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ABSTRACT 

A near-field scanning optical (NFO) system utilizes a subwavelength sized aperture 

to illuminate a sample. The aperture raster scans the sample. During the scan, the aperture 

is held in proximity to the sample. At each sampling point, the integrated far-zone energy 

distribution is stored. This collection of data is used to generate an image of the sample's 

surface. The main advantage ofNFO systems is their very high spatial resolution. In this 

dissertation a hybrid finite-difference-time-domain (FDTD)/angular spectrum code is used 

to study the electromagnetic and imaging properties of a NFO scanning system. In addition, 

a finite-difference thermal (FD-thermal) code is used to calculate the thermal properties of 

a NFO system. Various aperture/sample geometries are studied numerically using both TE 

and TM polarization within a two-dimensional metallic waveguide that forms the aperture. 

The spatial properties of the electric field emitted by the aperture with no sample 

present are greatly influenced by the polarization. In particular, the electric field with TM 

polarization exhibits sharp peaks near the comers of the aperture, while the field with TE 

polarization is smooth and peaked at the center of the aperture. For both polarizations, the 

electric field remains collimated for a distance comparable to the aperture size. The electric 

field for both polarizations is altered when a dielectric sample is placed in proximity to the 

aperture. It is shown that the most representative image of the sample's topography is 

obtained using TE polarization and the resulting total far-zone energy as the sampled data. 

It is also shown that simpler scalar methods do not accurately predict the imaging behavior 

of a NFO system. 
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Under certain circumstances the relationship between the sample's topography and 

the detected image is nearly linear. Under these conditions a system transfer function is 

calculated. Using the transfer function, it is shown that the spatial resolution of a NFO 

. system is on the order of the aperture size plus the aperture to sample spacing. Interestingly, 

the transfer function is object dependent. Post image equalization techniques are shown to 

increase system resolution. 

When a metallic sample is imaged, the objectllmage relationship is more complex than 

with a pure dielectric sample. In the metallic sample, signal enhancement is observed over 

sharp topographic features. In addition, the optical power that is absorbed in a metallic 

sample is converted to heat that flows throughout the sample. Thermal transfer between the 

tip and the sample is shown to playa smaller role in sample heating. It is shown that a wider 

thermal profile in the sample is obtained with TM polarization than with TE polarization. 

This is important in areas such as optical data storage, where an elliptically shaped data mark 

is predicted. 
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CHAPTER 1 

INTRODUCTION 

1.1 Historical Background 

1.1.1 Motivation/or near-field optical systems In a conventional optical system, 

lenses and mirrors are used to image the distribution of electromagnetic energy from one 

plane to anothel'. One defining property of any such system is the numerical aperture (NA), 

which is given by 

NA = nsinem ' (1-1) 

where em is the marginal ray angle from the exit pupil of the optical system that is located 

in a medium of refractive index n. In air, n = 1, and the maximum achievable NA is unity. 

In conventional optical systems the size of the various components and the spacing 

between components is often of dimensions far greater than the wavelength of the 

electromagnetic radiation 1... Diffraction effects, which are caused by finite sized apertures 

and propagation between elements, limit the overall spatial resolution. The resolution ax 

of a circularly symmetric optical system is given by 

ox=g 
NA 

(1-2) 

(Smith 1990). The constant P is typically around 0.5 to 0.6 and depends on the resolution 

criterion. For the Raleigh criterion, p = 0.61. Notice that the lowest achievable spatial 
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resolution is approximately ')../2 (with NA = 1). For visible light, 380 run < A < 720 nm, the 

minimum resolution is on the order of a few hundred nanometers. 

In many applications spatial resolution better than a few hundred nanometers is 

desired. One way to overcome the diffraction limitation ofEqn. 1-2 is with a near-field 

optical (NFO) system, where electromagnetic energy is channeled through a subwavelength 

diameter aperture in proximity to the sample surface (Pohl and Courjon 1993). The aperture 

is used as a probe, which can either collect energy scattered from the sample's surface or 

illuminate the surface. With the use of the subwavelength sized aperture probe, resolution 

of a few tens of nanometers can be accomplished (Betzig et al. 1991). The basic concept of 

the NFO system is to scan the probe across a sample while in proximity to the sample's 

surface. In the transmission mode, which is studied exclusively in this work, the probe is 

used as an illumination source as it scans across a sample, and a detector some distance 

behind the sample collects the scattered energy. By raster scanning the probe and correlating 

the detector signal with the probe position, an NFO image of the sample's surface can be 

realized. Since the energy from the aperture is diverging rapidly, maximum spatial resolution 

is obtained by minimizing the probe-to-sample separation. 

The idea of sub-diffraction limited resolution via a sub wavelength aperture was first 

proposed in the 1920's by Synge (1928). However, it was not until the early 1970's that Ash 

and Nicholls (1972) demonstrated such a system that operated at microwave frequencies (A. 

= 3 cm). In their work, Ash and Nicholls reported a resolution of approximately ')../60. In 

the mid to early 1980's NFO systems operating at optical frequencies were reported by Pohl 

et a/ (1982), Fisher (1985), Betzig et al (1987) and others. One important aspect of their 
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works was studying the optimum probe geometry. Currently the most popular geometry is 

the tapered fiber probe (Betzig and Trautman 1992) shown schematically in Fig. 1-1. The 

probe is created by heating and pulling a conventional single mode optical fiber. This results 

in a tapered region in the fiber over the last several hundred micrometers. The tapering is 

well defined and usually done with a half-angle of 8-12°. Unfortunately, the tapered 

dielectric waveguide poorly confines the electromagnetic energy below a certain radius, at 

which the energy in the core is no longer propagating. Instead, the energy is evanescent, 

where the magnitude of the electric field decays exponentially with z. This condition is 

referred to as cutoff for the waveguide. To better confine the electromagnetic energy the 

tapered fiber is overcoated with a metallic layer. Typically the metallic coating is aluminum. 

Due to the relatively short skin depth of aluminum, a coating thickness on the order of75-

100 nm is sufficient for confining the electromagnetic energy within the guide. The 

overcoating procedure directionally deposits the metal on the probe so that the tip of the 

fiber remains uncoated. The result is a coated probe with a subwavelength aperture at the 

tip. 

The tapered probe can be used to image samples. The probe is held in proximity to 

the sample (5 run-20 run) and scanned in a direction parallel to the surface of the sample, as 

shown in Fig. 1-1. Often the surface exhibits local topography which modifies the behavior 

of the electromagnetic fields emitted from the probe in the near zone (z «A). This leads to 

a corresponding change in the electromagnetic fields in the far zone (z »1.), which can be 

easily detected. During a scan, the probe is maintained at a fixed distance above the surface 

of the sample. Because this distance is small, active control of the probe-to-sample 
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separation is necessary. A variety of control techniques have been used. The most popular 

technique utilizes a shear-force feedback servo method and a piezo-electric transducer 

(Froehlich and Milster 1994). 

NFO systems are used in various applications including surface characterization (pohl 

et al. 1988), lithography (FroeWich et al. 1992), data storage (Betzig et al. 1992c), 

spectroscopy (piednoir et al. 1995), florescence (Dunn et al. 1995), and waveguide 

characterization (Jackson and Boyd 1992). To date, there are several important obstacles 

that must be overcome for NFO systems to progress. Firstly, the tapered probe geometry 

shown in Fig. 1-1 results in a cutoff waveguide near the aperture. Because the waveguide 

is above cutoff, only a small percentage of the optical power launched into the fiber is 

emitted out the aperture. Typical power throughputs on the order of 10-6 to 10-8 cause the 

experimentalist to work with detected power levels of nanowatts to picowatts. Such power 

levels are limiting in many applications. A second major problem lies in the understanding 

of the behavior of the near-zone and far-zone electromagnetic fields. In conventional optical 

systems several approximations are routinely used to simplify calculation of the 

electromagnetic field distribution. For example, the Kirchoff boundary condition (Goodman 

1968) is used to approximate the spatial distribution of the electric field directly behind a 

diffracting screen. In addition, scalar theory is often used to approximate the vector nature 

of light. Such approximations result in simpler computations and often in a better intuitive 

understanding of the energy distribution in the system. Unfortunately, in a near-field optical 

system, where the probe dimensions and the probe-to-sample spacing are much smaller than 

a wavelength, more rigorous computational techniques are required. Because of the 
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Figure. 1-1. The geometry ofa typical NFO system with a tapered fiber probe. The 
probe is overcoated with aluminum. During a scan of a sample, the probe-to-sample 
spacing is minimized. Often the sample will have local topographical variations as shown 
in the inset. 

system's subwavelength dimensions, the electromagnetic behavior is influenced by a wide 

variety of probe and sample parameters. In addition, the fields emitted by the probe are not 

independent of the sample. Because of these complications, the behavior of the 

electromagnetic field in a near-field system is far less intuitive. 

1.1.2 Historical review o/modeling techniques Electromagnetic models are 

needed to study and characterize NFO systems. Such models further the understanding of 
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current systems and may aid in the design of future systems. These models are typically 

applied in one of three distinct spatial regions common to most NFO systems. The first 

region is from the light source to the aperture. Since the light is usually delivered through 

a tapered waveguide to the aperture, throughput issues are often of primary concern in this 

region. The second region involves the electromagnetic fields emanating from the aperture 

and the interaction of these fields with the sample. The third region ofinterest concerns the 

light propagating beyond the sample into the far zone. Signal detection most often takes 

place in the far zone. For this work, the second and third regions are of primary interest. 

Studying the fields in these two regions allows for a study of the behavior of the sample 

dependent near-zone fields, and for calculations of the far-zone detected signal. A brief 

history of the modeling techniques used to study the field behavior in these regions is 

provided in the following paragraphs. 

The first notable work in modeling electromagnetic diffraction through small 

apertures was performed by Bethe (1944), with corrections made by Bouwkamp (1950). 

Bethe showed that the fields emitted by the aperture can be approximated by a superposition 

of the fields radiated by an electric dipole located normal to the aperture and a magnetic 

dipole located tangential to the aperture. The strength of the electric and magnetic dipole 

are proportional to the strength of the normal component of the incident electric field and 

the tangential component of the incident magnetic field on the aperture. The constant of 

proportionality is referred to as the electric and magnetic polarizability, and it is related to 

the size and shape of the aperture. Although Bethe's work oversimplifies the diffraction 
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problem, it has been shown to be reasonably accurate at distances past the aperture which 

are on the order of the aperture diameter or greater. 

With the growing power of computers in the 1970's, several techniques were used 

to study electromagnetic energy propagation through a subwavelength aperture in a thin 

conducting screen. McDonald (1972) modeled the coupling through an aperture between 

two coupled microwave cavities using an equivalent inductor-capacitor electrical network. 

Rahmat-Samii and Mittra (1977) expanded the problem into an infinite set of coupled 

integral equations, which they solved numerically to obtain the fields in and behind the 

aperture. Butler et al. (1978) used fictitious electric and magnetic current sources on the 

screen to solve for the near-zone fields behind the screen. Harrington and Auckland (1980) 

computed the transmission coefficients of various apertures using transmission line theory. 

In the 1980's and 1990's the use of subwavelength apertures in the optical regime 

became more popular not only experimentally but also computationally. Massey (1984) used 

simple scalar diffraction theory to show that spatial resolution on the order of the aperture 

diameter is possible in a near-field optical system. Betzig et al. (1986) employed a Green's 

function technique to solve for the field distribution in and around a two-dimensional 

subwavelength slit. In this work, Betzig found that the collimation length of the 

electromagnetic energy past the slit is related to the slit width. He concluded that the 

resolution of a NFO system is not only related to the aperture size, but also to the aperture

to-sample spacing. Leviatan (1986) and Roberts (1989) used various techniques to solve the 

equivalent three dimensional problem. In each of their works, strong differences between 

the polarization of the light and the behavior of the fields in evident. 
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The works discussed so far studied the problem of electromagnetic propagation 

through sub-wavelength apertures in air. The more difficult problem, and more relevant to 

the near-field optics community, of placing a sample in proximity to the aperture was not 

rigorously studied until the 1990's with the advent of super-computers and more elaborate 

electromagnetic modeling techniques. As mentioned earlier, the presence of a sample very 

close to the aperture modifies the amplitude and spatial distribution of the fields in and 

around the aperture. Therefore, the fields computed in air will not be identical to those 

computed when a sample is present 

Vigoureux and Courjon (1992) used a simple k-space fonnalism to study the 

interaction of probe fields with simple objects of various spatial frequencies. Their work 

showed that spatial frequency mixing between the probe's higher spatial frequencies 

(evanescent in air) and the sample's spatial frequencies allows for resolution better than that 

given by Eqn. 1-2. Novotny et al. used the multiple multipole method to solve the two

dimensional (1994b) and three-dimensional problem (1994a). Novotny also used the 

mUltiple mulitpole method(MMP) method to study both the near-zone field distribution and 

the far-zone detected signal with and without an object present. In his two-dimensional 

work, he showed that the near and far-zone fields are significantly influenced by many factors 

including the polarization of the incident light and the size, shape and material properties of 

the sample. Girard and Dereux (1994) used a self-consistent approach where the electric 

field is expanded as sum of the field without the presence of a scattering object and a second 

term which modifies the electric field due to the presence of the probe and object. This 

model was used to study plasma effects in the object as a function of the driving frequency. 
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Kann et al. (1995a,b) used a hybrid finite-difference-time-domain (FDTD)/angular spectrum 

code to calculate the amplitude and phase of the near and far-zone electric field distribution. 

In addition, Kann et al. showed that under limited circumstances, linear systems theory can 

be used to study the object-image relationship (l995c). 

1.1.3 Modeling techniques used in this work The work presented in this 

dissertation investigates the electromagnetic field behavior in the near and far zone of a NFO 

system. Of particular interest is the field behavior when dielectric and metallic samples are 

scanned with an NFO aperture. A hybrid FDTD/angular-spectrum approach is used to 

calculate the amplitude and phase of the electromagnetic fields in the near and far zones. In 

addition, a finite-difference thermal model (FD-thermal) is used in Chapter 5 to calculate the 

temperature distribution in the near zone. Throughout this work the MKSA system of units 

is used. 

The FDTD code is used to solve for the fields in the near zone where the energy 

transmitted through the aperture interacts with a sample. The FDTD code discretizes the 

problem in both time and space. The spatial discretization is accomplished by dividing the 

geometry into a mesh of differential area elements called cells. The cell area is much smaller 

than A, and for this work cell dimensions are 1 run x 1 run to give the desired resolution. The 

material properties are constant within each cell. Once the spatial discretization is complete, 

the code cycles through time, solving Ampere's and Faraday's equations on the mesh at each 

time step. Both of these vector curl equations are expanded into first order differential 

equations in time and space. The FDTD code solves these coupled differential equations 

using a leap-frog finite-differencing scheme (Kunz and Luebbers 1993). The magnitude and 
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phase of all electric field E and magnetic field H components are obtained within each cell 

in the FDlD mesh. Magnitude data are stored over the last optical cycle and time averaged. 

Phase data are calculated by detennining the zero crossings of each field component at every 

cell. The spatial extent of the geometry modeled by the FDTD code is on the order of a few 

wavelengths. The FDTD code is written in Fortran and runs on a CRAY Y-MP. A more 

detailed explanation of the FDTD code is provided in Appendix A. 

The hybrid technique takes advantage of the fact that no scattering surfaces exist 

between the sample's surface and the detector. In this spatial region, the dimensions of which 

are typically much larger than a wavelength, an angular spectrum approach (Goodman 1968) 

is used to propagate the complex-valued electric field components obtained from the FDTD 

model. The hybrid technique allows the modeled region to be expanded to the far zone 

without the need for an extremely large mesh in the FDTD program. (In this dissertation, 

only electric field components are propagated to the far zone, since semiconductor detectors 

are sensitive to the electric field energy density e1E12
, where e is the permittivity of the 

material. However, the angular-spectrum code could also be used to propagate the magnetic 

field components.) The angular spectrum program decomposes each field component into 

its plane wave spectrum and then propagates that plane wave spectrum to the far zone. A 

superposition of plane waves is then performed to find the resultant fields at the detector 

plane. Both propagating and evanescent waves are considered. 

