalized transfer function is 

( )MTF  =1 for this situation.  

Imaging optics of the SPM are not considered in Yeatman’s analytical model. The 

transfer function of SPM with the optical modulation transfer function included is  

,SPM oMTF MTF MTF  ,     (6) 

,SPM oMTF MTF MTF   ,     (7) 

where oMTF  is the modulation transfer function for imaging optics system of the SPM. 

Although this theory is developed for specular reflection SPM, it is assumed that the theory can 

be applied to imaging in the -1 diffraction order.   

 

4. SPM Design 

In this section, design parameters of the SPM are discussed in detail. The initial design and 

analysis is performed with a specular reflection model, and then appropriate parameters are 
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discussed for imaging in the -1 diffraction order. A thin film model [29] is used to design the 

optimal thin film thickness for the Kretschmann configuration that used in the SPM to excite SP 

waves. Effects of source coherence are also analyzed with the thin film model. The optimal thin 

film structure is used with RCWT to simulate image profiles of individual RBCs. In the 

simulation, an RBC is assumed to have a rectangular shape in direct contact with the plasmon 

interface. (Experimentally, this contact can be achieved with chemical or electrical bonding 

techniques.) Images of individual RBCs are simulated in RCWT by using a large period 

structure. Refractive index of an RBC is determined accurately through a calibration procedure. 

Sensitivity of the refractive index measurement is analyzed for SPM with the RCWT model.    

The SIL-based SPM is shown in Fig. 1. RBCs in the refractive index range [1.30, 1.45] 

are imaged in an aquatic environment due to different oxygen saturation or mutation. The SIL is 

made of common glass LaK8, with radius r=1.5mm. A truncated SIL with thickness t=1.3mm is 

used. Combined with a 0.2mm thick cover slip, a hemispherical SIL is formed. Immersion oil is 

filled between the truncated SIL and cover slip. Although the immersion oil could have a slightly 

different refractive index, the aberration is minimal if the gap is small (<100nm) [14]. If 

roughness of the truncated SIL bottom and cover slip are small, aberration generated by the 

immersion oil can be ignored. A 42nm thick silver film is coated on the cover slip. Another 

30nm thick SiO2 film is used to protect silver from oxidization. A two-piece SIL is used, 

because it is easier to fabricate the cover slip than the spherical SILs. The SPM is designed at 

three wavelengths (476.5, 488 and 514.5nm). Refractive indices of the SIL, films and water 

sample are given in Table 1 [30]. Due to the small wavelength range and dispersion, 

476.5nm  is mainly used to illustrate the performance of SPM. However, refractive index 

sensitivity of the SPM is studied for all the three wavelengths.  
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The Ar
+
 laser is coupled into the proximal end of a multiple-mode optical fiber with 

100μm core diameter. The distal end of the fiber is located in the illumination pupil, as shown in 

Fig. 1, where each point source across the fiber core diameter generates plane wave illumination 

on the sample. The incident angle of the plane-wave distribution is tuned by changing the lateral 

position of the distal end in the illumination plane. The angular spread of distal end on the 

plasmon surface is 0.0265. With small spatial extent of the fiber source (fiber core diameter 

100μm), the averaged reflectance shows small difference from the reflectance of a point source 

located in the center of the fiber. Thus, the source size is ignored in the following discussions. 

The optimal thin film thickness is determined by maximizing h/w of the reflectance 

curve, where h and w are the height and width of resonant dip respectively. The relationship of 

h/w versus silver thickness without considering SiO2 layer is shown in Fig. 3. h/w reaches the 

maximum when silver film thickness is within 42nm and 46nm range. In this design, silver film 

thickness is chosen to be 42nm. A 30nm SiO2 film is applied on top of silver film for protection. 

The thickness of SiO2 is determined by fabrication process. With this SiO2 film, SPR  of 

reflectance curve is shifted, however, h and w remain the same. The optimal thin film thickness 

(42nm for silver and 30nm for SiO2) is used in the RCWT model in order to simulate the image 

profiles for a RBC using specular reflection. The angle ill  is changed by changing the position 

of the fiber in the illumination plane. Thus, locations of fiber correspond to the incident-angle 

direction cosine. In the following paragraphs, direction cosine (sinθ) is used to describe 

reflectance. 

In the imaging path, a high NA (0.8) objective lens is used to image the RBC on the CCD 

through the -1 order. The effective region of the imaging lens pupil that collects the angular 

spectrum around the -1 order is only about 0.25 NA, so for the purpose of simulation with 
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specular reflection, 0.25 NA is used. Image profiles are calculated by an RCWT model. In the 

RCWT geometry, a 40μm RBC period is used. The RBC has diameter 8μm, and height 2μm. The 

RBCs are assumed in contact with the SiO2 coating in aquatic environment. Example specular 

image profiles of RBCs with different angles are shown in Fig. 4. Two incident angles are shown 

in Fig. 4: SPR  for the water (n=1.38) and SPR  for the RBC (n=1.40). Contrast inversion is 

observed in the image profiles, which corresponds to the generation of SP waves in different 

resonance areas. The asymmetric image profiles are mainly due to the physical nature of SP 

waves. When SP waves are generated, they propagate along one direction. Based on the 

geometry of the sample, reflections occur at RBC boundaries that cause asymmetric images.  

In the experiment, 100 images with different illumination direction cosine are captured 

on the CCD. The angular range is (60°, 80°), which can be achieved with a high resolution fiber 

translation stage. In order to measure the refractive index, a calibration curve is used. A threshold 

reflectance ( 0.5thresR  ) is used, which corresponds to the maximum slope position of the 

reflectance curve for water. An example calibration curve for SPM at 476.5nm  is shown in 

Fig. 5. The calibration curve is calculated with the thin film model. In the typical reflectance 

curve, as shown in Fig. 2, there are two angles that have the threshold reflectance. In the 

calibration process, the lower angle (or direction cosine) is used. The calibrated refractive index 

range is (1.25, 1.50), which includes the RBC refractive index range at the designed 

wavelengths. The calibration curve is in a nearly linear shape. Multiple calibration curves can be 

generated for the three different wavelengths. A calibration curve using a similar procedure for 

the -1 order is also shown in Fig. 5.  

In order to measure the refractive index of the RBCs, SP images with different incident 

direction cosines are taken on the CCD. For each pixel, the incident angle at which the irradiance 



194 

 

is at threshold irradiance is stored. Thus, a map with threshold direction cosine and pixels is 

generated. By using the calibration curve, the refractive index can be measured. An identical 

process is applied in different wavelengths. A flow chart of the refractive index measurement is 

shown in Fig. 6.  

In the discussion above, RBCs are assumed to have no imaginary part of their refractive 

index. However, it has been reported that the RBC has a small absorption that depends on the 

wavelength and SO2 [20]. At the three designed wavelengths for SPM, RBC has a local 

minimum absorption coefficient 10 / mma  . Thus, RBC’s imaginary part of the refractive 

index at wavelength 476.5nm is given by 0.0004
4

a


 


  . Reflectance curves for RBCs with 

two refractive indices ( 1.4 0.0004RBCN i   and 1.4RBCn  ) are shown in Fig. 7, and they exhibit 

a negligible difference. Thus, the imaginary part of RBC’s refractive index is not considered in 

this paper.  

With the calibration procedures described in the flow chart in Fig. 6, RBCs with different 

refractive index are tested in the RCWT simulation model at three wavelengths. Two extreme 

cases are considered in the simulation with RCB’s refractive index of 1.30 and 1.45. The 

parameters in Table 1 are used in the simulation. Simulated refractive index results are 

summarized in Fig. 8. The following notations are used in the following paragraphs for 

simplicity:  1 1.30n   and 2 1.45n   for RBC’s refractive index, 1 476.5nm  , 2 488nm   and 

3 514.5nm   for the wavelengths of incident light. Simulated refractive index results are in 

good agreement for three wavelengths. However, refractive index results shows an asymmetric 

distribution, which is due to the asymmetric image profiles measured in SP imaging with plane 

wave illumination, as shown in Fig. 4. In order to improve the performance of the SPM, an 
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experimental calibration curve should be used instead of the calibration curve from the thin film 

model.  

It has been reported that 0.005 refractive index change can occur due to different SO2 in 

RBC [20]. In the simulation, RBCs with refractive indices 1.395 and 1.400 are used at 476.5nm. 

The other settings in RCWT are the same for the two RBCs with different refractive indices. 

With the calibration curve from the thin film model, the calculated refractive index distributions 

are shown in Fig. 9. Although the calculated refractive index results do not show exact values of 

refractive indices of RBCs when calibration curve from thin film model is used, 0.005n  for 

RBCs with different SO2 can be detected by the designed SPM.  