As the field propagates to the far zone its spatial extent increases. Therefore, a very 

large number of points would be required to sample the entire far-zone field if a constant 

spatial sampling interval is maintained during the propagation. To overcome this 
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inconvenience, the model propagates the field an incremental distance in z and then resamples 

the field with a larger sampling interval. This is possible because the field's higher spatial 

frequency components decay during propagation and its distribution becomes smoother, 

enabling an increase in the sampling interval without undersampling the field. Numerically, 

the angular-spectrum code calculates the propagation of the electric field components in 1 J,lm 

increments. After each propagation step, the angular spectra are transformed back into the 

spatial domain and resampled with the sampling interval doubled. After resampling, the 

fields are multiplied by a Blackman window (Stanley 1975) and zero padded. After the 

resampling and zero padding is completed, the total spatial range over which the field is 

sampled has doubled. Using this procedure of propagating and resampling, the number of 

samples is kept constant throughout the propagation, even though the size of the field is 

increasing. This process is repeated until the fields have been propagated the desired 

distance zoo The angular-spectrum code is written in Matlab® on a personal computer. 

The FDTD\angular-spectrum hybrid technique has been used to predict the diffracted 

fields off of a sub-wavelength grating (Judkins and Ziolkowski 1995). There are several 

alternative methods for performing the near zone to far zone calculation. However, the 

angular-spectrum method offers a few important advantages. Firstly, the angular-spectrum 

method is based on a direct solution of the wave equation, and is valid iffour conditions are 

met (Nieto-Vesperinas 1991), all of which are satisfied for the fields in this work. Since no 

far zone approximations are implicit in the angular spectrum method, it can be used to solve 

for the various components ofE (or H) at any value ofz. Secondly, because the angular 

spectrum code decomposes the E field into a summation of plane waves propagating at 
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different angles, it is easy to evaluate the effects oflenses, thin film layers, wave plates, etc., 

since it is well understood how these components affect plane waves. 

Unfortunately, computational limitations prohibit the use of a three-dimensional 

model for this work. In both the FDTD and the angular spectrum code, transition to a three

dimensional code requires expanding all relevant variables into three-dimensional arrays. 

This requires additional computer RAM and hard disk space. In addition, because of stability 

criteria and the need for finer discretization to maintain the desired level of accuracy, the 

CPU-time on the three-dimensional FDTD code is significantly longer than its two

dimensional counterpart. 

1.2 Motivation for research 

As discussed earlier, there are some fundamental problems that are currently limiting 

the growth of near-field optics. One of the major problems involves understanding the 

relationship between the sample (the object) and the detected signal (the image). Often, a 

variety of system and sample properties affect the image. In an experiment, some of these 

properties may be of interest, while others may not. For example, in a fluorescence study, 

contrast mechanisms in the detected signal may not only be related to the florescence of the 

sample, but also to the topography and material properties of the sample, the polarization of 

the light, the geometry of the probe and the probe-to-sample spacing. Unfortunately, the 

relative effects and importance of these various contrast mechanisms are not well 

understood. Therefore, the process of decoupling the desired from undesired contrast 

mechanisms is by no means trivial. 
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In general, quantitative interpretation ofNFO images is very difficult due to a poor 

understanding of the near-zone and far-zone electromagnetic field behavior. Therefore, 

modeling efforts are critical to the advancement of the field. The motivation for this 

dissertation is to study and better understand the field behavior in the near and far zones with 

the use of a rigorous vector-based electromagnetic model. Because of the computational 

limitations discussed previously, one-dimensional objects will be the primary focus. Three 

main goals are desired from this study. Firstly, it is hoped that near-zone effects, which are 

usually not important in far-field optical systems, can be quantified and better understood. 

Secondly, it is hoped that wherever possible an intuitive explanation can be given describing 

near-zone properties and their effects on the far-zone image. It is hoped that this may aid 

in the image science aspect ofNFO systems. Thirdly, since local energy densities can get 

very high in the probe-sample region, thermal effects are also of interest in a NFO system. 

This is especially true in areas such as optical data storage and lithography where the 

electromagnetic energy is used to locally heat the sample. A rigorous thermal model is 

therefore used to study heat flow within the NFO geometry. 

1.3 Content of dissertation 

This work is broken into six chapters and two appendices. In Chapter 2, the behavior 

of the amplitude and phase of the near-zone electromagnetic fields and the complex valued 

Poynting vector are studied in air. The results are used to explain the far-zone signals 

detected when dielectric gratings with various topographies are scanned. In Chapter 3, it is 

shown that under certain conditions a NFO system behaves in a linear fashion. Under these 
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conditions, linear systems theory can be applied to understand the object-image relationship. 

In addition, the point spread function (PSF) and transfer function of a NFO system are 

calculated and used to perfonn post-detection equalization to improve the system resolution. 

In Chapter 4, real metals are included in both the probe and the sample. In the probe, the 

effect of a finite-conductivity probe coating modifies the overall system resolution. When 

metallic objects are scanned, the signal is far more complex than with a purely dielectric 

sample. In Chapter 5, a thennal investigation of a NFO system is performed. In Chapter 6, 

a summary and conclusions are presented. A detailed explanation of the modeling techniques 

is provided in Appendix A, and a print out of the code used in this work is given in Appendix 

B. 
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33 

In this chapter a finite-difference-time-domain (FDTD) code is used to model near

zone electromagnetic probe fields of subwavelength dimensions and the interactions of these 

fields with a dielectric sample. The magnitude and phase of the near-zone electric and 

magnetic fields are first determined when no sample is present. The Poynting vector is also 

calculated in the near-zone region. The magnitude and phase of the electric and magnetic 

fields are determined when the electromagnetic energy interacts with various dielectric 

samples. An angular-spectrum code is then used to propagate the electric field into the far 

zone where signal detection takes place. TE and TM polarizations in a two-dimensional 

waveguide are modeled. The effects of scanning the probe over various surface asperities 

in a dielectric sample are examined. Two different far-zone detection schemes (total energy 

detection and differential detection with a split-cell detector) are computed and studied. 

2.1 Introduction 

As mentioned in Chapter 1, the imaging properties of a near-field optical (NFO) 

scanning system are not well understood. These properties depend on many factors, 

including the polarization of the electromagnetic energy, the geometry of the tip, the distance 

between the tip and the sample, the topography of the sample, and various other properties 
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of the sample. To the researcher working in the field, a better understanding of the relation 

between the sample and the far-zone signal is essential. To date, this lack of understanding 

has limited the amount of quantitative results in the field. 

Both amplitude and phase information of the transmitted electric field can be used to 

image a dielectric surface with scanning NFO microscopes. Since near-zone electric field 

amplitude variations result in far-zone amplitude variations, detection can be accomplished 

by integrating the total electric field energy density at a plane in the far zone. This technique 

is referred to as total energy detection, or total detection for short. Phase variations in the 

near-zone electric field yield a lateral shift of the centroid of the energy distribution in the far 

zone due to the Fourier transform relation of the near and far zones. Therefore, a differential 

detection scheme, where the integrated electric field energy density for x > ° is subtracted 

from the integrated electric field energy density for x < 0, is the preferred method of 

detecting near-zone phase variations. Differential detection can be accomplished using a split 

detector centered at x = 0. In this chapter, surface image profiles using both total and 

differential techniques are generated, and the resolution capabilities of each technique are 

compared. 

A description of the modeled NFO geometry is presented in Section 2.2. The 

behavior of the electric field and Poynting vectors emanating from a subwavelength aperture 

in air are presented in Sections 2.3.1 through 2.3.4. The amount of energy coupled into flat 

dielectric samples of various refractive indices is calculated as the aperture-to-sample spacing 

is varied in Section 2.4. From the work of Section 2.4, it is shown that the amount of 

coupled energy is strongly related to the aperture-to-sample spacing. Differential and total 
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detected signals are presented in Section 2.S for a NFO aperture that scans various asperities 

in the surface of a dielectric sample. Two approximate techniques are used in Section 2.6 

to generate the far-zone detected signals in an attempt to simplify the numerical 

computations. These results are compared to the more rigorous calculations of Section 2.S. 

Finally, a summary of the work presented in this chapter and some conclusions based on this 

work are presented in Section 2.7. 

2.2 Description of the numerical model and geometries studied 

2.2.1 Parameters used in model TheFDTD code is used to model the near-zone 

region of the two-dimensional geometry shown in Fig. 2-1. The geometry is independent of 

y, that is, it is infinitely long in the y direction. The mesh is comprised of a IS00 (in x) by 

SOO (in z) cell grid, with cell dimensions I1x = I:1z = 1 nm. The mesh is excited by a normally 

incident plane wave (A = SOO nm) that is turned on at time zero. The incident plane wave 

has a peak electric field magnitude of 377 VIm. The code runs for five optical cycles to 

reach a quasi-steady-state solution. The temporal step size is set by the Courant stability 

condition (Kunz and Luebbers 1993), and is T1707.1 where T is the optical period. (This 

corresponds to a spatial discretization of A/SOO.) An absorbing boundary condition is placed 

on the boundaries of the FDTD geometry that enables the boundaries to act as absorbing 

layers, thereby eliminating undesired reflections from the boundaries. For data presented in 

this work both TM (nonzero Ex, Ez and Hy components only) and TE (nonzero Ey, Hx and 

Hz components only) polarizations are used. A more detailed description of the FDTD 

method can be found in Appendix A of this work. 
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Figure 2-1. The geometry of our hybrid FDTD/angular-spectrum model. A Pyrex sample 
is placed a nominal distance h behind the sub-wavelength aperture. A well is present on 
the sample's surface. Scanning is implemented by laterally shifting the center of the well 
with respect to the aperture. 

The aperture is formed in a perfectly conducting screen of thickness 25 nm. The 

perfect conductor is modeled numerically with a = 1010 mhoslm. This very high conductivity 

results in a skin depth much smaller than the cell size. (For a non-ideal conductor, such as 

aluminum, the tangential electric field will penetrate several nanometers into the metal. This 

penetration of the electric field results in a wider probe field that will reduce the spatial 

resolution of the system. However, if the aperture size is much greater than the skin depth 

of the metal, these effects are small. The effects of non-ideal metals used to form the 
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aperture are analyzed in Chapter 4.) All materials are assumed to be linear, homogeneous 

and isotropic. 

2.2.2 Comparison to three dimensional systems There are differences between 

the results presented in this work and those found in a more realistic three-dimensional 

system. However, the fields found across a slit aperture for TE and TM polarizations are 

very similar to those in a three-dimensional circular aperture along the two major directions 

of polarization (Novotny et aI1994b). Therefore, the images obtained from scanning one

dimensional objects with a slit will be similar to those obtained from scanning a circular 

aperture over the object with the polarization aligned perpendicular or parallel to the scan 

direction. The most significant error in using a two-dimensional model arises in trying to 

model the throughput of NFO systems. However, since the goal of this work is to 

investigate the imaging properties of NFO systems for one-dimensional objects, a two

dimensional code is appropriate. 

2.3 Behavior of the electromagnetic fields in air 

2.3.1 Magnitude of the electric field radiated into air The magnitude of the 

electric field transmitted through a 100 run wide aperture (d = 100 nm) into air is studied in 

this section. The aperture geometry is that of Fig. 2-1 except that no sample is present. 

Interactions of the electric field (which acts as the probe field for imaging applications) with 

dielectric samples are presented in Section 2.4 through 2.6 of this chapter. These 

interactions typically take place for values of z smaller than d so that the divergence of the 

probe field is minimized. Therefore, the primary goal of Section 2.3 is to investigate the 
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Figure 2-2. Magnitude plots of all non-zero components of E radiating through a 100 nm 
wide aperture into air: (a) the magnitude of Ex (TM polarization), (b) the magriitude of Ez 
(TM polarization), and (c) the magnitude of Ey (TE polarization). The solid line is the 
magnitude 1 nm behind the aperture, the dotted line is the magnitude 35 nm behind the 
aperture, and the dashed line is the magnitude 50 nm behind the aperture. Normalization 
is done with respect to the maximum value for z = 1 nm. 

behavior of the electric field for values ofz that are small compared to the 100 nm aperture. 

Although adding a dielectric sample modifies the electromagnetic fields, the behavior of the 

fields computed in this section can be used to qualitatively explain the behavior of the fields 

when a sample is present. 

Figure 2-2 shows the magnitude of all non-zero components ofE at distances of 1 

nm, 35 nm, and 50 nm past the aperture. Each plot is normalized to the peak field magnitude 
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at z = 1 nm. Figures 2-2(a) and 2-2(b) correspond to Ex and 4 , respectively, for TM 

polarization. Figure 2-2(c) shows the magnitude of Ey in the case ofTE polarization. The 

magnitudes of Ex and Ez (the tangential and normal component ofE, respectively) exhibit 

large peaks near the comers of the conductor (Ixl .. 50 nm) at z = 1 nm. The peaks arise 

from large spatial derivatives in the current density on the edges of the conductor that result 

in an accumulation of charge near the comers of the aperture. These charges radiate 

cylindrical waves, which produce the peaks observed in Figs. 2-2(a) and 2-2(b). These 

cylindrical waves contain high spatial frequency components that decay quickly in magnitude 

with increasing z. Therefore, in the plots of Ex and Ez (Figs. 2-2(a) and 2-2(b), respectively) 

at z = 35 nm and z = 50 nm, the peaks are gone and the distributions are smoother than at 

z = 1 nm. When the probe field is used to image a sample's surface, these peaks may distort 

the image if the aperture-to-sample spacing is too small (z '" 1 nm). An increase of the 

aperture-to-sample spacing, for example to 35 nm, may reduce the amount of distortion in 

the image. However, an increase of the spacing will decrease the resolution since the probe 

field is wider at the sample's surface. For TE polarization, no charge buildup takes place on 

the edge of the conductor. Therefore, in Fig. 2-2(c) the magnitude of Ey at z = 1 nm does 

not peak near the comers of the conductor. Due to the absence of these peaks at all values 

of z, minimization of the aperture-to-sample spacing increases resolution without adding 

distortion. 

The magnitudes of the tangential electric field components for each polarization state 

(Ex and Ey) have been calculated by both Leviatan (1986) and Roberts (1991) for a similar 

geometry, and their results are in good agreement with data shown in Figs. 2-2(a) and 2-2(c). 
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Also note that in Fig. 2-2(b) the magnitude of Ez , and therefore lEI, is non-zero well beyond 

the width of the physical aperture, even at z = 1 nm. This can be explained by a large build 

up of charges on the bottom surface of the conductor, which reradiate energy into z > O. 

This is not true for TE polarization where lEI quickly approaches zero for Ixl > 50 nm at z 

= 1 nm. 

2.3.2 Collimation and on axisfalloff of the electric field Four differently sized 

apertures (d=25 nm, 50 nm, 100 nm and 250 nm) are used in this section to model 

propagation into air. Figure 2-3(a) shows the full-width at half maximum (FWHM) of Ex 

(TM polarization) versus z for all four apertures. In all cases the field remains relatively well 

collimated for approximately half the aperture distance (z = dI2), and then diverges linearly. 

Figure 2-3(b) shows the on-axis falloff of Ex for the four apertures. For the 250 nm aperture 

the field is only reduced to approximately 25% of its original value at z = 10d, while for the 

25 run aperture the value is 3.3%. Note that the on-axis magnitude of Ex increases slightly 

a small distance past the 250 nm aperture due to the discontinuous corners of the aperture, 

where a large charge build up takes place as mentioned in the previous section. The 

cylindrical wavefronts radiated from these highly charged areas are not observed on axis until 

a short distance past the aperture. The results of this section again show that it is critical to 

minimize the probe-to-sample spacing. Minimization of this spacing allows for a less 

divergent, greater amplitUde probe field. This of course leads to higher resolution images 

and relatively high signal levels. 
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Figure 2-3. The full-width at half maximum (FWHM) versus z for Ex is shown in 2-3(a). 
The on-axis falloff of Ex (x = 0) is shown in 2-3(b). 

2.3.3 Magnitude ofthefar-zone electric field The hybrid code is used to 

determine the far zone distribution of IE(x, z = 10 J.lm)1 for both polarization states with a 

100 nm aperture. The results, which are not shown, compare very well to those of 

Sommerfeld (1954), who derived an analytical solution to a very similar problem of a 

normally incident plane wave propagating through a narrow slit in an infinitely thin perfectly 

conducting screen. Specifically, the shape of the far-zone field is the same as that of 

Sommerfeld's for both TE and TM polarizations. However, the hybrid code predicts a full-

width-at-half maximum (FWHM) of lEI which is about 15% smaller than that found using 
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Sommerfeld's theory. This is not surprising since Sommerfeld's theory assumes that (TId/A) 

«1. For the case ofa 100 nm slit, TId/A = 0.63, and therefore, some of the approximations 

used in Sommerfeld's derivation may not be entirely valid for the geometry of this work. 

2.3.4 Phase of the electric field Figure 2-4 shows phase distributions of the 

electric field components at distances of 1 om and 50 om past the aperture. The phase plots 

show the relative phase difference between the phase of the particular field component and 

the incident plane wave. Figures 2-4(a) and 2-4(b) correspond to Ex and Ez, respectively, 

with TM polarization. Figure 2-4(c) shows the phase of Ey in the case ofTE polarization. 

The units of the ordinate are radians normalized by 21t. In the plot of Fig. 2-4(b), Ez for x 

< 0 is 1t out of phase with Ez for x> O. Therefore, Ezis an odd function of x, while Ex is an 

even function of x. This dependence is in agreement with classical waveguide theory 

(Harrington 1961). The phase profile <f>(x) of the tangential components at z = 1 om, 10 om 

and 50 om are fit to the equation for an aspherical surface given by 

(2-1) 

where the conic constant k, curvature c and fourth order aspheric term A are given in Table 

2-1. The data are fit for Ixl < 250 om. The RMS error from the data fit is less than 10-4 

radians. The conic constants for both polarizations indicate hyperboloids (k<-I) for all three 

values of z shown in Table 2-1. 
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Figure 2-4. Phase plots of all non-zero components ofE radiating through a 100 om 
wide aperture into air: (a) the phase of Ex (TM polarization), (b) the phase of E: (TM 
polarization), and (c) the phase of Ey (TE polarization). The solid line is the phase 1 nm 
behind the aperture and the dashed line is the phase 50 nm behind the aperture. All values 
are in radians and normalized by 2n. 
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Table 2-1. Constants relating phase fronts of the tangential components ofE to an aspheric 

surface 

Constant 

k 

z(nm) 

1 

10 

50 

1 

10 

50 

1 

10 

50 

-1.9026 

-1.6961 

-1.4815 

1. 7293 X 10-4 

1.4653 X 10-4 

1.077 X 10-4 

o 

o 

o 

-1.4471 

-1.3831 

-1.4349 

1.3847 x 10-' 

1.4010 X 10-4 

1.1266 X 10-4 

-7.4519 X 10-11 

-7.9356 X 10-11 

-2.9043 X 10-11 

A few more observations are made from the phase data of the tangential components 

ofE. Firstly, at z = 1 nm, Fig. 2-5 shows that the curvature of the phase profile in the TE 

case is smaller than in the TM case. Also, for z < 50 nm, the curvature of the phase varies 

less with z in the TE case than in the TM case as shown in Table 2-1. Finally, it is shown in 

Section 2.3.2 that the divergence of the magnitude of Ex past the aperture is similar to the 

propagation of a Gaussian beam in that it remains co1limated for a distance approximately 

equal to half the aperture width and then diverges linearly. This supports the claim that the 
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field behavior is Gaussian-like in the TE case. The phase fronts of a Gaussian beam are 

flattest near its waist and more curved in the region of linear divergence. Similar behavior 

is observed in the TE case where the phase is flattest near the aperture (analogous to the 

beam's waist), and more curved away from the aperture where the beam begins to diverge. 

The phase fronts shown for the TM case behave differently, since the curvature in the 

collimated region is greater than in the region of linear divergence. 
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Most of the work in this thesis 

concentrates on computing the near-zone and far-zone electric fields, since the majority of 

semiconductor detectors are sensitive to the electric field energy. In this section, however, 

the near-zone behavior of the complex Poynting vector S" where Se = Sr + is. = Ee x He·, 

is examined. Ee and He are the complex valued electric and magnetic fields, computed from 

the amplitude and phase of each component ofE and H and Euler's identity. The real part 

of Se, 8,., defined as the restive portion of ~, is identical to the time averaged Poynting 

vector Sr = <E x H>, where <> denotes the time averaged quantity. The resistive portion 

ofSe is related to the power flowing out of a region. The imaginary part of Se, S" defined 

as the reactive portion of Se, is related to the amount of energy stored in a region. The 

resistive power is associated with propagating energy, while the reactive power is associated 

with evanescent energy. The Poynting vector can be calculated using two methods as 

described in Appendix A. For this work, both methods are used, with good agreement 

between the two. Figure 2-6(a) shows a quiver plot ofSr for the case ofTM polarization, 

while Fig. 2-6(b) shows a quiver plot of Sr for the case of TE polarization. The direction of 

each arrow corresponds to the ratio of the x and z components of Sr, while the length of 

each arrow corresponds to IS~. The hatched areas correspond to the perfect conductor that 

forms the aperture. Note that, with TM polarization, the power diverges quickly upon 

leaving the aperture. In addition, like the electric field, the spatial distribution is non

monotonic near the aperture, with a significant amount of energy emitted from the two 

comers of the aperture. As with the electric field, the spatial distribution of Sr becomes 
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Figure 2-6. Quiver plots of Sr for (a) TM and (b) TE polarization. The direction of each 
arrow corresponds to the relative magnitude of Snc versus Srz at that spatial position, while 
the length of each arrow corresponds to the absolute magnitude of Sr. The hatched areas 
correspond to the perfect conductor that forms the aperture. 

smoother with greater values of z. For TE polarization, the energy remains more collimated 

in z than with TM polarization. The spatial distribution of Sr is much smoother for TE 

polarization than TM. 

In Figs. 2-7(a) and 2-7(b), quiver plots are shown that compare Sr to ~ for TE 

polarization. Figure 2-7(a) shows the x component of St' while Fig. 2-7(b) shows the z 

component of St. The vertical component of each arrow corresponds to the imaginary 

portion (or reactive power), while the horizontal component corresponds to the real portion 
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(or resistive power). In the waveguide, the majority of power is reactive for both 

components. This can be explained from the fact that the 100 run aperture is beyond cutoff 

for TE polarization, and the energy in the guide is evanescent. Past the aperture, the x 

component ofSc remains reactive, and its relative magnitude decays quickly with z. With the 

z component of Sc, the reactive portion decays with z, but a significant amount of resistive 

energy remains. To explain this, the complex Poynting vector is expanded in terms of the 

complex electric and magnetic fields as 

Sex = EeyH; 

Sez = - EeyH; . 

(2-2) 

(2-3) 

In air, IEJ and IH cd are both unimodal and will therefore contain low spatial frequencies that 

correspond to propagating energy. However, 1Hc:1 is bimodal, with the two modes 1t out of 

phase (similar to IEc:I for TM polarization), and therefore contains little propagating energy. 

Thus from Eqns. 2-2 and 2-3, only the z component of Sc contains a significant amount of 

propagating energy. Since the power flowing into a surface is proportional to Sr dotted with 

the surface normal, maximum energy density flows into a sample's surface when 

the surface normal is parallel to z. 
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Figure 2-7. Quiver plots of (a) Sex and (b) Scz. The direction of each arrow corresponds 
to the relative magnitude of the real and imaginary parts of either Sex or Scz at that spatial 
position, while the length of each arrow corresponds to the absolute magnitude of Sex or 
Scz. The hatched areas correspond to the perfect conductor that forms the aperture. 
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2.4 Energy coupling into a dielectric sample 

In NFO systems, surface height asperities in a dielectric sample cause fluctuations in 

the total electric field energy coupled into the dielectric. The cause of these fluctuations is 

not well understood. In this section the FDTD model is used to study this phenomenon. A 

flat dielectric sample is placed below the aperture. The sample has index of refraction 11, 

where 11 = IE. The air gap between the aperture and the sample is varied, and the total 

electric field energy (equal to the value of elEI2 spatially integrated with respect to x) coupled 

into an infinitely thick dielectric sample is calculated. 

Figure 2-8 shows the integrated elEI2 at a plane 85 nm past the 100 nm wide 

aperture. The abscissa is the separation between the aperture and the flat dielectric sample. 

Note that the plane of integration is always inside the dielectric sample. Values Ofl1 = 1.474, 

2, and 3 are displayed for TE polarization in Fig. 2-8(a). Values ofn = 1.474,2, 3, and 5 are 

plotted for TM polarization in Fig. 2-8(b). The value ofn = 1.474 corresponds to a Pyrex 

sample at I.. = 500 nm. Both polarizations exhibit a strong relationship between the gap 

distance and the amount of coupled energy. With the assumption that the aperture position 

is constrained to the x-y plane, scanning across a nonflat surface yields variations in the 

instantaneous aperture-to-dielectric spacing. Therefore, from the curves in Fig. 2-8(a) and 

Fig. 2-8(b) it is expected that a modulation in the amount of coupled energy takes place as 

the instantaneous gap changes during a scan. 
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Figure 2-8. Integrated values of IEI2 on a plane 85 nm behind the 100 nm wide aperture 
with (a) TE polarization and (b) TM polarization. A flat dielectric sample ofindex 11 is 
placed in proximity to the aperture. The curves indicate the total amount of electric field 
energy coupled into the dielectric. The aperture-to-dielectric spacing is shown on the 
horizontal axis. Normalization is done with respect to the maximum integrated value. 

For TE polarization there is a smooth, monotonic fall off in coupled energy with 

increasing aperture-to-sample separation as shown in Fig. 2-8(a). The rate of decay of 

coupled energy with gap distance increases with the index of the sample. This result can be 

explained using an angular spectrum argument. At the interface, plane waves are converted 

from evanescent waves in the air gap to propagating waves in the sample. When the sample's 

index of refraction is increased, evanescent energy corresponding to higher spatial 

frequencies is coupled into the sample. However, the magnitude of the higher spatial 
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frequency evanescent energy decays faster with z in the air gap. Therefore, as the air gap 

increases, the relative decay in the magnitude of the highest coupled spatial frequency 

component increases in proportion to the index of the sample. This result indicates that a 

higher index dielectric sample yields a larger modulation of the transmitted energy for the 

same size surface height asperity. 

For TM polarization the fall offis not monotonic for large values ofn, as shown in 

Fig. 2-8(b). The amount of coupled energy is maximized when the aperture-to-sample 

separation is approximately 35 nm. Additional results not displayed in Fig. 2-8 indicate that 

the separation for maximum coupling depends on the aperture width. For a 50 nm aperture 

the spacing for maximum coupling is approximately 25 nm, while for a 150 nm aperture the 

spacing for maximum coupling is approximately 43 nm. It is not completely understood 

what causes this non-monotonic behavior. One possible explanation is related to the shape 

of the probe field that interact.; with the sample. The x and the z components of the probe 

field shown in Figs. 2-2(a) and 2-2(b) are much smoother for z = 35 nm than for z = 1 nm. 

Because the field is smoother, more energy exists in the region of the angular spectrum that 

can propagate in the sample. 

2.5 Far-zone signal detection when scanning over asperities in a Pyrex sample 

2.5.1 Near-zone fields scattered off of a step height In this section, the 

electric fields scattered off of a Pyrex sample with a step height in it's top surface are 

compared to those scattered off of a flat Pyrex sample. A configuration similar to that of 
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Fig. 2-1 is used, with the well replaced by a step. The aperture width is 100 nm. Only TM 

polarization is considered in this section. The flat substrate is 5 nm past the aperture. The 

step geometry is such that the Pyrex-to-aperture spacing is 5 nm to the left of the aperture 

center (x < 0), and 55 nm to the right of the aperture center (x> 0). Figures 2-9(a) through 

2-9(d) compare IEl for the 50 nm step and the flat Pyrex substrate at z distances of 0 nm, 

10 nm, 25 nm and 50 nm past the end of the step. Note that at a z distance of only 50 nm, 

the difference in these two plots is reduced considerably, except for a slight shift for the step 

geometry and an decrease in the on-axis amplitude. This reduction in the difference between 
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the Figs. 2-9(a) and 2-9(d) can be explained from the angular spectrum. The effect of the 

step asperity is to add high spatial frequency components to the scattered field, which yields 

an asymmetrical field distribution around the step. However, these high spatial frequency 

components correspond mostly to evanescent fields, and most of the information of the step 

is lost over very short spatial distances. The small shift is similar to that observed from a step 

phase discontinuity in larger laser beams. 

Because much of the spatial information of the sample's surface decays at very small 

distances of z, it would be nearly impossible to image the surface if the probe and the sample 

remain stationary. In practice, imaging is performed by scanning the aperture with respect 

to the sample, and measuring the far-zone energy distribution. Thus, for the remainder of 

this work, images of various samples are computed by artificially scanning the aperture 

across the sample in the computer model. 

2.5.2 Far-zone signals measured/rom a well In this section a well in a Pyrex 

sample is scanned and the far-zone signals are derived. The setup of Fig. 2-1 is again used. 

The well is 66 nm wide and 50 nm deep. The nominal aperture-to-sample spacing h is set 

to 5 nm. Two aperture widths (100 nm and 40 nm) are modeled. Both total and differential 

detection signals of the electric field energy density distribution are calculated in the far zone. 

The total detected signal t is computed as 

(2-4) 



and the nonnalized differential signal 0 as 

o 

!IE(x,xs;zo)12dx - !IE(x,xs;zo)12dx 
o 
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(2-5) 

where Zo is the distance from the aperture to the detection plane, and Xs is the scan position 

(the lateral displacement between the center of the aperture and the center of the well). For 

the remainder of this work, Zo is set to 10 llm, which is well into the far zone. The angular-

spectrum propagation starts at a value of z that is 1 nm past the bottom of the well, which 

corresponds to the location of the broken horizontal line in Fig. 2-1. (This location has been 

varied, and it has been found to make very little difference in the detected far-zone signal.) 

To generate the total and differential signal plots, the FDTD code calculates the near-zone 

electromagnetic fields with x varied between - 200 nm and 200 nm in 10 nm increments. At 

each of the 41 scan positions, values of 't and 0 are determined at z = Zo using the output of 

the FDTD code and the angular-spectrum propagation routine. The signals are plotted using 

a cubic spline fit to interpolate the data in 1 nm increments. Figures 2-10 and 2-11 show 't 

and 0, respectively, as the aperture scans across the well. Figures 2-1O(a) and 2-11(a) are 

for the TE case, while Figs. 2-1 O(b) and 2-11 (b) are for the TM case. 
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Figure 2-10. Plots of the total detected power t at a plane 10 J..lm past the aperture as the 
aperture is scanned across a well. The polarization is (a) TE and (b) TM. The solid 
curve corresponds to an aperture width of 100 nm and the dashed line is the case of a 40 
nm wide aperture. 

In Fig. 2-10(a), the well's features are observed with both the 100 nm and 40 nm wide 

aperture. The well's estimated width based on the FWHM of the signal is smaller with the 

40 nm aperture, which indicates that slightly better resolution is achieved with the smaller 

aperture. For TM polarization, as shown in Fig. 2-10(b), the well's features are not 

observable with either the 100 nm or the 40 nm wide aperture. Thus, for the total detection 

method at h = 5 run, the image is greatly distorted with TM polarization, and the general 

features of the surface asperity are only distinguishable with TE polarization. This result 
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agrees with the claim made in Section 2.3.1 concerning the relative distortion in the imaging 

process for the two polarization states when using small values of h, as well as the work 

shown by Novotny (I994b). 

In Fig 2-1 O(b), it is not understood what causes the oscillations in 't for TM 

polarization. Novotny has shown similar oscillations for TM polarization when scanning 

over a dielectric ball, with the amplitude of the oscillations decreasing at large scan distances. 

It is not surprising that these oscillations continue for values of Ix .. 1 » d, since the probe field 

for TM polarization extends well beyond Ixl = d due to the surface charges on the 

conductor's bottom surface. As seen in Fig. 2-2(b), these charges yield a fairly constant 

probe field for Ixl > d, the magnitude of which decreases with z. For the geometry used in 

this chapter, the distance between the bottom of the conductor and the sample's surface 

remains constant, and thus the probe field interacting with the well is fairly constant for Ix .. 1 

»d. This is not true for the geometry used in Novotny's paper, where the bottom of the 

conductor is tapered away from the sample at ISo. This may explain why the amplitude of 

the oscillations seen in Fig. 2-IO(b) remains nearly constant at large values of x ... 

In Figs. 2-IO(a) and 2-1 O(b), the values of 't are significantly smaller for TE 

polarization than for TM polarization. This can be explained by examining the behavior of 

lEI inside the 2S nm long, two-dimensional waveguide, in which there always exists at least 

one propagating mode for TM polarization no matter how small the aperture. As mentioned 

earlier in this chapter, this is not true for TE polarization where the cutoff of the lowest-order 
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Figure 2-11. Plots of the normalized differential signal 0 at a plane 10 Jlm past the 
aperture as the aperture is scanned across a well. The polarization is (a) TE and (b) TM. 
The solid curve corresponds to an aperture width of 100 nm and the dashed line is the 
case of a 40 nm wide aperture. 

mode occurs for an aperture width of IJ2 (Harrington 1961). Therefore, when TE 

polarization is used, there is an exponential decay ofE with z inside the guide. This is true 

for d = 100 nm and d = 40 nm, although the rate of decay is larger for the 40 nm aperture. 