Sensitivity of the SPM is mainly limited by three sources: film thickness variations, 

photon noise and direction cosine sampling error. For a typical thin film coater, thickness has 

variation of ±5%. Thus, ±2nm thickness variations of silver and SiO2 films are used in the 

simulation. Two extreme cases are studied: 1) RBC refractive index 1 1.30n  at 1 476.5nm  , 

and 2) RBC refractive index 2 1.45n  at 3 514.5nm  . For case 1, the refractive index error is 

0.0006tn   . For case 2, the refractive index error is 0.001tn   . The photon noise is 

analyzed by following Yeatman’s theory [2]. The refractive index error due to photon noise is 

given by the expression  
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where, N is the noise level, n is the refractive index of the dielectric medium, , ,m m r m ii     is 

permittivity of the metal medium. For a typical experiment with 1mW of incident light, a 30dB 

( 310N  ) noise level is assumed. Thus, the refractive index error for the SPM due to photon 

noise is 
53 10pn     for the aquatic environment. The direction cosine sampling error comes 
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from the finite fiber source positions in the measurement. In case of 100 measurements in the 

direction cosine range 0.1, which corresponds to ~12° range for the incident angle, the sampling 

error is calculated by using the slope of the calibration curve. For example, for the calibration 

curve for 467.5nm, as shown in Fig. 5, the slope is / sin 1.78n    . Thus, the index error due 

to sampling error is 0.05 /100*1.78 0.0009sn   , where direction cosine error is assumed to 

be half of the sampling of direction cosine. If a root-sum-square (rss) rule is applied to all the 

errors sources, the refractive index error of the SPM is given by 

 2 2 2 0.0013t p sn n n n      .     (21) 

 

The refractive index measurement error for the SPM is dominated by the surface 

roughness of thin films and the direction cosine sampling error. In order to achieve a better 

performance for the SPM, thin films with less roughness or more direction cosine measurements 

can be used. For the current setting, the refractive index error is smaller than the refractive index 

change of RBCs due to different SO2. In addition, the experimental calibration procedure should 

dramatically reduce errors due to thin-film variations.  

Modulation transfer function (MTF) of the SPM is calculated by two methods: analytical 

theory and the RCWT model. Only MTF  is discussed, because of the imaging mechanics used 

in the SPM. SP propagation length 1.08μmSP   is used to calculate the total loss t  by Eq. (2). 

Then, the calculated t  is used in Eq. (5) to calculate the MTF  for the SPM. In order to 

calculate the MTF  in the RCWT model, sinusoidal gratings with different periods are used as 

the sample in aquatic environment. The geometry used in RCWT model is shown in Fig. 10. The 

analytical MTF  is compared with RCWT results in Fig. 11, and they are in a good agreement. In 
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the SPM, the SP propagation length is around 1μm, and the optical resolution of the imaging 

optics is given by 0.61 / 0.61*0.5 / 0.25 1.22μmNA   . Thus, the lateral resolution of the SPM 

is around 1.2μm.   

  

5. Conclusions 

In this paper, an SPM is designed to measure the refractive indices of RBCs at three different 

wavelengths that can be used to measure the oxygen saturation (SO2) of RBCs. A two-piece SIL 

is used in the SPM with removable cover slips. An Ag grating is used to detect SP resonance in 

the -1 order, and simulation is mostly accomplished in the specular mode. SP images with 

different angles are measured, and threshold irradiance and calibration curves are used to 

measure the refractive index of RBCs. SP imaging theory, thin film model and RCWT model are 

used to analyze the performance of the SPM. The simulation results show that this technique has 

adequate accuracy to measure the refractive index change of RBCs with different SO2 at the 

designed wavelengths. Refractive index measurement error is dominated by the roughness of 

thin films on top of cover slips and the angle error of the incident light. For a ±5% thin film 

thickness variation and 100 measurements for 12° incident angle range, the refractive index error 

is ±0.0013. The error can be reduced with smaller film roughness, more measurements in the 

incident angle range and an experimental calibration. The SP propagation length is 1.08μm. 

Lateral resolution of the SPM is limited by the imaging optics in SPM, which indicates 1.2μm 

optical resolution. SPM’s modulation transfer function is generated by analytical theory and the 

RCWT model, which show good agreement.  
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Figure 1: SPM with the Kretschmann configuration illumination. Thin silver film (42nm) is 

coated at the bottom flat of the LaK8 SIL. A 30nm thick SiO2 film is deposited on top of silver 

for protection. An Ar
+
 source is coupled into an optical fiber with core diameter 100μm. The 

fiber is located in the illumination plane such that a collimated beam illuminates the SIL bottom. 

A truncated LAK8 SIL is used and in contact with LaK8 cover slip. Immersion oil is filled 

between the truncated SIL and cover slip. A high NA (0.8) imaging lens is used to image the 

RBCs on the coupled-charge-detector (CCD).  
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Figure 2. Example reflectance curve for SPM. A LaK8 ( 8 1.723LaKn   at  =476.5nm) SIL is 

used with 42nm thickness silver coating on the SIL base to excite SP waves at  =476.5nm. 

30nm SiO2 ( 2 1.464SiOn   at  =476.5nm) is coated on top of silver for protection. The sample is 

water ( 1.338watern   at  =476.5nm). A resonance dip is observed at 69.431°, with height 

h=0.91 and width w=0.167radians. The propagation length is 1.083μm.   
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Figure 3. Relationship of h/w versus silver film thickness without considering SiO2 layer. A 

LaK8 ( 8 1.723LaKn   at  =476.5nm) SIL is used at  =476.5nm. The sample is water 

( 1.338watern   at  =476.5nm). 
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Figure 4. Reflectance curves for a point source and a fiber source with core diameter 100μm. The 

thin film structure is the same in Fig. 2. The centers of RBC with 1.400 are located at ±20μm. 

Spatial coordinates are referenced to the object plane and scaled image irradiance is normalized 

with the maximum irradiance in the image profiles.  
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Figure 5. Refractive index calibration curve for SPM at 476.5nm. θ is the threshold angle for a 

reflectance threshold 0.5. Direction cosine (sinθ) is used instead of incident angle θ.  
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Figure 6. Flow chart of the refractive index measurement with SPM.  
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Figure 7. Reflectance curve for RBC samples with and without imaginary refractive index with 

the designed SPM. The real part of RBC is used as 1.4RBCn   at 476.5nm  . A small 

imaginary refractive index 0.0004 is applied in the thin film model.  
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Figure 8. Refractive index distribution calculated from the RCWT model based on the process 

which is described in Fig. 6. In the RCWT model, RBC with width 8μm and height 2μm is used 

as the object in the aquatic environment. Period is 40μm in the RCWT model. The LAK8 SIL 

bottom is coated with 42nm silver and 30nm SiO2. The centers of the RBC are located at 

20 μm. Two refractive indices n1 and n2 are used for RBCs. Three wavelengths 1 , 2  and 3  

are used in the simulation. ( 1 1.3n  , 2 1.45n  , 1 476.5nm  , 2 488nm   and 3 514.5nm  )  
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Figure 9. Refractive index distribution for RBCs with different refractive indices (1.395 and 

1.400). The small change of RBC refractive index can be well detected with the SPM. In the 

RCWT model, RBC with width 8μm and height 2μm is used as the object in the aquatic 

environment. Period is 40μm in the RCWT model. The thin film structure includes 42nm silver 

and 30nm SiO2 on top of a LaK8 SIL bottom flat. The centers of the RBC are located at 20 μm. 

Wavelength 1 476.5nm  is used. 
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Figure 10. Sinusoidal grating structure used in RCWT to calculate the MTF for SPM.  
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Figure 11. MTFs calculated for SPM with analytical model and RCWT model. The MTF is 

calculated for the SP propagation direction.  
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Table 1. Refractive indices used in the thin film model and RCWT simulation.  

Wavelength(nm) LaK8 Silver SiO2 Water 

476.5 1.723 0.133+2.712i 1.464 1.338 

488 1.722 0.131+2.813i 1.463 1.338 

514.5 1.719 0.130+3.051i 1.462 1.337 
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APPENDIX F 

 

THIN FILM CALCULATOR MANUAL 
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Thin Film Calculator Manual 
 

 

In this report, thin film model is explained. The background of thin film model is 

explained at the beginning, and followed with the theory for calculating the amplitude 

reflection/transmission coefficients, phase change, as well as reflectance and 

transmittance. MATLAB codes are given then based on the theory, and it is used to 

design a broadband reflector for the visible region of design. The results are compared 

with the published data in Professor Angus Macleod’s class notes. [1] Finally, the 

MATLAB codes are included in OptiScan for a user friendly interface. An example in 

Thin Film Calculator in OptiScan is given to calculator the reflectance and transmittance 

of Krestchmann configuration which generate surface plasma resonance at a certain 

incident angle.  