Because of this decay, the total electric field energy at z = Zo is significantly smaller for TE 

polarization than TM polarization. 

In confocal scanning microscopy, the theoretical differential signal is proportional 

to the derivative of the dielectric's surface topology with respect to the scan axis (Wilson and 
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Sheppard 1984). The normalized differential signal is integrated to obtain an image of the 

sample's surface. Applying this technique to the differential signals calculated in this section, 

images whose features are similar to the well are obtained. Therefore, for the case of a 66 

nm wide well, the ideal 0 should resemble two Dirac delta functions, of opposite magnitude 

at Xs = ± 33 nm. 

In reality, the finite width of the probe field serves to smooth out the two delta 

functions. This smoothing process limits the resolution of the NFO system. If the total 

extent of the probe field is small compared to the width of the well, the two smoothed out 

delta functions are separated by a region that corresponds to the bottom of the well in the 

image profile that is obtained by integrating O. As the probe field becomes wider, the 

smoothed out delta functions begin to overlap, and the image profile does not accurately 

represent the bottom of the well. In the plots ofo shown in Figs. 2-1 I (a) and 2-1 I (b), the 

region that corresponds to the bottom of the well is more apparent when the 40 nm aperture 

is used. This region is characterized by the signal's deviation from a straight line for values 

of Xs near zero. It is observable with both polarization states, but it is much more 

pronounced with TM polarization. For the 100 nm aperture and both polarizations, 0 is 

more linear around Xs = 0, which indicates that the bottom of the well is not as well resolved. 

Therefore, when the differential detection scheme is used, a better profile of the bottom of 

the well with the 40 nm aperture is expected. In addition, the individual delta functions are 

narrowest with TM polarization and a 40 nm aperture. Because the two delta functions are 

less smoothed out, the well's detected edges should have the largest slope when this 

configuration is used. 
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The integrated differential signalll is defined as 

:X, 

Il(xs;zo) = !O(x:;zo) dx: (2-6) 

Figures 2-12(a) and 2-12(b) show Il for TE and TM polarizations, respectively. 

Qualitatively, it appears that the differential technique provides a reasonable estimate of the 

well for both TE and T~ 1 polarizations, although the sign of the detected signal is reversed 

between TE and TM polarizations. This result is different from total detection with h = 5 

run, where the features of the well are only recognizable when TE polarization is used. With 

Il the sharp edges ofthe well are smoothed out, and the well's estimated width appears wider 

than its actual width of 66 nm. 

In Section 2.3.1 it was postulated that, with TM polarization, increasing the aperture-

to-dielectric spacing yields a less distorted image when total detection is used. Figure 2-13 

shows't for TM polarization with h = 35 nm for the 100 nm aperture and h = 25 nm for the 

40 nm aperture. These distances correspond to the peak in the coupling curve shown in Fig. 

2-8(b). Notice that Xs is now varied from -300 nm to 300 nm. In Fig. 2-12 the features of 

the well are more recognizable than in Fig. 2-1 O(b), where h = 5 nm, although some 

distortion remains in the image. Surprisingly, the signal levels are greater in Fig. 2-13 than 

in Fig 2-1 O(b). The probe field at the sample's surface is wider than for h = 5 nm, which 

leads to poorer resolution. This loss of resolution results in a wider image profile of the well, 

and can be seen by comparing Fig. 2-13 with Figs. 2-10(a), 2-12(a), and 2-12(b). 
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Figure 2-12. Plots of the integrated normalized differential signal A at a plane 10 Jlm past 
the aperture as the aperture is scanned across a well. The polarization is (a) TE and (b) 
TM. The solid curve corresponds to an aperture width of 100 nm and the dashed line is 
the case of a 40 nm wide aperture. 

To quantitatively compare the resolution of these two detection schemes, two 

parameters are considered, which are the predicted width of the well and the predicted 

sharpness of the well's edges. The predicted width is given by the signal's FWHM. The 

predicted edge sharpness is given by the 10%-90% rise length of the detected signal for a 

given edge. Table 2-2 displays the results, which indicate that the predicted well width is 

closest to the true width when total detection and TE polarized light is used. This result is 
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Figure 2-13. Plots of the total detected power t at a plane 10 J.lm past the aperture as the 
aperture is scanned across a well using TM polarization. The solid curve corresponds to 
an aperture width of 100 nm and the dashed line is the case of a 40 nm wide aperture. 
For the case of the 100 nm aperture h is set to 35 nm. For the 40 nm aperture h is set to 
25 nm. 

true for both the 100 nm and the 40 nm apertures. However, for the 40 nm aperture, 

differential detection with TM polarization gives the sharpest profile of the well's edges. This 

result is in agreement with the discussion of Figs. 2-11(a) and 2-11(b) made earlier in this 

section. Also, earlier in this section, it was shown that, with total detection and TM 

polarization, increasing h reduces image distortion. However, the predicted well width and 

edge sharpness under these conditions are much worse than those obtained with total 
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detection and TE polarization for smaller values of h. Therefore, if total detection is used, 

better resolution is accomplished using TE polarized light. It is surprising that, for 

differential detection and TE polarization, the predicted well width with the 100 nm aperture 

is smaller than with the 40 nm aperture. However, it was shown that the 40 nm aperture 

gives a better profile of the bottom of the well. 

Table 2-2. Comparison of total and differential detection (well width 66 nm) 

Aperture Polarization Gap Detection Predicted well Predicted edge 

width (d) distance (h) scheme width (nm) sharpness (nm) 

(nm) (nm) 

100 TE 5 Total 100 76 

100 TM 5 Total * * 
100 TM 35 Total 284 192 

100 TE 5 Differential 180 152 

100 TM 5 Differential 206 115 

40 TE 5 Total 94 80 

40 TM 5 Total * * 
40 TM 25 Total 260 177 

40 TE 5 Differential 212 135 

40 TM 5 Differential 178 61 

* For the case of total detection with TM polarization and h = 5 nm no data is given since 

the well's features are not recognizable from the signal t. 
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In general, the results of Table 2-2 indicate that decreasing d from 100 run to 40 nm 

does not have a significant impact on the signal's FWHM". This result can be explained by 

examining the divergence of the probe field. As mentioned in Section 2.3.2, the probe field 

remains reasonably well collimated for a distance comparable to the aperture's width and then 

begins to diverge. For example, with TE polarization propagating into air and d = 100 run, 

the FWHM of lEI is 72 run at z = 5 run and 146 run at z = 55 run. When d is decreased to 40 

run, the FWHM decreases to 28 run and 124 nm at z = 5 run and 55 nm, respectively. Note 

that decreasing d from 100 nm to 40 nm decreases the FWHM by 44 run at z = 5 nm, but 

only 22 run at z = 55 run. The width of the probe field that interacts with the 50 nm deep 

well will vary as it propagates through the sample. For d= 40 run, the divergence of the 

probe field is greater, and, therefore, it is not surprising that the predicted well widths in 

Table 2-2 are not significantly smaller for the smaller value of d. If a smaller aperture is 

utilized to improve the system resolution, objects with shallower surface irregularities must 

be used. This trade off between resolution and depth of focus is similar to that in 

conventional far-field optical systems. 

There are at least two advantages to differential detection. The first is that with the 

differential technique there is minimal image distortion for both polarization states. 

Therefore, it is not necessary to use linearly polarized light incident on the aperture. Another 

important advantage of differential detection is that both 0 and ~ are less sensitive to 

amplitude variations than with total detection. Amplitude variations may be caused by 

fluctuations in the laser output or changes in the nominal aperture-to-sample spacing during 

the scan operation. To model the effects of the second possibility, a 40 
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Figure 2-14. Comparison of total and differential detection schemes as h is randomly 
varied during the scan. The aperture width is 40 nm. The polarization is (a) TE and (b) 
TM. The solid line is the total detected signal 't and the dashed line is the integrated 
normalized differential signal fl. 

nm aperture is again used, only this time the nominal gap spacing is randomly varied through 

the scan. The results are shown in Figs. 2-14(a) and 2-14(b). The solid line corresponds to 

't, while the dashed line represents fl. Figure 2-13(a) is for TE polarization and 2-14(b) is 

for TM polarization. For TE polarization with both detection schemes and TM polarization 

with differential detection, the spacing at each of the 41 scan positions was randomly varied 

between 1 and 9 nm using a uniform probability distribution. For total detection with TM 

polarization the spacing was randomly varied between 21 and 29 nm. The offset of20 nm 
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is included to minimize image distortion. For the TE case, t shown in Fig. 2-l4(a) is 

noticeably affected by the varying gap separation, while 11 is not. For the TM case (Fig. 2-

l4(b» both signals are affected, but the well's features are more distinguishable with the 

differential scheme. For differential detection, it is postulated that 11 is less affected by gap 

variations with TE polarization than with TM polarization because the curvature of the phase 

front of the TE polarized light varies less with z in the region where the fields interact with 

the sample's surface. For both polarization states, the integration process used with 

differential detection helps to smooth out the data. Due to its greater sensitivity to gap 

variations, total detection requires tighter gap control than its differential counterpart. 

2.5.3 Far-zone signals measured/rom a bump In this section abump in a Pyrex 

sample is imaged. The bump is the complement of the well structure used in Section 2.5.2, 

in that it is 66 nm wide and 50 run high. Figures 2-l5(a) through 2-1S(d) show the 

computed signals t and 11 when the bump is scanned. Again, TE and TM polarizations are 

used. A few observations are made in comparing these images to those of Figs. 2-l0(a), 2-

10Cb), 2-l2(a) and 2-l2(b), which are the corresponding images of the well. For the total 

detection method, TE polarization yields a more representative image of the bump and the 

well. For TE polarization, the relative signal change is 48.5% for the bump and only 31 % 

for the well. Therefore, complimentary features do not exhibit the same change in signal 

values. For the differential signal it is surprising that the sign of Il is the same for the bump 

and the well. This is true for both 
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Figure. 2-15. Images ofa bump in Pyrex. Figure 2-1S(a) shows 1: for TE polarization, 
Fig. 2-1S(b) shows 1: for TM polarization, Fig. 2-1S( c) shows /::,. for TE polarization and 
Fig. 2-1S( d) shows /::,. for TM polarization 

polarization states. Therefore, the differential technique does not allow the experimentalist 

to detennine if the topographical feature being imaged is below or above the nominal surface 

level. 

2.5.4 Far-zone signals measured/rom an index well In this section, a 

topographically flat sample is scanned. The sample has a nominal index of n = 1.948. 

Embedded in the sample is an index well of width 66 nm and depth SO nm. Within this 
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Figure 2-16. Images of an index well in Pyrex. Figure 2-16(a) shows't for TE 
polarization, Fig. 2-16(b) shows 't for TM polarization, Fig. 2-16(c) shows!J,. for TE 
polarization and Fig. 2-16( d) shows !J,. for TM polarization. 

region, 11 = 1.474. Thus, the optical path difference (OPD = !J,.nL, where!J,.n is the index 

difference between the bulk sample and the index of the well and L is the well's depth) is 

the same as the well in Section 2.5.2. Although the sample's topography is flat, the sample's 

optical topography, which takes into account the optical path difference in the 

sample, contains a well-shaped perturbation. Figures 2-16(a) through 2-16(d) show the 

computed total and differential far-zone signals. Note that for total detection, the most 

representative image again occurs when TE polarization is used. The relative signal change 
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with 1E polarization i3 51 %, which is larger than either the topographic well or bump used 

in Sections 2.5.2 and 2.5.3. In addition, for differential detection, the TM signal is not very 

representative of the sample's optical topography. The computed Il. with TE polarization is 

representative of the sample's optical topography. However, a comparison of Fig. 2-16(c) 

with Fig. 2-12(a) shows that the differential signal with the index well is of the opposite sign. 

2.6 Comparison of rigorous technique to a simpler approach 

The diffraction calculations presented in the preceding sections are divided into two 

parts. First, the near-zone fields are found using a FDTD code. These fields are then used 

as the initial conditions for an angular-spectrum code that propagates the fields to a plane a 

distance Zo away. The FDTD code is by far the more complex ofthe two codes, requiring 

large amounts of memory and computation time. In this section two approximations are 

made to the near-zone fields, and the far-zone scan signals are then computed using these 

approximations. These signals are compared to the rigorous method described above. If 

either approximate method provides results that agree with the rigorous computations, it 

could be used in future analysis to reduce the model's complexity and computation time. 

In method 1 it is assumed that the aperture field is a rectangle function (Gaskill 

1978), of magnitude one inside the aperture and zero elsewhere. The sample is 

approximated by a phase distribution that is a rectangle function whose width is determined 

by the width of the well, and whose height is determined by the optical path difference 

generated by the well's depth. The near-zone electric field transmitted by the sample is the 

product of these two rectangle functions. The scanning process is modeled by laterally 
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shifting the phase function with respect to the aperture function. This is a scalar method, 

where the polarization of the electromagnetic field is not taken into account. 

In method 2 the complex valued fields calculated in Section 2.3.1 (with no dielectric 

present) are used for the aperture fields. The phase function for the well is again a shifting 

rectangle function, and the total transmitted field in the near zone is their product. 

For both methods, the angular-spectrum code is used to propagate the near zone electric 

field 10 Jlm to the detection plane. Only a differential signal is computed for both methods, 

since the dielectric sample is modeled with a uniform amplitude transmission. 

Figure 2-17(a) displays the results for method I. Figure 2-17(b) displays the results 

for method 2 with TE polarization, and Fig. 2-17(c) displays the results for method 2 with 

TM polarization. All three plots represent the case of a 100 nm wide aperture. Table 2-3 

shows the well's predicted width given by the FWHM of L\, and the well's predicted edge 

sharpness given by the 10%-90% rise length of L\. The FWHM computed by method 1 is 

close to the actual well width, but differs substantially from the results shown in Table 2-2 

for both the TE and TM polarizations using differential detection. The predicted parameters 

of the well using method 2 with TE polarization are also in poor agreement with the more 

rigorous calculations in Section 2.5.2. The 191 nm FWHM and 118 nm rise length using 

method 2 with TM polarization are in better agreement with the results in Section 2.5.2. In 

addition, the shape of L\ shown in Fig 2-17(c) has the same general features as the plot of 
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Fig. 2-12(b), although the surface's image shown in Fig. 2-17(c) predicts a smaller and flatter 

well bottom than does the rigorous method shown in Fig. 2-12(b). 

Table 2-3. Predicted well parameters using approximate methods to calculate!l (d= 100 

nm) 

Computational 

method 

1 

2 

2 

Polarization 

* 
TE 

TM 

Predicted well width 

(nm) 

77 

74 

191 

Predicted edge 

sharpness (nm) 

50 

48 

118 

There are several'reasons for the discrepancies between the images generated in 

Section 2.5.2 and those generated in this section. Method 1 ignores the fact that the 

problem is highly dependent on the polarization of the incident light. As shown in Section 

2.3.1 for the TM case, the distribution of Ez is far broader than the physical size of the 

aperture. Therefore, for TM light, the probe field is wider than the physical aperture, which 

yields poorer spatial resolution than predicted by method 1 where the probe function is zero 

beyond the aperture. While method 2 takes into account the differences in the probe fields 

for TE and TM polarization, it fails to properly model the interaction of these probe fields 

with the sample. Because of this, the results shown in Figs. 2-17(b) and 2-17(c) are also in 
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Figure. 2-17. Computed images of the well when approximations are applied to the near
zone electric field. All three plots show calculated values of the integrated normalized 
differential signal L\ using (a) method 1, (b) method 2 with TE polarization, and (c) 
method 2 with TM polarization. The aperture width is 100 nm. 

poor agreement with the results given in Section 2.5.2. In addition, the divergence of the 

probe field as it propagates through the well is also ignored in both methods. The assumption 

that the probe field remains collimated may explain why method 1 and method 2 with TE 

polarization yield predicted values much closer to the well's true dimensions than the results 
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of Section 2.5.2. The lack of agreement between the rigorous calculations of Section 2.5.2 

and either method indicates that proper analysis of an NFO system requires a vector 

electromagnetic model based on Maxwell's equations to compute the near-zone fields. 

2.7 Summary and conclusions 

A novel hybrid technique is used to study both the near-zone and far-zone 

electromagnetic fields of an NFO probe and the interaction of these fields with dielectric 

samples. This technique allows calculation of the magnitude and phase ofE and H in the 

near zone and far zone. The complex Poynting vector is shown in the near zone. It is shown 

that the amount of energy coupled from an NFO probe into a flat dielectric sample is 

dependent on the size of the air gap between the probe and the sample. For TE polarization, 

there is a monotonic fall off of coupled energy with gap size. For TM polarization with 

higher index materials, the maximum energy coupling occurs for non-zero values of the 

aperture-to-dielectric spacing. 