 

1. Background [1] 

 

Optical systems consist of a series of boundaries between different materials. These 

surfaces are usually optically worked so that their properties are specular, that is the 

directions of light obey the laws of reflection and refraction, and their shape is adjusted to 

a desired manner, such as minimizing the aberrations. Unfortunately the other properties 

of the surfaces, such as reflectance, transmittance, or phase change, are rarely satisfied. 

Thin films are commonly used to modify these properties without altering the specular 

behavior.  
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 In an optical coating, the films, together with their support, or substrate, are 

generally solid. The particular materials used for the films vary with the applications. It is 

possible to construct assemblies of thin films which will reduce the reflectance of a 

surface and hence increase the transmittance of a component, or increase the reflectance 

of a surface, or which will give high reflectance and low transmittance over part of a 

region and low reflectance and high transmittance over the remainder and so on. Thin 

film coatings are often known by names which describe their function, such as 

antireflection coatings, beam splitters, polarizers, long-wave-pass filters, band-stop or 

minus filters, or which describe their construction, such as quarter-wave stack, quarter-

half-quarter coating and so on.  

 In a thin-film assembly, the amount of light reflected at each interface depends on 

the refractive indices of the materials on either side and thus the magnitudes of the 

various beams involved in the interference can be adjusted by choosing the refractive 

indices of the films. The phases of the beams on the other hand can be adjusted by 

changing the layer thickness. There are thus two parameters associated with each layer, 

thickness and refractive index, which can be chosen to give the required performance. 

Complete freedom of choice is not possible since suitable coating materials are limited, 

then the optimum theoretical performance will be also limited. Additionally there will be 

inevitable drops in performance manufacture due to constructional variations.  

 A film in an optical coating is said to be thin when interference effects can be 

detected in the light which it reflects or transmits, and thick when they cannot. Of course, 

whether or not interference effects can be detected, depends as much on the source of 

illumination and the receiver which is used, as on the films themselves. Even without 
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changing the wavelength, the same film can be made to appear thick or thin, depending 

entirely on illumination and detection conditions. In normal coating, the films will be thin 

while the substrates will be thick.  

Thin film calculator is a program which is embedded in OptiScan which can be 

used to calculate the amplitude reflection and transmission coefficients, phase change, 

reflectance and transmittance of both s and p polarized light. The theory is briefly 

explained in the following section, which is based on matching the boundary conditions 

for Maxwell’s equations. Interested readers can find the detailed information in Prof. 

Angus Macleod’s notes “Optical Thin Films”. [1] 

 

2. Theory of Thin Film Model [1] 

 

In thin film model, only linear, isotropic and homogeneous films are considered. In these 

medium, the electric and magnetic fields of a harmonic wave are connected through 

another material parameter, the characteristic admittance, y.  

     

The characteristic admittance varies with wavelength but in free space it is constant. The 

optical admittance of free space as       is given by 
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For an arbitrary medium at given wavelength, the characteristic admittance, y, can be 

written as the following.  

              

This relationship is good through the whole of the optical region, which means for 

all wavelengths shorter than several hundred microns.        is the complex refractive 

index for the medium. Please be carefully for the sign and convention here, since 

normally        is used as the complex refractive of medium. But in thin film 

community,        is used. In the MATLAB codes,        is used as the format to 

input refractive index of films. However in OptiScan,        is used as the input 

refractive index of films in order to be consistent with the definitions in OptiScan.  

 

Fig 2-1. Normal incidence at a surface and the sign convention for fields [1] 

Amplitude reflection coefficient,  , that is the ratio of the reflected amplitude to 

the incident amplitude, and the amplitude transmission coefficient,  , that is the ratio of 



218 
 

 
 

the transmitted amplitude to the incident amplitude. In a normal incidence of thin film 

structure, as shown in Fig 2-1, by matching the boundary conditions for Maxwell’s 

equations, their expressions can be calculated in thin film model with the results given as: 

  
    

    
 

  
   

    
 

where,   is the surface admittance for incident medium, and   is the surface admittance 

of the thin films and substrate, which can be calculated from the following equations. 

  
 

 
 

 
 
 
     

     
      

  
             

 

 

   

  
 

    
  

where,  

  and   are normalized total tangential electric and magnetic fields respectively 

at the input surface 

   
            

 
  is the phase thickness of layer j 

            are the complex index and physical thickness of layer j  

   is the characteristic admittance of layer j 

  is the number of layers and layer   is next to the substrate 
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     is the characteristic admittance of the substrate 

 

Fig 2-2. Refraction tilts the transmitted beam with respect to the incident beam and so, 

although both beams are drawn with the same cross sectional area, they subtend different 

areas at the boundary. [1] 

 

Reflectance, R, as the ratio of the irradiance of the reflected beam to that of the 

incident beam, and transmittance, T, as the ratio of the irradiance of the transmitted beam 

to that of the incident beam, as shown in Fig 2-2, are defined as:   

       
    

    
  
    

    
 
 

 

  
        

             
 

 As we can see from above, the effects of multiple films are included in the surface 

admittance  . Each layer generates a matrix in the equation which will change the 

electric and magnetic fields. The finally results are only related to the admittance of 

incident medium and the surface admittance of the thin films and substrate. Since the 
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reflectance cannot be defined in an absorbing incident medium,    has to be real. The 

units of admittance are cancelled in the calculation.  

 The equations given above are suitable for normal incidences. However, in 

general, oblique incidence is more commonly used. At oblique incidence, there are two 

states where the components remain in the same plane, one with electric vector parallel to 

the plane of incidence, knows as p-polaried light, and one with electric vector 

perpendicular to the plane of incidence, knows as s-polaried light. Only in these two 

cases the polarization states of the incident beam will be preserved in the reflected and 

transmitted beams, as shown in Fig 2-3. Any arbitrary polarizations can be split into a 

combination of these two components which can be solved separately, and the final result 

then given by the combination of the two solutions.  

 

Fig 2-3. p-polarized and s-polarized light for oblique incidence. [1] 
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 In thin film model, the tangential components are used to define the reflection and 

transmission coefficient. This is different from the Fresnel coefficients, which uses the 

total electric and magnetic fields of the waves. However, the differences are confined to 

the amplitude transmission coefficient for p-polarized light.  

  
                                          

                                         
 

  
                                           

                                         
 

 The definitions for surface optical admittance retains as the ratio of the 

components of magnetic and electric fields parallel to the interfaces but since this is 

different for the two modes of polarization we need two calculations. The expressions for 

amplitude reflection/transmission coefficients, reflectance and transmittance are still 

valid if we replace the admittance with the tiled admittance for s-polarized and p-

polarized light. 

s-polarization: 

                                       

p-polarization: 

                                         

 Once again we emphasize that the amplitude reflection and transmittance 

components are not strictly the Fresnel components. In fact, all except    do coincide 

with the Fresnel expressions.  
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3. MATLAB codes and examples 

 

In this section, the MATLAB code of thin film calculator is given, as well as an example 

of the broadband reflector design for the visible region. Two functions multilayer_s.m 

and multilayer_p.m are built in MATLAB for different polarization incident light, and 

they are the core program of thin film calculator. They calculate the amplitude 

reflection/transmission coefficients, reflectance and transmittance.  

The way to use these programs is shown below: 

For s-polarized light: 

function [rho,tao,R,T] = multilayer_s(d,y,y_inc,y_sub,lambda,theta); 

 

For p-polarized light: 

function [rho,tao,R,T] = multilayer_p(d,y,y_inc,y_sub,lambda,theta); 

 

 

For arguments, multilayer_s.m and multilayer_p.m require:  

 d: thin film thickness (thickness for the film next to incident medium is first) 

y: admittance or refractive index in the form of        (admittance for the film   

next to the incident medium is first) 

y_inc: admittance of incident medium in the form of        

y_sub: admittance of substrate in the form of        

lambda: wavelength of incident light 

theta: incident angle (unit in degree, can be a vector) 

The outputs are: 
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rho: the complex reflection coefficient (including amplitude reflection coefficient   

and phase change) 

tao: the complex transmission coefficient (including amplitude transmission 

coefficient   and phase change) 

R: reflectance 

T: transmittance 

 

One example is provided in MATLAB code to show how to use multilayer_s.m in 

the following, which is a broadband reflector for the visible region. Twenty three films 

are coated on glass substrate. The reference wavelength is 480nm, two types of materials 

are used for the coating with indices: 2.35 (H), and 1.35 (L). The geometry is given in the 

table in the following. The thickness is given in the units of reference wavelength. And 

optical thickness is used in the table instead of physical thickness for a better 

understanding of the phase change of each film. The optical thickness differs from 

physics thickness by a factor of index.  

Optical thickness is defined as: 

                                           

 

 The reflectance calculated from multilayer_s.m is given in Fig 3-1, which is 

compared with the published result in Macleod’s “Optical thin films”, which is given in 

Fig 3-2.  
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Table 1: Broadband Reflector for Visible Region Design [1] 

 

Layer Index Thickness Layer Index Thickness 

0 1 Incident 13 2.35 1.4*0.25 

1 2.35 0.25 14 1.35 1.4*0.25 

2 1.35 0.25 15 2.35 1.4*0.25 

3 2.35 0.25 16 1.35 1.4*0.25 

4 1.35 0.25 17 2.35 1.4*0.25 

5 2.35 0.25 18 1.35 1.4*0.25 

6 1.35 0.25 19 2.35 1.4*0.25 

7 2.35 0.25 20 1.35 1.4*0.25 

8 1.35 0.25 21 2.35 1.4*0.25 

9 2.35 0.25 22 1.35 1.4*0.25 

10 1.35 0.25 23 2.35 1.4*0.25 

11 2.35 0.25 24 1.52 Substrate 

12 1.35 1.2*0.25    

 

Note: reference wavelength         , and the thickness above is optical thickness 

instead of physical thickness, with the unit of reference wavelength. Optical thickness is 

defined as: 
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Fig 3-1 Reflectance for broadband reflector from thin film calculator 

 

Fig 3-2 Reflectance for broadband reflector from Macleod’s notes [1] 
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3.1 thin_film_cal_example.m 
 

 

% This program is an example to use thin film model. The design if a 
% broadband reflector for the visible region of design.  
% Data resource: Figure 4-27 in "Optical thin film" 

  
% initial program 

  
clear all; 
close all; 

  
um      = 1e-6; 
nm      = 1e-9; 

  
% define admittance for medium 
Air     = 1; 
yH      = 2.35; 
yL      = 1.35; 
Glass   = 1.52; 

  
% define the reference wavelength and thickness  
lambda_f    = 480*nm; 
dH      = lambda_f/4/yH; % quarter stack 
dL      = lambda_f/4/yL; 

  
% define visible region of light 
lambda  = linspace(350,850,501)*nm; 

  
% define thin film structure 
y_inc   = Air; % incident medium admittance 
y_sub   = Glass; % substrate medium admittance 
theta   = 0; % in degree 
d       = 

[dH,dL,dH,dL,dH,dL,dH,dL,dH,dL,dH,1.2*dL,1.4*dH,1.4*dL,1.4*dH,1.4*dL,... 
          1.4*dH,1.4*dL,1.4*dH,1.4*dL,1.4*dH,1.4*dL,1.4*dH]; 
y       = [yH,yL,yH,yL,yH,yL,yH,yL,yH,yL,yH,yL,yH,yL,yH,yL,... 
          yH,yL,yH,yL,yH,yL,yH]; 

  
for ii=1:length(lambda),     
    [rho(ii),tao(ii),R(ii),T(ii)]   = 

multilayer_s(d,y,y_inc,y_sub,lambda(ii),theta); 
end 

  
% plot the result 
figure, plot(lambda/nm,R*100,'-k','LineWidth',3); 
title('A broadband reflector for the visible region'); 
xlabel('Wavelength(nm)'); 
ylabel('Reflectance(%)'); 
axis([350 850 0 105]); 
grid on; 
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3.2 multilayer_p.m 

 
 

function [rho,tao,R,T] = multilayer_p(d,y,y_inc,y_sub,lambda,theta) 
 

% This code is for p-polarization.  

  
for m = 1:length(theta), 
    for i = 1:length(y), 
         y_s(m,i)        = sqrt(real(y(i))^2-imag(-y(i))^2-

y_inc^2*sind(theta(m))^2-2*1i*real(y(i))*imag(-y(i))); 
        if imag(y_s(m,i))>0, 
            y_s(m,i)    = -(y_s(m,i)); 
        end 
        delta_s(m,i)    = 2*pi*d(i)/lambda*y_s(m,i); 
        y_inc_s(m)      = y_inc*cosd(theta(m)); 
        y_sub_s(m)      = sqrt(real(y_sub)^2-imag(-y_sub)^2-

y_inc^2*sind(theta(m))^2-2*1i*real(y_sub)*imag(-y_sub)); 
        if imag(y_sub_s(m))>0, 
            y_sub_s(m)  = -(y_sub_s(m)); 
        end 
        y_p(m,i)        = y(i)^2/y_s(m,i); 
        delta_p(m,i)    = delta_s(m,i); 
        y_inc_p(m)      = y_inc^2/y_inc_s(m); 
        y_sub_p(m)      = y_sub^2/y_sub_s(m); 
        tmp    =  [cos(delta_p(m,i)),  1i*sin(delta_p(m,i))/y_p(m,i); 
                    1i*y_p(m,i)*sin(delta_p(m,i)), cos(delta_p(m,i))]; 
        if i == 1, 
            M   = tmp; 
        else 
            M   = M*tmp; 
        end 
    end 
    BC      = M*[1; y_sub_p(m)]; 
    B(m)    = BC(1); 
    C(m)    = BC(2); 

     
% rho and tao are the amplitude reflection and transmission 
% coefficients   
    rho(m)      = (y_inc_p(m)*B(m)-C(m))/(y_inc_p(m)*B(m)+C(m)); 
    phi_r(m)    = angle(rho(m))/pi*180; % phase 
    tao(m)      = 2*y_inc_s(m)/(y_inc_s(m)*B(m)+C(m)); 
    phi_t(m)    = angle(tao(m))/pi*180; % phase 

     
% R and T are the intensity reflection and transmission coefficients 
% Note: for transmission, the angle changes due to refraction, thus 

area is 
% different    

     
    R(m)    = abs(rho(m))^2; 
    T(m)    = 

4*y_inc_p(m)*real(y_sub_p(m))/abs((y_inc_p(m)*B(m)+C(m)))^2;     
end 
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3.3 multilayer_s.m 

 

 

function [rho,tao,R,T] = multilayer_s(d,y,y_inc,y_sub,lambda,theta) 

  
% This code is for s-polarization.  

  
for m = 1:length(theta), 
    for i = 1:length(y), 
        y_s(m,i)        = sqrt(real(y(i))^2-imag(-y(i))^2-

y_inc^2*sind(theta(m))^2-2*1i*real(y(i))*imag(-y(i))); 
        if imag(y_s(m,i))>0, 
            y_s(m,i)    = -(y_s(m,i)); 
        end 
        delta_s(m,i)    = 2*pi*d(i)/lambda*y_s(m,i); 
        y_inc_s(m)      = y_inc*cosd(theta(m)); 
        y_sub_s(m)      = sqrt(real(y_sub)^2-imag(-y_sub)^2-

y_inc^2*sind(theta(m))^2-2*1i*real(y_sub)*imag(-y_sub)); 
        if imag(y_sub_s(m))>0, 
            y_sub_s(m)  = -(y_sub_s(m)); 
        end 
        tmp    =  [cos(delta_s(m,i)),  1i*sin(delta_s(m,i))/y_s(m,i); 
                1i*y_s(m,i)*sin(delta_s(m,i)), cos(delta_s(m,i))]; 
        if i == 1, 
            M   = tmp; 
        else 
            M   = M*tmp; 
        end 
    end 
    BC      = M*[1; y_sub_s(m)]; 
    B(m)    = BC(1); 
    C(m)    = BC(2); 

     
% rho and tao are the amplitude reflection and transmission 

coefficients     
    rho(m)      = (y_inc_s(m)*B(m)-C(m))/(y_inc_s(m)*B(m)+C(m)); 
    phi_r(m)    = angle(rho(m))/pi*180; % phase 
    tao(m)      = 2*y_inc_s(m)/(y_inc_s(m)*B(m)+C(m)); 
    phi_t(m)    = angle(tao(m))/pi*180; % phase 

  
% R and T are the intensity reflection and transmission coefficients 
% Note: for transmission, the angle changes due to refraction, thus 

area is 
% different 
    R(m)    = abs(rho(m))^2; 
    T(m)    = 

4*y_inc_s(m)*real(y_sub_s(m))/abs((y_inc_s(m)*B(m)+C(m)))^2; 
end 
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4. Thin Film Calculator in OptiScan 

 

 One example is provided in the following to show how to use Thin Film 

Calculator to calculate the amplitude reflection, transmission coefficients, phase change, 

reflectance and transmittance for s and p polarized light in OptiScan. The geometry is 

described in the following table. A high index glass (S-LAH79) is used as the incident 

medium. 45nm silver is coated on the glass to generate the surface plasma resonance, and 

30nm SiO2 layer is used to protect silver from oxidation. Tested sample is located next to 

SiO2 layer, and is the substrate of the geometry. The wavelength is 632.8nm.  

Table 4.1: Example geometry 

 Material Index Thickness (nm) 

Incident medium S-LAH79 1.99613 -- 

Metal coating Silver 0.135+3.987i 45 

Protective coating SiO2 1.45708 30 

Substrate Water 1.33258 -- 

 

The following are the procedures to simulate this structure in Thin Film Calculator in 

OptiScan. [2] 
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1. First, OptiScan needs to be started. Choose the correct directory for OptiScan, and 

type “startup” in the command window, the opening panel looks like that in Fig 4-1.  