It is also shown that, in the near zone, surface height irregularities in the dielectric 

material serve to modulate both the magnitude and phase of the transmitted electric field. 

Detection in the far zone can be accomplished either through total (energy) detection or 

differential detection. For the total detection technique with TE polarization the resolution 

in the image is maximized by minimizing the nominal aperture-to-sample spacing. When 

total detection is used with TM polarization, a distorted image ofthe surface is obtained if 

the gap spacing is too small. By increasing the gap separation the distortion in the image can 

be reduced. However, the image of the surface still exhibits more distortion and poorer 
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resolution than the image obtained with TE polarization and a smaller gap separation. It is 

also shown that differential detection yields reasonable images of topographical asperities in 

a sample's surface for both TE and TM polarization. 

When a well in a Pyrex surface is scanned, the images obtained using total detection 

with TE polarization yield the closest prediction to the well's actual width. This is true for 

aperture widths of 100 nm and 40 nm. With the 40 nm aperture, differential detection with 

TM polarization gives the sharpest profile of the well's edges. In addition, total detection is 

sensitive to unwanted amplitude fluctuations, while differential detection is not. Because of 

this sensitivity, total detection is less tolerant to variations in the aperture-to-sample 

separation. Therefore, better control of the aperture-to-sample separation is required during 

a scan when total detection is used. 

When a topographical bump is imaged the relative change in t is greater than for a 

well of the same depth. Surprisingly, the differential image is of the same sign for both the 

well and the bump. This is true for TE and TM polarizations. When an index well is imaged, 

TE polarization yields a more representative image for both total and differential detection. 

For all the objects scanned, the total detection method with TE polarization yields the most 

representative image. For the topographical well of Section 2.5.3 total detection with TE 

polarization also led to an image whose width was closest to that of the actual well. In the 

next chapter a more systematic method of understanding the object-image relationship is 

discussed using TE polarization and total detection. 
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CHAPTER 3 

LINEAR BEHAVIOR OF A NEAR-FIELD OPTICAL SCANNING SYSTEM 

In this chapter, a systematic approach is used to study the relationship between the object 

and image in a NFO system. Under certain conditions, this relationship is nearly linear. 

Under these conditions, the hybrid model introduced in Chapter 1 is used to calculate system 

transfer functions based on scanning sinusoidal gratings of various spatial periods, or 

scanning a straight edge and then taking a derivative and a Fourier transform. These transfer 

functions can be used to better understand the object-image relationship and also study the 

resolution ofa NFO system. The images of various topographical features are simulated by 

linearly adding component sine-wave grating images that are weighted by the transfer 

function. These images are then compared to those obtained with the rigorous hybrid model. 

Finally, post-imaging equalization is introduced to improve the overall system resolution. 

3.1 Introduction 

As mentioned in earlier chapters, the imaging process in NFO systems is not well 

understood. In Chapter 2, several far-zone images are shown of various topographical 

features in a Pyrex sample. In general the images are very dependent on many system 

parameters, including the polarization of light, the aperture-to-sample spacing, the aperture 

diameter, the index of the sample, and the technique used to calculate the far-zone signal 

(total versus differential detection). The combination ofTE polarization and total detection 

yields signals that are the most representative of the sample's true topography. In this 
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chapter a more systematic approach is used to study the imaging process using the 

combination of TE polarization and total detection. If the imaging process is linear, 

standard linear systems theory can be used to better understand the relationship between the 

scanned object and its resultant image. 

The following sections in this chapter discuss imaging properties of the NFO system 

shown in Fig. 3 -1. The requirements of the NFO system necessary for linear operation are 

discussed in Section 3.2.1. A system transfer function is calculated in Section 3.2.2. The 

variation in system resolution with object depth is calculated in Section 3.2.3. The transfer 

function found in Section 3.2.2 is used in Sections 3.2.4 through 3.2.6 with linear systems 

theory to predict the image when a square wave grating, a well and a three-level bump are 

scanned. Equalization techniques are applied to the detected signal in Section 3.2.7 to 

improve the resolution of the system. Finally, a summary and some conclusions are 

presented in Section 3.3. 



v 

Incident Plane Wave 
A. 500 nm 

dielectric sample en a1.474) 

~I detection plane 

77 

FDTD 

Figure 3-1. Setup used to calculate the system's transfer function. A normally incident, TE 
polarized plane wave illuminates the aperture. The aperture scans across a dielectric sample 
and the total electric field energy is calculated on a detection plane a distance Zo past the 
bottom of the grating. 

3.2 Linear analysis of NFO systems 

3.2.1 Requirements/or linear operation During a scan the nominal probe-to-

sample spacing h is kept constant. However, variations in the sample's local topography 

result in variations in the instantaneous probe-to-sample spacing hi' For example, when a 

sinusoidal grating of period Xg and depth a is scanned, hi can be written as 
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hj = h+ ~ ( 1 +COS[ ~: (X-X,)]) , (3-1) 

where Xs is the scan position of the grating. Variations in hi during a scan lead to fluctuations 

in the total amount of electric field energy Wee that couples into the sample. Fluctuations in 

Wee serve as a contrast mechanism, since the detected signal at each scan position depends 

on the total amount of energy that couples into the sample and propagates to zoo Linear 

operation of the NFO system occurs when the contrast mechanism behaves in a linear fashion 

with respect to the sample topography. The work in Chapter 2 shows that for a flat sample 

(hi = h) there is an exponential relationship between hi and Wec' This exponential relationship 

is approximated by the expression 

I:
"" (-h. Ih. )i h. h,2 

W ( h Ih ) I Ie ... 1 - _, + __ 
ec = exp - I Ie = ., h 2 ' 

j =0 J. Ie 2h. 
Ie 

(3-2) 

where the approximation is valid for small values of hi' When" = b , the amount of 

coupled energy is 36% of the energy coupled when hi = 0 (no separation). The value of hie 

is 92 nm for 11 = 1.474. 

If hi is confined to a range where Wa; is dominated by the first-order term in Eqn. (3-

2), a nearly linear relation exists between ~e and hi' With a Pyrex sample the first-order 

term dominates for spacings from zero to -70 run. When the sinusoidal grating expressed 
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by Eqn. (3-1) is scarmed, hi varies between hand h+ a. If h= 5 nm and a = 50 nm, the 

imaging operation is performed over a region of the coupling curve where the higher-order 

terms ofEqn. (3-2) are small. However, if h is increased to 35 nm, image analysis based on 

linear systems theory is less appropriate, since the system is now operating in a region where 

the higher-order terms are more significant. 

As the sample's index of refraction increases, the value of hie decreases. The value 

of h;cis 46 nm for 11 = 2, and h;c= 27 nm for 11 = 3. By increasing the index of the sample, 

the range of hi in which the first-order term of ~c: dominates is reduced. Therefore, with 

higher index samples, one is restricted to smaller nominal separations and shallower surface 

features to maintain linear operation. 

3.2.2 Calculation of a NFO system transfer function The system transfer 

function is calculated with both a grating method and a scanning edge method. In the grating 

method, 16 sinusoidal gratings are scanned with grating depth a = 50 nm and grating period 

~ varying from 25 nm to 900 nm. Scans are accomplished in the FDTD code by shifting the 

relative position of the grating with respect to the aperture. Eleven scan positions over one-

half grating cycle are calculated for each grating. The image modulation V is calculated for 

each grating, where 

imax -imin V=--
i +i. max nun 

(3-3) 
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and i max and imin are the maximum and minimum detector currents, respectively, in a scan. 

The Modulation Transfer Function (MTF) is the collection of Vas a function of the direction 

cosine a, where a = I.. IXg • The MTF is calculated for h = 5 nm and h = 35 nm. 

The scanning edge method uses a configuration similar to that of Fig. 3-1, with the 

sinusoidal grating replaced by an edge (or step) in the sample's surface. The height of the 

edge a is 50 nm. The image of the edge is computed with the hybrid FDTD/angular 

spectrum technique, and corresponds to the edge response of the system (Gaskill 1978). The 

spatial derivative of the edge response yields the system line response, which is the point 

spread function (PSF) for the two-dimensional model. The system transfer function is found 

by applying a Fourier transform to the PSF. The MTF is the normalized magnitude of the 

system transfer function. 

The scanning edge method has three important advantages over the grating method. 

First, from a computational point of view, the scanning edge method is much simpler, which 

dramatically decreases CPU time and system memory requirements. Secondly, the calculated 

MTF curve is a continuous function. This is not true with the grating method, where data 

are taken only at discrete values of a and interpolation is required between data points. 

Thirdly, the scanning edge method is straightforward to implement experimentally. The 

limiting factor in performing such experiments is fabricating a sharp edge on the sample. 

The PSF is shown in Fig. 3-2(a). When h = 5 nm, the PSF's full-width at lie of the 

maximum (FWlIe) is 96 nm and the first zeros occur at x = ± 115 nm. For h = 35 nm, the 

FWlIe is 120 nm, and the first zeros occur at x = ± 120 nm. Therefore, increasing h from 
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h=35 nm ........ . 

Figure 3-2. The system PSFs are shown normalized to their peak values. The abscissa is the 
x coordinate normalized to the wavelength. The solid line corresponds to h = 5 run, while the 
dashed line is for h = 35 nm. 

5 run to 35 nm leads to a slight increase in the width of the PSF. The effects of the higher-

order terms in Eqn. (3-2) can be seen in the PSF, where they cause a slight asymmetry about 

x = O. Comparison of the two PSFs in Fig. 3-2, shows that the asymmetry is more 

pronounced as the nominal spacing h is increased from 5 run to 35 run, which indicates a less 

linear behavior in the imaging process for h = 35 run. 
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Figure 3-3. The phase <I> of the transfer function is shown normalized to 1t. The solid line 
corresponds to h = 5 run, while the dashed line is for h = 35 run. 

The asymmetry in the PSF results in a hermitian transfer function with a non-zero 

phase <1>, as shown in Fig. 3-3. Since the asymmetry in the PSF is larger for h = 35 run, <I> 

is larger and more nonlinear for h = 35 run and a. < 7. A linear relation between <I> and a. 

causes a lateral shift in the image, with the amount of shift proportional to a<l>laa. (papoulis 

1962). However, a non-linear behavior in <I> results in phase distortion, which leads to 

distortion in the image. Therefore, phase distortion is greater in images obtained with h = 

35 run. 
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Figure 3-4. The MTFs calculated using the scanning edge method are shown as the solid and 
dashed lines, while the grating method results are denoted by the asterisks (h = 5 nm), and 
circles (h= 35 nm). The abscissa is the direction cosine a. A logarithmic scale is used for 
the ordinate. A threshold modulation of 0.2, which is indicated by the horizontal broken 
line, is chosen to determine the spatial resolution of the NFO systems. The inset is an 
expanded plot for MTFs > 0.5, and is plotted on a linear scale. The PSF and <P are only 
found with the scanning edge method. The solid line corresponds to h = 5 nm, while the 
dashed line is for h = 35 nm. 

The MTFs calculated with the scanning edge method are shown in Fig. 3-4. 

Asterisks and circles denote data from the grating method for h = 5 nm and 35 nm, 

respectively. Good agreement is obtained between the two methods, except for h = 35 nm 

and a < 1.5. For values of a > 1. 7, the modulation decreases when h is increased from 5 
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run to 35 run. Thus, for objects that have features smaller than a wavelength, poorer spatial 

resolution is expected as h increases. 

There are two explanations for the loss of resolution. The first is that the electric 

field, which acts as the probe field, is diverging with z. The image, which can roughly be 

interpreted as the convolution of the probe field with the object, therefore exhibits a loss in 

resolution as the probe field expands. A second explanation is obtained by considering the 

scanning operation as a spatial frequency mixing, or heterodyning, process between the 

probe's spatial spectrum and the sample's spatial spectrum. Due to this mixing process, 

which occurs at the air-sample interface, some evanescent components (a. > 1) of the probe 

field are mixed down to lower spatial frequency components that propagate to the detection 

plane. However, the relative amplitude of each evanescent component at the interface 

decreases as h increases. This decrease in amplitude reduces the effects of the mixing 

process, thus reducing the relative modulation for values of a. > 1. 

Different NFO systems are compared in terms of their spatial resolution by 

determining values ofa. that correspond to a threshold MTF value of 0.2. The choice of the 

MTF's threshold value is somewhat arbitrary and depends on factors such as the amount of 

noise in the detection process and unwanted fluctuations in both the incident electric field and 

h, each of which cause variations in the nominal transmitted energy during a scan. The 

threshold modulation occurs at ~ = 4.23 for h = 5 run and ~ = 3.33 for h = 35 nm, which 

correspond to estimated spatial resolutions of 118 run and 150 nm, respectively. The 

resolution is close to the 100 run aperture size for h = 5 nm, and its 32 nm increase at h = 35 

run is nearly equal to the 30 nm increase in the probe-to-sample spacing. 
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In Fig. 3 -4, the peak value of the MTF occurs at a = <Xp. The value of a p increases 

from 0.75 to 1.25 as h is increased from 5 nm to 35 nm. The fact that the peak value does 

not occur at 0.=0 can be explained using the grating model. For small values of h, the 

electric field directly below the bottom of the grating Eg(x) can be approximated by the 

product of the (roughly Gaussian shaped) probe field and the sample's cosinusoidal surface 

profile. The detected field Ed(x, z = zo) is given by 

n 

Eix,z=zo)oc f~ia.) exp[-i(zoJn 2 -a.2 +cxx)]da. , (3-4) 
-n 

where ~g( a) is the Fourier transform of ~ (x) (Vigoureux et aI1992). The integration is 

perfonned only over the range 10.1 < n, since values of ~g(lal > n) correspond to evanescent 

energy that decays with z and will not be detected in the far zone. The detected signal is 

therefore proportional to the total amount of propagating energy in Eg(x), which is denoted 

by Tg. For Xg > d and the top of the grating centered on the aperture, Tg is normalized and 

plotted in Fig. 3-5. Data are calculated for h = 35 nm, since the drop-off in the MTF at a 

= 0 is larger than for h = 5 nm' When the grating is centered on the aperture, the profile of 

Eg(x) is approximately the product of a Gaussian and a cosine, which results in a central lobe 

and two side lobes of reduced amplitude. The width of the central lobe is related to the 

width of the probe field and the period of the grating. For small values of Xg> the spectrum 

f.s(a) is very broad and the majority of energy in Eg(x) is evanescent. As Xg increases, ~g(a) 

narrows and a larger percentage of the energy in Eg(x) is propagating. This effect continues 
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until Xg reaches a critical value X~, where the majority of energy in Eg(x) is propagating. For 

~ > Xg', interaction between the finite-sized probe field and the neighboring grating peaks 

centered at x = ± Xg begins to decrease, since the peaks are shifting to larger values of x 

where the probe field is weaker. The reduction in the interaction of the probe field with the 

neighboring grating peaks causes a reduction in the total amount of energy that couples into 

the sample and propagates to Zoo This effect causes a roll-off in ~ for 4 > 4' (ex. < q,). 

The drop in Tg for small cx. causes a drop in both leEd(x, Z = ZO)12 and the modulation. This 
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Figure 3-5. The total amount of propagating energy in Eg(x), which is denoted T and 
normalized to its peak value, is shown. The upper abscissa is the direction cosine <l, and the 
lower abscissa represents the grating period Xg. Data points are indicated as dots. l' is 
measured when the top of the grating is centered on the aperture, and h = 35 run. 

roll-off in the MTF at low spatial frequencies has been measured by Pieralli (1994). 

3.2.3 Variation in the system resolution with object depth The transfer function is 

calculated for various values of the step height a. The value of his 5 run. Figure 3-6 shows 

the computed value of ctm, using a threshold MTF of 0.2 and the estimated spatial resolution 

for values of a from 5 om to 50 run. Notice that increasing the step height yields poorer 

lateral spatial resolution. For a = 5 run, the resolution is approximately 86 run. However, 
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Figure 3-6. Variations in the system's spatial resolution with object depth a. The threshold 
value of ex is plotted as the solid line, while the estimated spatial resolution is plotted as the 
broken line. 

increasing a to 50 nm results in a resolution of approximately 118 nm. Interestingly, the 

change in resolution with a is nearly linear in this range of a. The loss of resolution with 

object depth occurs for the same reasons that increasing h causes a loss in resolution. The 

deeper the object is, the more divergence in the probe field as it interacts with the object, 

resulting in a wider PSF. In addition, a study of the MTFs for different values of a (not 

shown) indicates that the low frequency roll-off discussed in Section 3.2.2 is less significant 

for smaller values of a. 
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Because the transfer function is influenced by the sample's depth, the power of the 

linear systems approach is somewhat reduced, since the transfer function not only depends 

on the probe's characteristics, but also on the sample. Thus, the transfer function must be 

computed for a specific sample. This is not true in a conventional far-field optical system, 

where the PSF and MTF are basically independent of the sample and dependent only on the 

properties of the optical system. 