 

Fig 4-1: starting panel for OptiScan 

 

2. Open a new project in OptiScan, save the project, and then a window for the main 

project is opened and looks like Fig 4-2.  
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Fig 4-2: Main project window 

 

3. Click on the “Accessories” on the main project window, and then choose the 

“Thin Film Calculator”. A new window for “Thin Film Calculator” looks like that in Fig 

4-3. The first four parameters refer to the “Index of Incident Medium”, “Index of 

Substrate”, “Wavelength”, and “From angle”. In our example, use 1.99613 for index of 

incident medium, 1.54265 for index of substrate, 632.8e-9 for wavelength (unit in meter), 

and 0 to 90 for angle (unit in degree).  
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Fig 4-3: Thin Film Calculator panel window 

 

4. Input the thin film layers, press the “Change Layers” to modify the “TFT Layers”. 

Multiple thin film layers can be added in OptiScan, and this can be done by clicking 

“New Layer” in the “Tools” in this panel. The order of the layers is defined as the 

following: the first layer is the one next to the incident medium, and the last layer is the 

one on top of substrate. In case that there is no layer between the incident and substrate 

mediums, it is suggested that a very thin film with the same material as the incident or 

substrate medium can be used for “TFT Layers”. It is suggested that empty TFT layers is 
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not used. The panel for “TFT Layers” is given in Fig 4. For each layer, two layer 

parameters are needed: refractive index and thickness. Click on “TFT Layer” on Layer 

list to select the layer (in blue). Then input the two parameters in “N” and “Thick” in 

“Layer Parameters”. The unit for thickness is meters. Repeat these procedures for other 

layers. Use “Cut” button to delete the unwanted layers. After all the parameters have been 

assigned for TFT layers, click “OK” to return back to the Thin Film Calculator panel. Fig 

4 and Fig 5 are the windows for different layers. Fig 4-4 is the silver coating, and Fig 4-5 

is the SiO2 layer.  

 

Fig 4-4. TFT Layers window for silver film with index 0.135+3.987i, and thickness 45nm. 
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Fig 4-5. TFT Layers window for SiO2 film with index 1.4571, and thickness 30nm. 

 

5. Calculate the amplitude reflection and transmission coefficients, and phase 

change. In the Thin Film Calculator panel, select “Plot the amplitude”, and then click the 

“Reflection Plot” button for plotting the amplitude reflection coefficients for s and p 

polarized light. The phase change for s and p polarized light are also given in the results 

window, as shown in Fig 4-6. Return back to the Thin Film Calculator panel, and click 

“Transmission Plot” to plot the amplitude transmission coefficients and phase change for 

s and p polarized light. The results window is given in Fig 4-7.  
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Fig 4-6. Amplitude reflection coefficients and phase change for s and p polarized light.   
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Fig 4-7. Amplitude transmission coefficients and phase change for s and p polarized light. 

 

6. Calculator the reflectance and transmittance for the geometry. Return back to the 

Thin Film Calculator panel, and click “Plot the intensity”. Click on the “Reflection Plot” 

for the reflectance curves for s and p polarized light. Note that phase change is set to zero 

now since only intensity is considered. The result for reflectance is given in Fig 4-8. 

Similarly, click on “Transmission Plot” for the transmittance curves for s and p polarized 

light. The result for transmittance is given in Fig 4-9.  
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Fig 4-8. Reflectance for s and p polarized light. 
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Fig 4-9. Transmittance for s and p polarized light. 

 

7. Save the results. In Thin Film Calculator panel, click on “Save Plot Values”. Then 

when clicking on “Reflection Plot” or “Transmission Plot”, a window is given as Fig 4-

10 to ask a directory and name for the saved files. Choose the directory to save the file 

and type the file name. Then click on “Save”, results window will be given and also be 

saved.  
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Fig 4-10. Save plot values panel.  

 

5. References 

 

[1]  H Augus Macleod, class notes for Opti575,  “Optical Thin Films” 

[2]  OptiScan Manual 
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APPENDIX G 

 

RCWT CALCULATOR MANUAL 
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RCWT Calculator Manual 
 

 

In this manual, rigorous coupled-wave theory (RCWT) is explained. Firstly, the 

background and theory of RCWT is briefly explained. Then applications of RCWT are 

discussed, as well as the related problems when using RCWT. After understanding 

RCWT, a short description of the RCWT calculator in OptiScan is given with the brief 

descriptions of the parameters setting and geometries design. At last, an example for 

calculating the diffraction efficiency of dielectric gratings is given by using RCWT 

calculator. These results are compared with the published data, and they show great 

agreement. The descriptions of the theory of RCWT and RCWT calculator are brief, and 

interested users should refer the former detailed description of RCWT calculator 

associated with OptiScan. [1, 2] 

 

1. Background of RCWT [1] 

 

Rigorous coupled-wave theory (RCWT) is an exact, rigorous solution to Maxwell’s 

equations for a plane wave incident on a physical, possibly many layered structure that is 

infinite in extend and periodic in one dimension. [3,4,5] 

 The basic idea behind RCWT is that a complex structure is divided into several 

layers, and the permittivity variation of each layer is expressed a Fourier series. 

Furthermore, the electric fields and magnetic fields, above, below and within each layer, 
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are also decomposed as a Fourier series of plane waves. The base frequency of each of 

these plane waves is determined by applying the Floquet condition (also called grating 

equation) given by 

               
  

 
  

Where,  

   is the complex index of the incident medium 

  is the angle of the incident plane wave related to surface normal 

  is the period of the permittivity variation 

  is an indexing integer (note: not the imaginary number) 

   is wave vector of the incident light in vacuum 

This condition forces each layer to have the same base period. However the  Since 

electric and magnetic fields, and permittivity can be expressed in Fourier series, when 

applying Maxwell’s equations, the differential equations can be solved by using the 

eigenvalue and eigenvector approach. Once the Maxwell’s equations have been solved 

for each layer, the boundary conditions are applied to get the exact solution. When 

applying the boundary conditions, a set of algebraic coupled linear equations is resulted, 

which can be solved normal matrix technique. However, a direct inversion of these linear 

equations can result in numerical stability problems. [4] 
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2. Applications of RCWT [1] 

 

RCWT can accurately solve the Maxwell’s equations for a linear medium in which the 

permittivity variation can be expressed as a multiply layered binary structure. It should be 

pointed out that RCWT is best suited for binary grating structure. However, other 

common grating structures, such as cosine grating, blazed grating, can be approximated 

by layering multiple binary structures, which requires longer calculation time. And also, 

metal layers can be simulated in RCWT, and this requires more orders of Fourier series 

such that evanescent waves can be accurately calculated.  

 RCWT was originally developed to calculate the diffraction efficiency of binary 

grating structure. If multiple layers are used, diffraction efficiency for other common 

grating structure can be calculated. Metal grating can also be calculated for the diffraction 

efficiency if enough orders are defined.  

 RCWT can also be used to directly calculate the electric fields reflected from and 

transmitted through the structure. This capability extends the applicability of RCWT to 

calculate the effect of a grating structure on an arbitrary electric field. The electric field 

incident on the surface of the grating structure is decomposed into an angular spectrum of 

plane waves for each of the standard x, y and z polarization states. The incident angular 

spectrum is transformed into s-type and p-type polarization states. The RCWT algorithm 

is then applied to the s and p polarization components of each incident plane wave. The 

results of each of these calculations are a spectrum of s-type and p-type wavefronts. The 

s-type and p-type spectra are recombined and transformed to x, y, and z polarization 
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states. The transformed electric field is then calculated by and inverse Fourier transform 

of the resultant spectra. 

 

3. Problems when using RCWT [1] 

 

Two factors determine the accuracy of the RCWT algorithm, the number of orders kept 

in the truncated series representing the electric field (and the media permittivity), and 

binary layering used to simulate the structure.  In the limit of an infinite number of orders 

and layers, RCWT results in an exact solution to Maxwell’s equations.  However, the 

number of orders required to achieve an accurate solution differs depending on the 

problem in question.  The minimum number of orders required for any configuration is 

  
   , where   is the base period of the structure. Therefore, large period structures, 

require a large number of orders and therefore, longer computation times.  In general, for 

dielectric media, the minimum number of orders is often sufficient.  For metal structures, 

a large number of evanescent orders are required to achieve an accurate result.  RCWT is 

known to handle s-type (TE) polarization much better than p-type (TM) polarization, 

which generally requires a larger number of orders. 

There is also an inherent instability in the basic RCWT algorithm.  This instability 

occurs when using a non-periodic layer (such as an air-gap), if the base period times the 

index of the layer is exactly equal to an integer times the wavelength. This problem 

occurs because the algorithm attempts to invert a matrix of the form, which is singular.  

As long as physical values for refractive index are used this instability is unlikely to be a 
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problem, except in the case of an air gap.  When this situation occurs using a value of 

1.0001 for the index of air will result in a stable solution. 

 

4. RCWT calculator in OptiScan [1, 2] 

 

Nearly every simulation will begin by defining the physical structure of the diffraction 

grating being analyzed.  The parameters in the grating structure are completely up to the 

user.  That is, any structure that can be constructed using a stack of binary layers can be 

simulated using the Optiscan RCWT calculator.  Thin film stacks can also be included 

simply by setting the two indices in a given layer to the same value.  However, it should 

be kept in mind that the minimum number of orders used in the RCWT algorithm is     .  

Therefore, it must be emphasized that large period grating structures will require a large 

number of orders and will likewise require a large calculation time.  Also note that a large 

number of layers will also increase the calculation time.   

To define a grating: 

4.1)  In the main RCWT calculator panel, click “RCWT settings” to open the RCWT 

settings window.   

4.2)  Input the base period of the grating, keeping in mind that the minimum number 

of orders required for a calculation is     . 

4.3)  Input the complex index of refraction for the incident media and the substrate.  If 

you plan on performing wavelength dependent calculations, you will likely want to use a 
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dispersion file.  The dispersion file is a tab delimited ASCII text file in which the first 

column is wavelength in microns, the second column is the real part of the complex index 

and the third column is the imaginary part of the complex index.  The format for the 

dispersion file is: 

1.23450000000000 1.21200000000000 12.46400000000000 

1.12227272727273 1.20100000000000 11.18100000000000 

1.02875000000000 1.26000000000000 10.01000000000000 

0.94961538461538 1.46800000000000 8.94900000000000 

0.88178571428571 2.23700000000000 8.21200000000000 

Optiscan will automatically interpolate between the discrete values given in the data file. 

4.4)   Click on the “RCWT Layers” Tab to begin defining the layers of your grating. 

4.5)  Use the “New Layer” button to add as many layers is required for your desired 

grating structure.  

4.6)  The height is the thickness of the layer. 

4.7)  Input the two index values that define the modulation of your grating structure.  

If desired, you can use a dispersion file for each index.  If you want to use an 

unmodulated layer, you simply set Index 1 and Index2 to the same value. 

4.8)   Define the duty cycle vector for the layer.  The values in the duty cycle vector 

are sequential values between zero and one that define the transition points between 

Index 1 and Index 2.  For example (the last number is always 1) 
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Duty cycle vector = [0.25  0.6  0.9  1] 

 

Duty cycle vector = [0.3  0.7  1] 

4.9)  View the grating structure using the preview button. A grating structure for 

cosine grating is given in Fig 4-1. Five layers are used for this structure, with height, 

indices and duty cycle vector given in the following table. Please keep in mind the last 

number in duty cycle vector is always 1.  

Example:  A 1-micron deep cosine grating with a 1-micron period 

Layer 

number 

Height Index 1 Index 2 Duty cycle vector 

1 0.2 1.0 Aluminum.dat 0.39758   0.60242     1 

2 0.2 1.0 Aluminum.dat 0.31549    0.68451     1 

3 0.2 1.0 Aluminum.dat 0.25        0.75     1 

4 0.2 1.0 Aluminum.dat 0.18451     0.81549      1 

5 0.2 1.0 Aluminum.dat 0.10242     0.89758      1 
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Fig 4-1. RCWT geometry for a cosine grating with five layers 

 

The number of orders required to achieve an accurate result from the RCWT calculator is 

dependent on three factors. 

1. The period of the grating: The minimum number of orders is     . 

2. The material being used: For dielectric materials, the minimum number of 

orders is generally sufficient, although it is often a good idea to include at 

least a few orders above the minimum.  For metals, more orders are required, 

especially with P-type polarization, to account for any plasmon and surface 

wave effects.  Generally with metal structures, a good place to start is twice 

the minimum number of orders.  For materials in which the imaginary part of 

the complex index is high (above 1) even more orders will likely be required.  

3. Number of layers:  Generally structures with several layers require a few more 

orders than single surface structures. 
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Obviously the user wants to minimize the number of orders required to produce 

an accurate result.  The best way to determine the correct number of orders is to perform 

a diffraction efficiency calculation for p-type polarization and increase the number of 

orders until the answer stops changing. 

Once the grating structure has been defined,   the transmitted and reflected electric 

fields can be easily calculated in terms of the four parameters in the main window.  

Lambda is the wavelength of the illuminating electric field.  The three angles define the 

plane wave that is incident on the grating, as shown in Fig 4-2.  

θ is the angle of incidence with respect to the z-axis 

 ϕ  is the rotational angle about the z-axis 

 ψ is the polarization angle 90
o
= s-polarization 0

o
=p-polarization.   

 

Fig 4-2. Angle definitions for incident light in RCWT.  
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5. Example in RCWT calculator 

 

After understanding the procedures to use RCWT calculator in OptiScan, an example is 

given in this section to calculate the diffraction efficiency for binary dielectric grating for 

TE, TM polarization and conical mount. The results generated from RCWT calculator are 

then compared with the published data in Moharm’s paper. []  

The procedures for the example in RCWT calculator is given in the following:  

 

1. In order to get started, open OptiScan in MATLAB, and generate a new project. 

An OptiScan main project workspace window is given in the Fig 5-1. Click on the 

Accessories -- > RCWT Calculator from the top menu bar. This opens the main 

calculator panel.  
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Fig 5-1. RCWT Calculator in OptiScan Project Workspace window 

 

2. The main calculator panel is the primary interface for the RCWT calculator. Form 

this panel, there are buttons which allow the user to define a grating structure, generate a 

basis set, calculate diffraction efficiency, and simulate a single plane wave incident upon 

the grating structure. In this example, the diffraction efficiency of a binary dielectric 

grating is demonstrated. Other functions are similar, and interested users can refer the 

OptiScan help.  
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Fig 5-2. RCWT Calculator panel 

 

3. Click on the RCWT Settings in the panel to work on the general information for 

grating structure and calculation, as shown in Fig 5-2. In the RCWT Settings, choose 

“Number of orders” to be 15, “Base Period (meters)” to be 650e-9, “Number of Periods” 

to be 1. The “Index of Incident Medium” is set to be 1.0001 instead of 1, which is used to 

solve the possible singularity problem in RCWT calculator. And the “Index of Substrate” 

is set to be 2.04. All the parameters can be seen in Fig 5-2.  
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Fig 5-3. Panel for RCWT Settings 

 

4. Then click on the RCWT Layers to define the height, duty cycle and indices for 

the grating. The panel is given in Fig 5-4. Set the Height (meters) to be 45λ, which is 

2.925e-5, click on Vary Layer Height so that different grating height can be calculated 

with the defined Increment (meters). In this example, it is set to be 0.02λ, which is 1.3e-8. 

Duty cycle is [0.25   0.75   1]. “Index 1” is set to be 1.0001, and “Index 2” is set to be 

2.04. All parameters can be seen in Fig 5-4.  



254 
 

 
 

 

Fig 5-4. RCWT Layers panel 

 

5. Click on the Preview to see the grating structure, as shown in Fig 5-5. After 

checking the grating structure, click on OK to return back to the RCWT main panel to 

assign the wavelength, orientation, and polarization of incident light.  
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Fig 5-5. Binary dielectric grating geometry plotted by RCWT Calculator in OptiScan 

 

6. Set the wavelength, orientation, polarization of incident light in the RCWT main 

panel. Also set the parameter in the Diffraction Efficiency. In this example, LAMBDA 

(meters) is set to be 650e-9 for Plane Wave Settings. In Diffraction Efficiency, select 

Varied Parameter to be “layer height (meters)”, No.-orders to be 1, No.+order to be 1, 

and Stop for the grating height to be 50λ, which is 3.25e-5. Transmitted button is selected 

to calculate the diffraction efficiency. Three orientation and polarization incident light are 

used, which is given in the following table with TE, TM polarization and conical mount. 

The panel for TE is shown in Fig 5-6.  
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Three Types of Incident light 

Incident light 
LAMBDA 

(meters) 

THETA 

(degrees) 

PHI 

(degrees) 

PSI 

(degrees) 

TE 650e-9 10 0 90 

TM 650e-9 10 0 0 

Conical mount 650e-9 10 30 45 

 

 

Fig 5-6. RCWT panel for TE illumination 

 



257 
 

 
 

7. Calculate the diffraction efficiency. Click on Transmitted, and click on button 

“Calculate Diffraction Efficiency”, the results window is given in Fig 5-7.  