3.2.4 Application of linear systems theory to model a square wave grating 

A 50 nm deep square-wave grating of period 500 nm is simulated by linearly adding 

images from component sine-wave gratings that are weighted by the complex-valued transfer 

function found in Section 3.2.2. This image is referred to as the superposition image, since 

the image is calculated from a linear superposition of images of sine-wave gratings. A 

second image, referred to as the direct image, is computed by direct use of the hybrid code. 

For both images h = 5 nm. The results are shown in Figs. 3 -7 (a) and 3 -7 (b ). The difference 

between the two images is only 5.8% RMS of the signal's peak-to-peak value. For this 

particular set of parameters, NFO scanning behaves in a nearly linear fashion. 

In the expanded view of Fig. 3-7(b), it can be observed that the higher-order terms 

ofEqn. (3-2) cause a small asymmetry in the direct image, which explains the signal's non

zero value at a scan position of one-quarter of the grating's period ( x = -125 nm). 

However, the superposition image is symmetric, because it is derived from linear systems 

theory, which does not take into account any nonlinearity in the contrast mechanism. If the 

depth of the grating is reduced, or a sample with a lower index of refraction is used, better 

agreement between the two images is expected. 
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Figure 3-7. Comparison of two images that are computed when a square wave grating of 
period 500 nm is scanned with the 100 nm aperture. The superposition image is found by 
linearly adding images from component sine-wave gratings that are weighted by the complex
valued transfer function and is shown as the dashed line. The direct image is found by direct 
use of the FDTD/angular-spectrum code and is shown as the broken line. The grating (ideal 
image) is shown for reference as the solid line. An expanded view is shown in (b). All 
images are normalized to their peak values. 

3.2.5 Application of linear systems theory to a well The image of a 66 nm 

wide, 50 nm deep well is computed using the direct and superposition methods. The well's 

geometry is the same as that of Section 2.5.2. The results of both images are shown in Fig. 

3-8. Note that the plots have been normalized to a maximum value of + 1, which causes an 

inversion in the far-zone signal from that of Fig. 2-10(a). Again there is good agreement 
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Figure 3-8. Computed image ofa 66 run wide well. The superposition image is shown as 
the dashed line, while the direct image is shown as the broken line. The grating (ideal image) 
is shown for reference as the solid line. 

between the direct and superposition methods. Unlike the square wave grating of Section 

3.2.4, the well's features are substantially smaller than the 500 run wavelength. Thus, a 

spatial frequency decomposition of the well results in significant frequency components for 

a» 1. Even though the magnitude of the transfer function is below the resolution threshold 

at these large values of a, the superposition method works reasonably well. 



92 

3.2.6 Application of linear systems theory with multi-level objects In this 

section a three-level well is modeled. The well is designed with a depth of 50 nm for Ixl < 

125 nm and a depth of25 nm for 250 nm < Ixl < 125 nm. The sample is flat for Ixl > 250 nm. 

As in Sections 3.2.4 and 3.2.5, both a superposition and direct image are calculated. The 

superposition image is found using the transfer function calculated with a = 50 nm. The 

results are shown in Fig. 3-9. Notice that the agreement is not as good as that in Figs. 3-

7(a), 3-7(b) and 3-8. Specifically, there is poor agreement in the region where the 25 nm 

high level is scanned. In this case the value of a is 25 nm, and the system's spatial resolution 

will be smaller than what is predicted by the transfer function with a = 50 nm. Since the 

spatial resolution of the system is smaller for the 25 nm deep well, the direct image shows 

better resolution over the 25 nm level than the superposition image does. This can be seen 

in examining the kink in the signals when the 25 nm level is scanned. This kink is noticeable 

with the direct image. Ho~_e.y'er:,. with the superposition image, the kink is less noticeable, 

which indicates that the 25 nm level bump is not as well resolved. 

While the use oflinear systems theory is powerful in understanding the object-image 

relationship, this section again shows that some a priori knowledge of the object must be 

used in order to compute or measure the proper transfer function. However, since it is 

shown in Section 3.2.3 that the change in system resolution is smooth with a, small variations 

in object depth (perhaps 10-15 nm ) will not significantly degrade the linear systems 

approach. 
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Figure 3-9. Computed image of three level bump. The superposition image is shown as the 
dashed line, while the direct image is shown as the broken line. The grating (ideal image) is 
shown for reference as the solid line. 

3.2.7 Equalization techniques The linear systems approach discussed in this 

chapter can be used to help design post-imaging equalizers. The idea is to boost spatial 

frequencies in the computed (or measured in the experimental world) image that are 

attenuated due to the finite bandwidth transfer function. After scanning, the computed image 

can be decomposed, via a Fourier transform, into a summation of weighted spatial frequency 

components. These individual components are then multiplied by the inverse of the complex-

valued transfer function at that spatial frequency. After boosting each spatial frequency 
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component, the equalized image is constructed using an inverse Fourier transform. Ideally, 

this technique allows for an exact reconstruction of the object. 

In this work a slightly different procedure is used. Ideally, the image's spatial 

frequencies are multiplied by the inverse of the transfer function to create an equalized 

transfer function of unity. Due to computational errors at large values of a where the 

transfer function is small, the multiplication used in the boosting process can result in large 

errors. It was found by trial and error that high frequency boosting the images spatial 

frequency components to create a triangular-shaped transfer function· yields the most 

accurate post-equalization image. The triangular shaped transfer function has a magnitude 

of one at a = 0, and decreases linearly until it reaches a value of zero for lal t! ac• Thus, 

every component of the image spectrum is multiplied by the ratio of the equalized transfer 

function to the system transfer function at the corresponding value of a. Both amplitude and 

phase information are used in the equalization process. 

Figure 3-10 shows the computed image of the 500 nm square wave grating used in 

Section 3.2.4. The broken line corresponds to the image computed with the FDTD/angular 

spectrum code, while the dashed line corresponds to the equalized image. The solid line is 

shown to represent the object. The value of ac is 10. The sidewalls of the equalized image 

are much closer to the shape of the grating's actual topography when compared to those of 

the non-equalized image. In addition, the higher spatial frequencies present in the equalized 

image provide a more representative mapping of the gratings flat top and bottom. However, 

by cutting off the very high spatial frequency components in the image, some ringing is 

observed along the grating's top and bottom. This could be misinterpreted as topographical 
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Figure 3-10. Computed image of square wave with and without equalization. The image is 
found by direct use of the FDTD/angular-spectrum code and is shown as the broken line. 
The image after equalization is shown as the dashed line. The grating (ideal image) is shown 
for reference as the solid line. 

infonnation by the researcher. The equalization technique helped reduced the overall RMS 

error between the object and the image by 31 %. 

There are some problems associated with post-imaging equalization in a NFO system. 

Firstly, real systems suffer from noise which limits the effectiveness of equalization 

techniques. In regions where the transfer function is small, a small amount of noise may 

result in significant errors in the reconstructed image. Secondly, as discussed in Section 
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3.2.2, the system transfer function is affected by the object. Therefore, in order to compute 

the proper transfer function, some knowledge of the object is required. This may not always 

be possible. Despite these problems, equalization techniques could be used to improve the 

resolution of the system under certain situations. 

3.3 Summary and conclusions 

It is shown that a linear system analysis ofNFO scanning is reasonable over a limited 

range of probe-to-sample separations. The range of separation required to insure linearity 

decreases as the index of the sample increases. A transfer function of an NFO system is 

calculated using a grating method and a scanning edge method. Both methods give similar 

results and can be easily applied to almost any NFO system configuration. However, the 

scanning edge method has computational and experimental advantages over the grating 

method. For the case of a 100 nm aperture and TE polarization, the resolution is 118 nm 

when the nominal aperture-to-sample separation is 5 nm, and increases to 150 nm when the 

separation increases by 30 nm. It is shown that the resolution is also dependent on the depth 

of the object, and decreases by 32 nm when the object's depth is decreased from 50 nm to 

5 nm. This loss in resolution can be explained from the divergence of the electromagnetic 

energy as it propagates through the sample, and it is analogous to depth of focus problems 

in a conventional optical system. 

The system's transfer function is used to give a prediction of the image ofa square 

wave grating, yielding an RMS error of 5.8% of the image's peak-to-peak value. 

Nonlinearities in the imaging process are responsible for this relatively small error. For 
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multilevel objects, the application of linear systems theory to predict the image yields poorer 

results. However, if the variations in object depth are small, the techniques used in this 

chapter can be applied, either computationally or experimentally, to better characterize 

current NFO systems and to develop future ones. Finally, post-detection equalization 

techniques are shown to reduce the RMS error between the object and image by over 30%. 

However, such techniques are limited by system noise, and require some prior knowledge 

of the sample. 
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CHAPTER 4 

METALLIC STRUCTURES IN NEAR-FIELD OPTICAL SYSTEMS 

In Chapters 2 and 3, only dielectrics and perfect electric conductors (PEC's) are included in 

the NFO geometry. In this chapter, the effects of non-ideal metals in a NFO system are 

studied. A short discussion of the technique used to model non-ideal metals in the FDTD 

code is given. Using this technique, the effects of non-ideal metals in the probe's coating are 

studied. In particular, the effect of coating and cladding materials are analyzed with respect 

to the system MTF and resolution. Finally, images of various metallic/dielectric samples are 

computed. 

4.1 Introduction 

In Chapters 2 and 3, only dielectrics (0 = 0) and perfect electrical conductors (0 = 

00) are included in the NFO geometry. Effects of real, non-ideal metals (0 < 0 < 00) must be 

included to model NFO systems more completely. Non-ideal metals can be found in both 

the probe and the sample. 

In the probe, the finite conductivity of the metallic coating alters the fields in and 

around the probe. For example, with a PEC coating (Chapters 2 and 3) the tangential and 

normal components ofE vanish immediately inside the conductor. For a non-ideal metal, the 

tangential and normal components of E decay exponentially within the metal, where the 

length of the exponential decay is determined by the skin depth 5 of the metal (Jackson 
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1962). Non-ideal metals in the probe can influence the near-zone and far-zone radiation 

pattern of energy emitted by the probe, the MTF and the system resolution. 

In the sample, the imaging properties with metallic features are often more 

complicated than with purely dielectric samples, since surface currents and charge densities 

exist on the sample. Due to the continuity equation (Harrington 1961), sharp topographical 

features lead to large charge accumulations on the sample. In addition, illuminating a 

metallic particle on resonance may lead to the excitation of surface plasmons in the sample. 

These effects can in turn lead to an enhanced far-field signal 1: when certain topographical 

features are scanned. Such enhanced signals have been reported experimentally by Betzig 

(1992b) and computationally by Novotny et al (1994b). 

In Chapters 2 and 3, metallic objects are modeled in the FDTD code with the use of 

Ohm's law, where it is assumed that the electric current density J is linearly related to E 

through J = oE. In the case of a PEC this technique is appropriate. However, when non-

ideal metals are modeled, this conductivity technique fails to adequately predict the behavior 

of finite conductivity metals at optical frequencies. To properly model real metals in the time 

domain, a technique of solving the second order Lorentz equation 

is used, where the electric polarization P is related to J by 

a -p=] 
at 

(4-1) 

(4-2) 
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The constants Eo, Xu, ~ and r are the d.c. permittivity, d.c. susceptibility, resonant 

frequency and damping coefficient of the material, respectively. The variable t is time. Both 

Wo and r are found using the complex index of the material and the Lorentz dispersion model 

(Judkins and Ziolkowski 1995). After solving Eqns. 4-1 and 4-2 at each time step in the 

FDID code, the computed J is used in the finite-difference form of Ampere's curl equation 

to properly update the E and H fields. A more detailed description of this technique can be 

found in Appendix A. The angular-spectrum plane wave propagation routine is used to 

propagate the E field to the far zone, where signal detection takes place. The total far-zone 

signal t is then computed at each scan position. 

4.2 Analysis of various probe geometries 

In Chapters 2-3 the aperture probe was formed in a 25 nm thick PEC sheet. The 

sides of the waveguide were parallel with the z-axis (non-tapered). While that idealized 

probe is a reasonable first order approximation to a real probe, there are some important 

differences between the ideal probe and one used in a typical NFO system. Most NFO 

probes are formed by heating and pulling a single mode optical fiber as discussed in Chapter 

1. This results in a tapered region in the fiber. The tapered fiber is then over coated with 

metal, which is typically aluminum due to it's short skin depth. The coating process is 

directional, so that the very end of the fiber is left uncoated, which leaves an open aperture. 

In this section the imaging properties of a more realistic probe are compared to those of the 

idealized probe used in Chapters 2 and 3. 
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incident plane wave (A = 500 nm) 

z 

Figure 4-1. Setup used to model the geometry ofa tapered probe. The probe is tapered at 
80

, with a 75 nm thick metallic coating and a dielectric or air inner core. 

4.2.1 Comparison ofMTFsforvariousprobegeometries The MTFs of four 

different types of probes are computed in this section. All the probes have a geometry 

similar to Fig. 4-1. The thickness of the coating is 75 nm, the probe length is 200 nm and 

the taper angle is 80
• The aperture width dis 100 nm throughout this chapter. The first 

probe, which is designated PEC-air, has an air core and a PEC coating. This probe is similar 

to the one used in Chapters 2 and 3. The second probe, PEC-Pyrex, is similar to the PEC-air 

probe, except that a Pyrex core is used. The third probe, al-air, has an aluminum coating and 
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an air core. Finally, the al-Pyrex probe has an aluminum coating and a Pyrex core. Note that 

the ai-Pyrex probe is the most representative of the probes used in real NFO systems. 

In Fig. 4-2, MTF curves are shown for the four different probes with TE polarization 

and a 100 run aperture. Note that at higher spatial frequencies (a > 2.5) the relative 

modulation is higher when the PEe coating is used. As discussed earlier, the electric field 

will not penetrate into the PEe coating, but will penetrate into the aluminum coating. This 

penetration results in a wider probe field that leads to a wider PSF, poorer resolution and a 

lower relative modulation. It is difficult to quantify what effect the core has on the MTF in 

Fig. 4-2. For both the aluminum and PEe coating, the relative modulation is higher at very 

large values of a when a Pyrex core is used. However, for the middle spatial frequencies, 

the air core leads to a higher relative modulation with the PEe coating, but for the aluminum 

coating the Pyrex coating leads to a higher relative modulation. Also note that the drop off 

at DC (a = 0) discussed in Chapter 3 is greater for the aluminum coated probes, and that the 

peak spatial frequency ap shifts to higher values of a with the aluminum coating. 

The cutoff ofthe slit waveguide with TE polarization occurs at a value of dco = Al21l. 

Since the index of refraction is greater for Pyrex than air, the probes with Pyrex cores are 

closer to cutoff. Therefore, less power will be lost in the 200 run long aperture when a Pyrex 

core is used. Using simple waveguide theory, it is predicted that nearly four times less power 

will be lost when a Pyrex core is used instead of air. 
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Figure 4-2. MTFs offour different types ofNFO probes. 

4.2.2 Resolution o/various probe geometries 
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Using the minimum MTF 

threshold criteria of 0.2, the resolution of the four probes used in Section 4.2.1 is found. The 

results are shown in Table 4-1. The finite conductivity of the aluminum coating degrades the 

resolution. This resolution increase is 50 nm when an air core is used, but only 15 nm when 

a Pyrex core is used. These numbers are comparable to the 6.5 nm skin depth of aluminum. 

Thus, when the Pyrex coating is used, the change in resolution is on the order of the skin 

depth of the metal. It is surprising that the choice of the dielectric core has little effect when 

a PEe coating is used, but a substantial one when an aluminum coating is used. Since the 
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al-Pyrex probe is the most representative of a real NFO probe, it will be used exclusively in 

the remainder of this work. 

Table 4-1: Estimated spatial resolution offour different types ofNFO probes 

Coating Core ctlb resolution (nm) 

PEC air 4.50 111 

PEC Pyrex 4.35 115 

al air 3.11 161 

al Pyrex 3.85 130 

4.2.3 Electric field and Poynting vector in air with aluminum-Pyrex probe 

In Figs. 4-3(a) and 4-3(b) contour plots of the electric field distribution are shown 

for the aI-Pyrex probe. The contour levels are linearly spaced and correspond to a 10% 

change in lEI. Figure 4-3 (a) shows the distribution of lEI with TM polarization, while Fig. 

4-3(b) is for TE polarization. In Fig. 4-3 (a) the highest contour levels occur near the inner 

corners of the coating, while in Fig. 4-3(b) the highest contour level occurs at the left side 

of the figure in the waveguide. Note that with TM polarization the majority of the energy 

near the aperture is reradiated energy from the large charge accumulations on the inner and 

outer corners of the aluminum coating, and not energy traveling directly through the 

aperture. This leads to sharp peaks in lEI, similar to the peaks observed in Figs. 2-2(a) and 

2-2(b). Unlike the probe in Chapter 2, the relatively small 75 nm coating thickness used in 
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Figure 4-3. Contour plots of lEI in air. Figure 4-3(a) corresponds to TM polarization, while 
(b) corresponds to TE polarization. 

this chapter allows for some charge build up on the outer comers of the conductor (~I ::::: 

125) as well. Due to the finite conductivity of aluminum, there is some penetration of the 

electric field into the coating for both TE and TM polarizations. This was also not observed 

in Chapter 2, where the PEC coating did not allow for penetration of the electric field. With 

TE polarization, the guide is above cutoff. This can be seen in Fig. 4-3(b) where the field 

strength decays exponentially in the guide. 

In Figs. 4-4(a) and 4-4(b) contour plots of the magnitude of the time averaged 

Poynting vector are shown. In general, the overall shape of ISrl is similar to lEI for both 
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Figure 4-4. Contour plots oflS~ in air. Figure 4-4(a) corresponds to TM polarization, while 
(b) corresponds to TE polarization. 

polarizations. However, with TM polarization the shape of ISrl is not as strongly influenced 

by the comers of the coating as is lEI. This can be explained by observing that since IHI 

behaves as a smooth, monotonic function in the aperture, the cross product of E and H 

results in a smoother distribution for ISrl than for lEI. 

In Figs. 4-5(a) and 4-5(b) quiver plots oflSrl are shown. For both polarizations, the 

power is well confined by the coating. However, some power is penetrating into the coating. 

With both polarizations, the power remains fairly well collimated past the aperture. Again, 

with TM polarization, the spatial distribution of lEI and ISrl display large peaks just past the 
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Figure 4-5. Quiver plots of Poynting vector in air. Figure 4-5(a) corresponds to TM 
polarization, while (b) corresponds to TE polarization. 

aperture. As discussed in Chapter 2, these peaks cause distortion in the imaging process. 

Therefore, even with this more realistic probe it appears that TE polarization is better suited 

for imaging applications, due to it's well behaved probe field. 

4.3 Scans of metallic objects 

In this section the images of various metallic/dielectric samples are computed. Since 

all of the images computed in this work are obtained in transmission, the metallic regions of 
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the sample are restricted to either semi-transparent thin films or samples with some 

transparent regions on its surface. As in chapter 3, only TE polarization with total detection 

is studied, due to its less more linear imaging properties. In Sections 4.3.1 and 4.3.2, two 

kinds of metallic/dielectric periodic grating structures are studied kinds of metallic/dielectric 

periodic grating structures are studied. For all the work in this section, the aperture-to

sample spacing h is kept at 5 nm and the aperture width dis 100 nm. 

4.3.1 Scans of embedded metallic gratings In this section, images of the embedded 

grating structure shown in Fig. 4-6(a) are computed. The grooves are 50 nm deep and 250 

nm wide in the Pyrex. The separation between grooves is 500 nm, which results in a 50% 

duty cycle. The metal completely fills the groove. Three different metals are modeled: 

aluminum, chromium and gold. The image of the aluminum sample is shown in Fig. 4-7. 

Note that a smooth signal is observed as the probe scans between opaque (metallic) and 

transparent (dielectric) regions. The contrast ratio K FDTD, which is defined as the ratio 

between the maximum to minimum signal, is given in Table 4-2. Also included in Table 4-2 

is a theoretical contrast ratio ~ obtained using Beer's law, where the skin depth of the 

respective metal at A = 500 nm is taken into account. In this technique, ~ is calculated 

from the relative absorption of a normally incident plane wave through a 50 nm thick sheet 

of the appropriate metal. Note that ~ only gives an order of magnitude approximation to 

the contrast ratio KFDTD obtained rigorously with the FDTD code. The errors between ~ 

and KFDTD may be due to the geometry of the tip and/or sample. For example, the 

waveguide that is formed between the bottom of the tip's coating and the top of the metallic 
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Figure 4-7. Far-zone signal 't of embedded aluminum grating. 
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Figure 4-8. Far-zone signal 't of overcoated aluminum grating (a) without coating (b) with 
aluminum coating. 

Table 4-2: Computed versus theoretical contrast ratios for the embedded grating structure 

Metal 

aluminum 

chromium 

gold 

a (nm) 

13 

21 

42 

281 

8 

117 

11 
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film alters the near and far-zone fields. A second possibility may be due to surface currents 

that flow in the metallic regions of the sample and influence the far-zone signal. 

4.3.2 Scans of coated metallic gratings In this section, the overcoated grating 

structure shown in Fig4-6(b) is studied. The structure consists of a square-wave grating in 

Pyrex of period 500 nm and depth 50 nm. The grating is overcoated with a 10 nm thick 

metallic film. Again, three different types of metals are used for the overcoating: aluminum, 

chromium and gold. In Fig. 4-8(a), the far-zone image of the uncoated structure is shown, 

while in Fig. 4-8(b) the far-zone image of the aluminum coated structure is shown. For the 

uncoated structure, the signal is continuous. However, for the aluminum coated structure, 

a discontinuity in the signal exists when the sharp metallic edges are scanned. This 

discontinuity is also observed when a chromium or gold coated grating is scanned. 

Experimental results show a significant discontinuity in the detected signal when a rough 

chromium edge on a dielectric sample is scanned. When the edge is smoother, the signal is 

more continuous. 

4.3.3 Scans ofphase change data storage marks In this section, the computed 

image ofa phase change data storage mark is compared to those measured experimentally. 

In Fig. 4-9 an experimental near-field optical transmission image obtained by Fred Froehlich 

(1996) is shown. The sample consists of an 80 nm deep SbSnIn film on a dielectric 

substrate. In the image on the left four data marks are shown. 

Data marks are written on the film by locally heating the film with a focused laser 

beam. In its natural state the film exists in an amorphous phase. During the heating/cooling 

process the heated region of the film is converted to a crystalline phase. The data mark is 
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Figure 4-9. Experimental near-field optical transmission image of four data marks in a 
SbSnln film. The NFO image is taken in transmission. The line plots on the right 
correspond to a one-dimensional profile in the x and y directions. The image is courtesy 
of Fred Froehlich. 
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read using the variation in reflection or transmission between the crystalline and amorphous 

regions. With a far-field optical system, the crystalline marks appear darker in transmission 

than the amorphous background. 

Surprisingly, in the NFO image of Fig. 4-9, the center region of the mark is actually 

brighter than the amorphous background. In addition, a bright halo appears around the 

image of the marks. It is not completely clear what physical mechanisms causes either effect. 

However, it is speculated that both effects are related to surface currents on the conductive 

sample and scattering effects from the two edges of the data mark. 

In Figs. 4-10(a) and 4-1O(b), a computed image of a single mark is shown. The 

image is calculated using the hybrid FDTD/angular-spectrum routine. To match the 

experimental conditions used to obtain Fig. 4-9, the aperture width d is set to 40 nm, the 

aperture-to-sample spacing h is set to 5 nm and TE polarization is used. To obtain the signal 

t, the range of integration in Eqn. 2-4 is changed to account for the 0.45 NA of the 

collection lens. The two dimensional image in Fig. 4-1O(a) is generated by assuming a 

circularly symmetric image. In general, there is good agreement between Figs. 4-9 and 4-10. 

The bright spot in the center of the data mark and the halo around the edge of the data mark 

are apparent in the computed image as well as in the experimental image. 
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Figure 4-10. Computed image of a single data mark in SbSnIn film. In (a) a two
dimensional image is shown, while in (b) a one-dimensional line profile is shown. 

4.4 Summary and conclusions 

In this chapter, effects of non-ideal metals in a NFO system are studied. The 

aluminum coating in a NFO probe degrades the system resolution, due to the finite 

penetration of the electric field within the coating. With TM polarization, the electric field 

at the aperture contains sharp peaks in the inner and outer corners of the coating. As 

mentioned in Chapter 2, these sharp peaks serve to distort the far-zone total signal t. For 
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this reason, TE polarization is better suited for imaging applications when a tapered probe 

with an aluminum coating and a Pyrex core is used. 

When a topographically flat metallic/dielectric grating is scanned, a smooth signal is 

observed as the probe scans between opaque and transparent regions. The contrast in the 

signal depends on the relative skin depth of the metal. When a metallic/dielectric grating 

with sharp topographical features is scanned, significant discontinuities are observed in the 

image. These discontinuities are observed when the probe scans over the idealized steps in 

the square wave grating. In a realistic sample, the perfectly sharp steps can not be fabricated, 

and the grating edges will have some finite slope to them. However, these discontinuities 

may still exist if the edges are steep. Finally, the computed image ofa crystalline data mark 

in a phase change medium compares well to an experimental image. 
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CHAPTERS 

REA TING MECHANISM IN A NEAR-FIELD OPTICAL SYSTEM 

In this chapter, the finite-difference-time-domain model introduced in previous 

chapters and a finite-difference-thermal model are used to study various heating mechanisms 

in a near-field optical system. These mechanisms include optical power that is radiated from 

the NFO probe, absorbed in the sample and converted to heat. The sample can also be 

heated from thermal conduction across the air gap and thermal radiation emitted by the 

probe's coating. The relative importance of these mechanisms is also studied in this chapter. 

The importance of the electromagnetic and thermal effects is also illustrated in an example 

pertaining to a near-field optical data storage system. 

5.1 Introduction 

In addition to the imaging applications discussed in Chapter 1, far-field optical 

systems can be used to heat a material locally. Typically, energy from a focused laser beam 

is absorbed in a conducting material and converted to heat. Within the heated area, various 

properties of the material can be modified. Such material modifications are used in many 

applications including data storage, medicine and lithography. As with imaging applications, 

the effective size of the heated spot and the thermal resolution is ultimately limited by 

diffraction effects in the optical system. 

Because of their high resolution, NFO systems can be used for ultra-high density data 

storage (Betzig 1992c), ultra-high resolution lithography (Froehlich 1992) or other 
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applications that require highly localized heating of the sample surface. In such near-field 

systems there are several mechanisms that result in sample heating. Unfortunately, the 

processes behind these mechanisms and their relative importance are not well understood. 

A better understanding of these mechanisms may be useful in future system design for 

improving factors such as resolution and throughput. 

In this chapter, the various mechanisms that heat the sample are analyzed. To 

perform this analysis, the finite-difference-time-domain (FDTD) model introduced in Chapter 

2 is used to compute the behavior of the electromagnetic fields in the probe-sample region, 

and a finite-difference thermal (FD-thermal) model is used to compute the temperature 

distribution in this region. In Section 5-2, four general mechanisms of sample heating are 

discussed. While these four mechanisms may not be completely independent, dividing them 

into four classes aids in analyzing the results presented in Section 5-4. In Section 5-3, a brief 

discussion of the FDTD and FD-thermal techniques is presented, as well as a description of 

the modeled NFO geometry. Finally, in Section 5-5 a summary and some conclusions are 

presented. 

5.2 Sample heating mechanisms 

In near-field optical systems, tens to hundreds ofnanowatts are often emitted through 

an aperture of diameter 100 nm or less, which produce power densities of 1.0 x 106 W 1m2 or 

more. Such high energy densities in the probe-sample region often result in localized heating 

of the probe and the sample. In this chapter, four basic heating mechanisms are considered. 

These mechanisms are shown schematically in Figs. 5-1(a) through 5-1(d). In Fig. 5-1(a), 
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Figure 5-1. Illustration of the mechanisms that heat the sample. In (a), optical power 
radiated directly through the aperture is absorbed in the metallic thin film on the sample. The 
absorbed power in the film is converted to heat, which is thermally conducted in the film. 
In (b), optical power is absorbed by the probe's metallic coating, which results in electron 
flow (current) in the coating. The excited electrons reradiate optical power from the bottom 
region of the probe. Some of this reradiated optical power is absorbed in the film. In (c), 
the power absorbed in the coating is converted to heat. The heat is thermally conducted 
through the coating, across the air gap and into the film. In (d), the heated coating acts as 
a gray body that emits thermal radiation. Some of the emitted radiation is absorbed in the 
film where it is converted to heat. 

optical power emitted from the probe's aperture is radiated across the air gap and absorbed 

in the metallic film. If the aperture-to-sample spacing is small, the power absorbed in the 

sample is confined to lateral distances on the order of the aperture width. The absorbed 
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power is converted to heat that is thermally conducted through the sample. Under steady-

state conditions, the temperature distribution in this region can be found from 

(5-1) 

where the variable Tis the local temperature, K, is the thermal conductivity, and E and J are 

the electric field vector and the electric current density, respectively (Croft and Lilley 1977). 

The local absorbed optical power per unit volume is given by Pabs = Re{E'J*}, where Re{} 

denotes the real part of the expression. The term (Pabs / K,) can be viewed as the heat 

generation term in Eqn. (5-1). Therefore, in regions of high absorption and low thermal 

conductivities, higher temperatures are expected. The Lapacian operator in Eqn. (5-1) 

allows for the generated heat to flow throughout the region. 

The second mechanism, shown in Fig. 5-1 (b), involves optical power that is absorbed 

in the probe's metallic coating. The absorbed power is converted to electrical current that 

flows along the inner surfaces of the aluminum coating. It can be understood from the 

continuity equation (Harrington 1961) that these surface currents are converted into large 

charge densities near the bottom comers of the probe. The excited charges (electrons) 

reradiate electromagnetic power. Some of the reradiated power penetrates the air gap and 

is absorbed in the metallic film. The absorbed power is converted to heat, which flows 

throughout the film. As shown in Chapter 2, the regions of large charge densities are found 

to occur only for TM polarization. Optical power absorbed in the film that is due to 
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reradiation from the probe's coating will in general be separated in x from the absorbed 

optical power that is directly emitted by the aperture. 

Absorbed optical power in the coating is not only reradiated, but it is also converted 

into heat. This heat is conducted within the coating and across the small air gap into the 

sample, as shown in Fig. 5-1 ( c). The amount of steady state heat flow across the air gap (in 

the z direction) can be expressed using Fourier's law of heat conduction (Croft and Lilley 

1977) as 

Q= -AK aT 
I az ' (5-2) 

where Q is the net rate of heat flow in Watts, and A is the surface area of the heated body. 

Note that the net rate of heat flow is related to the temperature difference between the probe 

and the sample. Since air is a poor thermal conductor and the surface area in the region of 

interest is small, the amount of heat transferred from the probe to the sample via thermal 

conduction is small. In addition, heat may also be conducted from the sample back into the 

probe's coating. Note also that the direction of heat flow is related to the sign of the 

temperature difference between the probe and the sample. 

In Fig. 5-1 (d), the heated coating and sample act as gray bodies that emit thermal 

radiation. This radiation is in the form of electromagnetic energy that is radiated across the 

air gap. The amount of radiated power is given by 

Q =AeaT4 
, (5-3) 
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where E is the emissivity of the material and a is the Stefan-Boltzman constant (Sucec 1985). 

The wavelength distribution of the radiated energy is given by Planck's distribution. 

Assuming this power is radiated isotopically, it is reasonable to consider only radiation 

effects from the probe's bottom and not it's outer sides when computing the temperature in 

the film. As with thermal conduction, the amount of power transferred between the probe 

and sample is proportional to the surface area of the coating's bottom. Since this surface 

area is small, the effects of thermal radiation should also be minimal. 

5.3 Numerical method and modeled geometry 

5.3.1 Numerical method The temperature distribution is computed by using 

outputted data from the finite-difference-time-domain (FDTD) code in a finite-difference

thermal (FD-thermal) code. The FDTD electromagnetic model is again used to calculate the 

complex valued near-zone electric and magnetic fields. The technique introduced in Chapter 

4 to model real metals is used in this chapter. The steady state values of E and J computed 

in the FDTD code are written to a data file. The FD-thermal model is used to calculate the 

near-zone temperature distribution. This thermal model is based on solving Eqn. (5-1) 

directly in the geometry of interest. The values· of E and J are read in by the FD-thermal 

code and used in finite differenced approximation of Eqn. (5-1). The temperature is 

calculated as a function of space. A more detailed description of this technique can be found 

in Appendix A. After solving Eqn. (5-1), the amount of thermal radiation can be calculated 

with the use ofEqn. (5-3) and knowledge of the temperature at the outer surfaces of the 

probe's coating and the film. 
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incident plane wave (A = 500 nm) 

Figure 5-2. The geometry used in the FDTD and FD-thermal models (not drawn to scale). 
A 15 nm thick metaIlic film on a Pyrex substrate is placed 5 run past the probe. The probe 
consists of a tapered dielectric waveguide overcoated with aluminum. The width of the 
aperture is 100 nm. 