 

Fig 5-7. Transmitted diffraction efficiency for 0
th

, 1
st
, -1

st
 orders for TE illumination with 

theta=10, phi=0, and psi=90 degrees.  

 

The incident light orientation and polarization can be changed in the RCWT calculator 

main panel. Use the parameters given in the previous table for TM polarization and 

conical mount. The results are given in the Fig 5-8 (TM) and Fig 5-9 (Conical mount).  
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Fig 5-8 Transmitted diffraction efficiency for 0
th

, 1
st
, -1

st
 orders for TM illumination with 

theta=10, phi=0, and psi=0 degrees. 
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Fig 5-9 Transmitted diffraction efficiency for 0
th

, 1
st
, -1

st
 orders for conical mount 

illumination with theta=10, phi=30 degrees, and psi=45 degrees. 

 

The -1
st
 order diffraction efficiency is chosen for TE, TM, and conical mount to compare 

with the results in Moharam’s paper. However, in OptiScan, zeroth order is always 

plotted. The results are summarized in Fig 5-10.  
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(a) TE polarized light, with θ=10°, ϕ=0°, 

ψ=90°, λ=650nm 

 

(b) TM polarized light, with θ=10°, ϕ=0°, 

ψ=0°, λ=650nm 

 

  

(c) Conical mount light, with θ=10°, 

ϕ=30°, ψ=45°, λ=650nm 

 

(d) -1st
 order diffraction efficiency for TE, 

TM, Conical Mount incident light from 

Moharam’s paper 

 

Fig 5-10 Diffraction efficiency dependence on the normalized grating depth of a binary 

dielectric grating (                                    ) for TE, TM polarization 

and conical mount (      and      ) at      . (a), (b), (c) are results from 

RCWT calculator in OptiScan, and (d) is from Moharam’s paper. Only -1
st
 order are 

compared. (green color) 
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6. MATALB code and examples 

 

In this section, MATLAM program is given to calculate the diffraction efficiency for the 

same binary dielectric grating as before. The results are given in Fig 6-1, which show 

great agreement with the published data as shown in Fig 6-2.   

 

Fig 6-1. Results from RCWT calculator in OptiScan. 

 

Fig 6-2. Results from Moharam’s paper. 
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6.1 Moharam_1.m 

 

%====================================================================== 
% Evaluation of  Moharam's Paper 
% "Formulation for stable and efficient implementation of 
% the rigorous coupled-wave analysis of binary gratings 
% 

====================================================================== 

  
clear all; close all; 

  
Ndata   = 100; 
n1      = 1.00001; 
n2      = 2.04; 
n_g2    = 1.00001; 
n_g1    = 2.04; 
cperiod = [0.25 0.75 1]; 

  
Lambda  = 650; 

  
grating_period  = 1*Lambda; 

  
theta           = 10; 
phi             = 0; 
m               = 31; 

  
DE1TE           = []; 
DE1TM           = []; 
DE1Con          = []; 
Start           = 45; 
Stop            = 50; 
for grating_h       = linspace(Start*Lambda,Stop*Lambda,Ndata), 
    Grating.n1      = n1; 
    Grating.n2      = n2; 
    Grating.ng1     = n_g1; 
    Grating.ng2     = n_g2; 
    Grating.h       = grating_h; 
    Grating.cperd   = cperiod; 
    Grating.d       = grating_period; 

  
    psi             = 90; 
    phi             = 0; 
    [DErs,DErp,DEts,DEtp]   = ... 
        DiffractionEfficiencyRCWT(Grating,m,phi,psi,theta,Lambda); 
    DE1TE           = [DE1TE; abs(DEts(m+1+1))+abs(DEtp(m+1+1))]; 

  

  
    psi             = 0; 
    phi             = 0; 
    [DErs,DErp,DEts,DEtp]   = ... 
        DiffractionEfficiencyRCWT(Grating,m,phi,psi,theta,Lambda); 
    DE1TM           = [DE1TM; abs(DEts(m+1+1))+abs(DEtp(m+1+1))]; 
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    phi             = 30; 
    psi             = 45; 
    [DErs,DErp,DEts,DEtp]   = ... 
        DiffractionEfficiencyRCWT(Grating,m,phi,psi,theta,Lambda); 
    DE1Con          = [DE1Con; abs(DEts(m+1+1))+abs(DEtp(m+1+1))]; 

  
end 
h = linspace(Start,Stop,Ndata)'; 
plot(h,DE1TE,'--k',h,DE1TM,'-k',h,DE1Con,'-.k'); 
figure,plot(h,DE1TE,'k'); 
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6.2 DiffractionEfficiencyRCWT.m 

 

function 

[DErs,DErp,DEts,DEtp]=DiffractionEfficiencyRCWT(Grating,m,phiin,psiin,t

hetain,lambda); 

  
n1      = Grating.n1; 
n2      = Grating.n2; 
ng1     = Grating.ng1; 
ng2     = Grating.ng2; 
h       = Grating.h; 
d       = Grating.d; 
cperd   = Grating.cperd; 

  
%fix index issue for positive imag index 
n1      = conj(n1); 
n2      = conj(n2); 
ng1     = conj(ng1); 
ng2     = conj(ng2); 

  

  
multiconipara; 
[l, cl]=size(cperd); 
if floor(cl/2)==ceil(cl/2) 
    disp('Number of transition points must be odd!'); 
end 

  
O       = zeros(2*m+1); 
I       = eye(2*m+1); 
O2      = zeros(4*m+2); 
I2      = eye(4*m+2); 
Y1      = diag(k1ziperk0); 
Y2      = diag(k2ziperk0); 
Z1      = diag(k1ziperk0/(n1^2)); 
Z2      = diag(k2ziperk0/(n2^2)); 
fg      = [ [I O]; 
            [1i*Y2 O]; 
            [O I]; 
            [O 1i*Z2]]; 
M       = I2; 
for L   = l:-1:1, 
    [E, invE]    = multilev(m, ng1(L),ng2(L), cperd(L,:)); 
%     E(abs(E)<1e-13)   = 0; 
    A   = Kx2-E; 
    %Use Backslash instead of invE for more reliability     by Seung-

Hune 
    B   = Kx*(E\Kx)-eye(2*m+1);           
    %B   = Kx*inv(E)*Kx-eye(2*m+1);           

     
    [W1,Q12]    = eig(Ky2+Kx2-E,'nobalance'); 

     
    %Use Backslash instead of invE for more reliability     by Seung-

Hune 
    KEBmat      = Ky2+(Kx*(E\Kx))*E-E;                



265 
 

 
 

    %KEBmat      = Ky2+(Kx*inv(E)*Kx)*E-E;               % <<Moharam>> 
    %KEBmat=Ky2+(Kx*inv(E)*Kx)*inv(invE)-inv(invE);     % <<Neil>> 

  
    [W2,Q22]    = eig(KEBmat,'nobalance'); 

  
    Q12     = diag(Q12);                               % <<Moharam>> 
    Q22     = diag(Q22);                               % <<Moharam>> 
    %Q12=real(diag(Q12))+1i*imag(diag(Q12));            % <<Neil>> 
    %Q22=real(diag(Q22))+1i*imag(diag(Q22));            % <<Neil>> 

     
    Q1      = k0*(diag(sqrt(Q12))); 
    Q1perk0 = (diag(sqrt(Q12))); 
    Q2      = k0*(diag(sqrt(Q22))); 
    Q2perk0 = (diag(sqrt(Q22))); 

  

     
    %Use Backslash instead of invE for more reliability     by Seung-

Hune 
    V11     = (A\W1)*Q1perk0; 
    V12     = kyperk0*(A\Kx)*W2; 
    %V11     = inv(A)*W1*Q1perk0; 
    %V12     = kyperk0*inv(A)*Kx*W2; 

     
    %Use Backslash instead of invE for more reliability     by Seung-

Hune 
    V21     = kyperk0*(B\Kx)*(E\W1); 
    V22     = (B\W2)*Q2perk0; 
    %V21     = kyperk0*inv(B)*Kx*inv(E)*W1; 
    %V22     = inv(B)*W2*Q2perk0; 

  
    X1      = diag(exp(-diag(Q1)*h(L))); 
    X2      = diag(exp(-diag(Q2)*h(L))); 
    X       = [[X1 O];[O X2]]; 

  
    if theta == 0 
        phii        = atan(kyperk0./kxperk0(1:m)); 
        phii(m+1)   = 0; 
        phii(m+2:2*m+1)     = atan(kyperk0./kxperk0(m+2:2*m+1)); 
    elseif kyperk0 == 0 
        phii=atan2(kyperk0,kxperk0); 
    else 
        phii=atan2(kyperk0,kxperk0); 
    end 

  
    Fc      = diag(cos(phii)); 
    Fs      = diag(sin(phii)); 
    Vss     = Fc*V11; 
    Wss     = Fc*W1+Fs*V21; 
    Vsp     = Fc*V12-Fs*W2; %NOTE a typo in Ref. 1! 

  
    Wsp     = Fs*V22; 
    Wpp     = Fc*V22; 
    Vpp     = Fc*W2+Fs*V12; 
    Wps     = Fc*V21-Fs*W1; 
    Vps     = Fs*V11; 
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    W11     = [[Vss Vsp]; [Wss Wsp]]; 
    W21     = [[Wps Wpp]; [Vps Vpp]]; 
    W12     = [[Vss Vsp]; [-Wss -Wsp]]; 
    W22     = [[-Wps -Wpp]; [Vps Vpp]]; 
    if (theta==0)||(phiin==0)||(phiin==180) 
%Use Backslash instead of invE for more reliability     by Seung-Hune 
        c1  =.5*(Vss\eye(size(Vss))); 
        c3  =.5*(Wss\eye(size(Wss))); 
        c6  =.5*(Wpp\eye(size(Wpp))); 
        c8  =.5*(Vpp\eye(size(Vpp))); 
%         c1  =.5*inv(Vss); 
%         c3  =.5*inv(Wss); 
%         c6  =.5*inv(Wpp); 
%         c8  =.5*inv(Vpp); 

  
        invers  =   [   [c1 c3 O O]; 
                        [O O c6 c8]; 
                        [c1 -c3 O O]; 
                        [O O -c6 c8]    ];                     
        ab  = invers*fg;        
    else 
        invers  =([  [Vss Vsp Vss Vsp];  
                        [Wss Wsp -Wss -Wsp];  
                        [Wps Wpp -Wps -Wpp];  
                        [Vps Vpp Vps Vpp]   ]); 
        ab  = invers\fg;        
    end 

  
    a   = ab(1:4*m+2,:); 
    b   = ab(4*m+3:8*m+4,:); 
    warning off; 
%Use Backslash instead of invE for more reliability     by Seung-Hune 
    fg  = [ [W11+W12*X*b*(a\X)];    % by Seung-Hune 
            [W21+W22*X*b*(a\X)]  ]; 
    M   = M*(a\X); 
    warning on; 
%    fg  = [ [W11+W12*X*b*inv(a)*X];    % by Neil 
%            [W21+W22*X*b*inv(a)*X]  ]; 
%    M   = M*inv(a)*X; 
end 
f11     = fg(1:2*m+1,1:2*m+1); 
f12     = fg(1:2*m+1,2*m+2:4*m+2); 
f21     = fg(2*m+2:4*m+2,1:2*m+1); 
f22     = fg(2*m+2:4*m+2,2*m+2:4*m+2); 
g11     = fg(4*m+3:6*m+3,1:2*m+1); 
g12     = fg(4*m+3:6*m+3,2*m+2:4*m+2); 
g21     = fg(6*m+4:8*m+4,1:2*m+1); 
g22     = fg(6*m+4:8*m+4,2*m+2:4*m+2); 

  
matr=[  [-I O f11 f12]; %this is the original  one 
        [1i*Y1 O f21 f22]; 
        [O -I g11 g12]; 
        [O 1i*Z1 g21 g22]   ]; 

  
RT      = matr\[aa; bb; cc; dd]; 
Rs      = RT(1:2*m+1); 
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Rp      = RT(2*m+2:4*m+2); 
Ts      = RT(4*m+3:6*m+3); 
Tp      = RT(6*m+4:8*m+4); 
TsTp    = M*[Ts;Tp]; 
Ts      = TsTp(1:2*m+1); 
Tp      = TsTp(2*m+2:4*m+2); 

  
DEr=abs(Rs).^2.*real(k1ziperk0/(n1*cos(theta)))'+abs(Rp).^2.*real(k1zip

erk0/(n1^3*cos(theta)))'; 
DEt=abs(Ts).^2.*real(k2ziperk0/(n1*cos(theta)))'+abs(Tp).^2.*real(k2zip

erk0/(n1*n2^2*cos(theta)))'; 
eta0=DEt(m+1); 
delta0=(angle(Ts(m+1))-angle(Tp(m+1)))/pi*180; 
alpha0=atan(abs(Ts(m+1))/abs(Tp(m+1)))/pi*180; 

  
DErs=abs(Rs).^2.*real(k1ziperk0/(n1*cos(theta)))'; 
DErp=abs(Rp).^2.*real(k1ziperk0/(n1^3*cos(theta)))'; 
DEts=abs(Ts).^2.*real(k2ziperk0/(n1*cos(theta)))'; 
DEtp=abs(Tp).^2.*real(k2ziperk0/(n1*n2^2*cos(theta)))'; 
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6.3 multiconipara.com 
 

phi     = phiin/360*2*pi; 
theta   = thetain/360*2*pi; 
psi     = psiin/360*2*pi; 
k0      = 2*pi/lambda; 
kyperk0 = n1*sin(theta)*sin(phi); 

  
if abs(kyperk0)<1e-12 
    kyperk0=0; 
end 
ky      = kyperk0*k0; 
ky2     = kyperk0.^2; 
Ky2     = ky2*eye(2*m+1); 

  
% Calculate kx0 with n of incident material, n1*sin(); 
i=-m:m; 
kxperk0     = n1*sin(theta)*cos(phi)-i*(lambda/d);  % Grating Equation 

  
indx    = find(abs(kxperk0)<1e-14); 
kxperk0(indx)   = 0; 

  
% k vectors  
kx      = kxperk0*k0; 
Kx      = diag(kxperk0); 
Kx2     = diag(kxperk0.^2); 

  
k1zi        = k0*sqrt(n1^2-(kxperk0.^2+ky2)); 
if imag(n1) == 0, 
    k1zi        = conj(k1zi);       %for dielectric 
end 
k1ziperk0   = sqrt(n1^2-(kxperk0.^2+ky2)); 
if imag(n1) == 0, 
    k1ziperk0   = conj(k1ziperk0);  %for dielectric 
end 

  
k2zi        = k0*sqrt(n2^2-(kxperk0.^2+ky2)); 
if imag(n2) == 0,  
    k2zi        = conj(k2zi);       %for dielectric 
end 
k2ziperk0   = sqrt(n2^2-(kxperk0.^2+ky2)); 
if imag(n2) == 0, 
    k2ziperk0   = conj(k2ziperk0);  %for dielectric 
end 

  
aa      = zeros(2*m+1,1); 
bb      = aa; 
cc      = aa; 
dd      = aa; 
O       = aa; 

  
aa(m+1) = sin(psi); 
bb(m+1) = 1i*sin(psi)*n1*cos(theta); 
cc(m+1) = -1i*cos(psi)*n1; 
dd(m+1) = cos(psi)*cos(theta); 
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6.4 multilev.m 

 

function    [E,invE] = multilev(m,ng1,ng2,cperd) 

  
cl                = length(cperd); 

  
for cc  = 1:cl+1 
   multip(cc)     = (-1)^(1+ceil(cc/2)-floor(cc/2)); 
end 

  
epsil(1)          = transpose((ng2^2-

ng1^2)*cperd*multip(2:cl+1)')+ng2^2; 
inveps(1)         = (1/ng2^2-1/ng1^2)*cperd*multip(2:cl+1)'+1/ng2^2; 

  
for i = 1:2*m 
   fac(1)         = 1; 
   fac(2:cl+1)    = exp(-1i*2*pi*(i)*(cperd)); %shift in grating 
   fac2(1)        = 1; 
   fac2(2:cl+1)   = exp(1i*2*pi*(i)*(cperd)); 
   epsil(i+1)     = 1i ./(2*pi*i)*(ng2^2-ng1^2)*fac*transpose(multip); 
   epsil(4*m+2-i) = -1i ./(2*pi*i)*(ng2^2-ng1^2)*fac2*transpose(multip); 
   inveps(i+1)    = 1i ./(2*pi*i)*(1/ng2^2-

1/ng1^2)*fac*transpose(multip); 
   inveps(4*m+2-i)= -1i ./(2*pi*i)*(1/ng2^2-

1/ng1^2)*fac2*transpose(multip); 
end 

  
%=========================================================== 
%epsil=epsil.*exp(-1i*2*pi*[0:4*m]*(2*m+1)/(4*m+1));        <<Neil>> 
%inveps=inveps.*exp(-1i*2*pi*[0:4*m]*(2*m+1)/(4*m+1));      <<Neil>> 
%=========================================================== 

  
for i = 1:2*m+1 
   E(i:2*m+1,i)   = transpose(epsil(1:2*m+2-i)); 
   invE(i:2*m+1,i)= transpose(inveps(1:2*m+2-i)); 
end 

  
for i = 2:2*m+1 
   E(1:i-1,i)     = transpose(epsil(4*m+3-i:4*m+1)); 
  invE(1:i-1,i)  = transpose(inveps(4*m+3-i:4*m+1)); 
end 
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