While this thermal model takes into account thermal conduction within the NFO 

geometry and thermal radiation at the probe and film's air interfaces, natural convection at 

the probe and film's air interfaces, is neglected. Natural convection occurs when the 

thermally excited air molecules near a metal-air interface flow over the metal. This air flow 

results in a cooling of the metal at the interface. The amount of power lost to convection is 

linearly related to the surface area of the metal-air interface and the temperature difference 

between the metal and the air. Calculations show that at moderate coating and film 
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temperatures of a few hundred degrees above room temperature, the amount of cooling at 

these surfaces due to convection is negligible, and the cooling will have little effect on the 

results of our thermal modeling. 

5.3.2 Modeled geometry The two-dimensional geometry used in this chapter is 

shown in Fig. 5-2. The z axis is normal to the aperture, and the geometry is infinite in the 

y direction. The origin is located at the center of the probe's aperture. A plane wave, A = 

500 nm, is normally incident onto the probe. As in Chapter 4, the probe is formed with a 75 

nm thick aluminum coating surrounding a Pyrex core. The outer walls of the probe are 

tapered at an 8° half angle. The aperture width is 100 run, and the aperture-to-sample 

spacing is 5 nm. The sample consists of a 15 run thick metallic layer on a Pyrex substrate. 

In this chapter, both Co-Pt and aluminum layers are studied. (Co-Pt mulitlayer films are 

sometimes used as recording media in magneto-optic systems for wavelengths around 500 

nm.) In Table 5-1, the electrical conductivity a, bulk reflection coefficientR and thermal 

conductivity of aluminum and Co-Pt are given. 

Table 5-1. Electrical and thermal conductivities of aluminum and Co-Pt. 

Metal 

aluminum 

Co-Pt 

a (mhos/m) 

1.31 X 106 

4.13 x lOs 

R(%) 

92 

56 

K,{WIK-m) 

235 

25 
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As discussed in Chapter 2, in a three dimensional system the fields parallel and 

perpendicular to the axis of polarization are very similar to the TM and TE cases, 

respectively, of the two dimensional geometry studied in this work. Therefore, it is 

reasonable to assume that the calculations presented here for the absorbed power and the 

temperature distributions are analogous to profiles of those quantities encountered in a 

similar three-dimensional geometry in orthogonal directions. Unfortunately, in this two 

dimensional model, it is not possible to properly calibrate the magnitude of lEI and IHI in the 

FDTD code to values that are typical in a real three dimensional system. This lack of 

calibration ability limits the amount of quantitative information that can be found for the 

absorbed power and the temperature distribution. Fortunately, the goal of this work is to 

develop a more qualitative understanding of how these quantities are spatially distributed. 

Therefore, quantitative results are not essential for this study. 

5.4 Results and analysis 

5.4.1 Distribution of absorbed power InFigs. 5-3(a) and 5-3 (b), contour plots 

of P abs are shown where the sample consists of a 15 nm thick aluminum film on a Pyrex 

substrate. Figure 5-3(a) corresponds to TE polarization, while Fig. 5-3(b) corresponds to 

TM polarization. An outline of the probe and sample is superimposed on both figures for 

reference. 

In the TE case, most of the power absorbed in the film is emitted directly through the 

probe's aperture. This results in a smooth, nearly Gaussian distribution in the film, which is 

roughly confined to the range Ixl < 50 nm. However, in the TM case much of the power that 
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Figure 5-3. Contour plots of Pabs with an aluminum film on the sample. Figure 5-3(a) 
corresponds to TE polarization, while Fig. 5-3(b) corresponds to TM polarization. An 
outline of the probe and sample structure is superimposed on both plots. 

is absorbed in the aluminum film is radiated from the probe's coating, and not through the 

aperture. This results in a wider, multi-lobed distribution of P abs in the film. 

In Figs. 5-4(a) and 5-4(b) contour plots are shown with the aluminum film replaced 

by a Co-Pt film. With TE polarization most of the power absorbed in the film is emitted 

from the probe's aperture. This result is similar to Fig. 5-3(a) for an aluminum film, and the 

absorption distribution is again roughly limited to the aperture size. In Fig. 5-4(b), a large 
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Figure 5-4. Contour plots of P <iJ.s with a Co-Pt film on the sample. Figure 5-4(a) corresponds 
to TE polarization, while Fig. 5-4(b) corresponds to TM polarization. 

amount of the power absorbed in the film is reradiated from the probe's metallic coating. 

This is similar to the case of an aluminum film and TM polarization. For both films Pabs is 

no longer a single lobe function in x when TM polarization is used. Instead it is a multi-lobe 

function. The main difference between the Co-Pt and aluminum films with TM polarization 

is the x dependence of the two P abs peaks in in the film. In the aluminum film, the peaks of 

P <iJ.s occur below the center of the probe's coating (x::: ± 80-110 run), while in the Co-Pt film, 

the peaks of P <iJ.s occur roughly below the inner comers of the probe's coating (x ::: ± 50 run). 

In addition, the ratio of optical power reradiated from the probe's coating to optical 
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power radiated directiy through the aperture is greater with the aluminum film than with the 

Co-Pt. 

In addition, the ratio of optical power reradiated from the probe's coating to optical 

power radiated directly through the aperture is greater with the aluminum film than with the 

Co-Pt film. In the aluminum film, the ratio of the side lobe's peak amplitude to the central 

lobe's peak amplitude is l.8, while with the Co-Pt film this ratio is only 0.96. It is surprising 

that the spatial location of the side lobes and the ratio of optical powers depends greatly on 

the type of film. To explain this result, note that the properties of the waveguide formed 

between the probe and the film (in the x direction) are a function of the type of metal used 

for the film. The author speculates that this affects the distribution of light in the air gap. 

For example, since aluminum has a higher reflection coefficient than Co-Pt, as shown in 

Table 5-1, more light is reflected on the first bounce off the film. Therefore, more light is 
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Figure 5-5. Plot of the normalized absorbed optical power 1 nm into the Co-Pt film. 

distributed in the gap away from the central core of the probe. In addition, since a is over 

three times greater for aluminum, excited electrons will tend to flow greater distances in the 

sample. This results in a wider distribution ofE, J and therefore, Pabs within the film. For 

both films, the presence of optical power reradiated from the probe's metallic bottom results 

in a wider distribution in P abs when TM polarization is used. This can be seen in Fig. 5-5, 

where the normalized Pabs 1 nm into the Co-Pt film is plotted for TE and TM polarizations. 

Because P abs can be viewed as the heat generation term in the system, a wider temperature 

profile in the film is expected with TM polarization. 
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Figures 5-6(a) and 5-6(b) display gray scale 

plots of the temperature distribution when the 15 run thick film is aluminum. The 

distributions are calculated using the FD-thermal method discussed in Section 5-3. For TE 

polarization the optical frequency is below cutoff of the two dimensional waveguide. This 

results in an exponentially decaying field within the guide, and significant power absorption 

in the inner surfaces of the probe's coating above the aperture (z < 0). This can be seen in 

Fig. 5-6(a), where large hot spots exist near the inner surfaces of the probe's coating for z 

<0. For TM polarization, the two-dimensional waveguide is not above cutoff, and the hot 

spots up the probe's shank are not seen. With TM polarization, the area of greatest 

absorption in the film occurs below the bottom of the probe's coating, as shown in Fig. 5-

3(b). This results in a multi-lobe temperature distribution within the film, with peaks located 

at x :::: ± 65 nm. Therefore, in a three dimensional system a single-lobe temperature 

distribution is expected in the direction perpendicular to the direction of polarization, while 

a multi-lobe distribution is expected in the direction parallel to the direction of polarization. 
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Figure 5-6. Thermal profiles with an aluminum film on the sample. Figure 5-6(a) 
corresponds to TE polarization. 
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Figure 5-6. Thermal profiles with an aluminum film on the sample. Figure 5-6(b) 
corresponds to TM polarization. 
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Figure 5-7. Thennal profiles with a Co-Pt film on the sample. Figure 5-7(a) corresponds 
to TE polarization. 
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Figure 5-7. Thermal profiles with a Co-Pt film on the sample. Figure 5-7(b) corresponds 
to TM polarization. 
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In Figs. 5-7(a) and 5-7(b) gray scale plots of the temperature distribution are shown 

for the case ofa Co-Pt film. Because the thermal conductivity ofCo-Pt is roughly ten times 

less than aluminum, the heated spot in the Co-Pt film is more centralized and is hotter at it's 

center. In addition, because the heat generation term in Eqn. (5-1) is proportional to the 

inverse of the thermal conductivity, thermal effects in the film dominate the temperature 

distribution in both the film and the coating. Therefore, the hot spots observed in the inner 

walls of the coating in Fig. 5-6(a) are not apparent in Fig. 5-7(a) since the thermal 

conductivity of the Co-Pt film is nearly ten times less than the aluminum coating. 

To analyze the effects of thermal conduction across the air gap on the temperature 

in the Co-Pt film, the temperature in the film was recomputed after artificially setting Pabs to 

zero everywhere in the probe's aluminum coating. The recomputed film temperatures were 

almost identical to those shown in Fig. 5-7. With Pabs set to zero in the coating, the relative 

change in temperature rise in the film is only 1.2% of the maximum temperature rise in the 

film. Therefore, the effect on the film's temperature from thermal conduction across the air 

gap is minimal. This can also be seen by noting that in Figs. 5-7(a) and 5-7(b), the 

temperature gradients in z between the bottom of the coating and the top of the film (::::: 

aT/az) are minimal. Therefore, from Eqn. (5-2) there is little power flow via thermal 

conduction across the 5 nm gap for this setup. It is important to point out, however, that 

thermal conduction may be significant under other circumstances. Using Eqn. (5-2), a 

temperature difference ofless than 1 K corresponds to roughJy 100 nW of thermal power 

conducted across the 5 nm air gap. Therefore, if a temperature gradient of a few degrees or 

more exists between the coating and film, thermal conduction may be a dominant mechanism 
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of heating the sample. In addition, if the probe-film gap is filled with a water layer due to 

condensation, thermal conduction will also prove more important, since the thermal 

conductivity of water is over 30 times greater than air. 

To analyze the effects of thermal radiation, Eqn. (5-3) is used. A worst-case scenario 

in which the temperature of the coating's entire bottom for 50 run < Ixl < 125 run is 930 K 

is considered. The 930 K temperature corresponds to the melting point of aluminum. Using 

Eqn. (5-3), the total amount of thermal flux radiated by the probe's coating is on the order 

of 100 P W. This value is far smaller than the tens to hundreds of nanowatts of optical power 

that are typically emitted through a NFO aperture. Therefore, the effect of thermal radiation 

is not significant in a NFO system. 

5.4.3 Application to a NFO data storage system As an example of the importance 

of the effects described in this section, the normalized temperature rise in the Co-Pt film is 

studied. Data marks are written in Co-Pt by locally heating the film above its Curie 
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Figure 5-8. Plot of the normalized temperature rise 1 nm into the Co-Pt film. 

temperature (- 600 K in Co-Pt). Above the Curie temperature, the orientation of the 
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magnetic moment may be easily changed with the use of an external magnetic field. By 

locally reorienting the medium's magnetic moment, a data bit can be recorded (Mansuripur 

1995). In Fig. 5-8, the normalized temperature rise for TM and TE polarizations are shown 

1 nm into the film. For both polarizations, thermal conduction in the sample results in a 

temperature distribution that is significantly wider than the heat generation term (P abs) shown 

in Fig. 5-5. As with Pabs' the temperature profile is wider with TM polarization. Since 

absolute temperatures cannot be computed with the two-dimensional model, the full-width-

at-half-maximum (FWHM) is used to estimate the relative size of marks written with TM and 
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TE polarizations. The FWHM: for TM polarization is 186 run, while for TE polarization the 

FWHM is only 142 run. This corresponds to a roughly 30% wider mark for TM 

polarization. Because these widths are different, an elliptical data mark is expected when a 

three-dimensional NFO probe is used for writing with linearly polarized light. 

5.5 Summary and conclusions 

In a near-field optical system a metallic sample is heated through a variety of 

mechanisms. The coated near-field probe acts as a source of optical radiation where optical 

power is emitted either through the dielectric aperture or by excited electrons in the probe's 

metallic coating. The radiated optical power is absorbed in the sample and converted to heat, 

which flows throughout the sample. In addition, the heated probe also acts as a thermal 

source, where some of the heat from the probe is conducted across the air gap and into the 

sample. Finally, the heated probe acts as a gray body, which emits electromagnetic radiation. 

Some of this radiation is absorbed in the sample and converted to heat. 

Rigorous electromagnetic and thermal models are used to study the relative 

importance of these various sample heating mechanisms. In general, it is found that optical 

power emitted by the probe and absorbed in the sample plays the greatest role in heating the 

sample. With TE polarization, most of the optical power is emitted directly through the 

aperture. This results in a single lobe distribution of the absorbed power within the film, the 

width of which is determined by the aperture size. For TM polarization, a significant amount 

of optical power is transferred from the probe's aluminum coating to the sample. This results 

in a wider, multi-lobe distribution of absorbed power within the film. This wider distribution 
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of absorbed power leads to a wider temperature profile within the film for TM polarization. 

In a three dimensional system, this is expected to result in an asymmetric temperature 

distribution within the sample. In the TM direction, the width of the pattern is related to the 

aperture width and the coating thickness. This can be important in areas such as data 

storage, where a large thermal spot corresponds to low data densities. 
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In this dissertation rigorous computational models are used to study the 

electromagnetic and thermal characteristics of a near-field optical (NFO) scanning system. 

In this chapter some conclusions are presented regarding the more important findings. In 

addition, some suggestions regarding future extensions ofthis work are provided. 

6.1 Conclusions 

In a far-field optical system the spatial resolution is limited by diffraction effects. In 

a near-field optical scanning system, this diffraction limit can be overcome with the use of 

a subwavelength sized aperture probe. The aperture is used as an illumination (or in some 

instances a collection) source ofIight. During an imaging operation, the aperture is raster 

scanned across a sample, and the electric-field energy density is detected in the far-zone. An 

image is built up by correlating the far-zone signal with the scan position of the probe. 

This dissertation concentrated on studying the behavior of the electromagnetic fields 

in and around the probe-sample region. From the near-zone distribution, far-zone signals of 

various samples are computed. The detected signal as a function of scan position is 

interpreted as an image of the sample. In general, the near zone fields and far-zone signal are 

highly dependent on several parameters including the polarization of the light, the geometry 
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of the NFO probe, the topography, material properties of the sample and the distance 

between the sample and the probe. When dielectric samples with topographical asperities 

are scanned, the far-zone signal can be measured with total energy or differential detection. 

While each detection method has certain advantages, it is found that differential detection 

with TE polarization yields images that are closest to the topographical features of the 

sample. 

Under certain conditions the relationship between the sample and the detected signal 

is shown to be nearly linear. When the behavior of the imaging system is linear, a system 

PSF and transfer function can be computed and used to study the object-image relationship. 

The resolution of a NFO system is found to be on the order of the aperture size plus the 

aperture-to-sample spacing. With the use of linear system theory, post-detection 

equalization techniques are shown to improve the overall spatial resolution of the system. 

Such techniques may be limited by system noise. 

When a real, finite conductivity metal is used to overcoat the aperture, the overall 

resolution of the system is reduced compared to ideal metals. This is due to electromagnetic 

penetration of the fields into the coating. The loss in resolution is on the order of the skin 

depth of the metallic coating. When metallic samples are scanned, the images are more 

complex than when a pure dielectric sample is scanned. Discontinuities in the detected 

signal are seen when sharp features of a metallic object are scanned. When a crystalline data 
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mark in an amorphous metallic film is scanned, an unusual ringing pattern is observed as the 

probes scans over the mark. This pattern has been observed experimentally. 

Heating in a metallic sample takes place through a variety of mechanisms. The probe 

acts as an optical source, where optical power transmitted from the probe is radiated across 

the air gap and absorbed in the sample. The absorbed optical power is converted to heat that 

flows through the sample. The heated probe also acts as a thermal source, in which heat 

from the probe is thermally conducted across the air gap and into the sample. In addition, 

the heated probe acts as a gray body emitting thermal radiation. When a Co-Pt thin film 

sample on a Pyrex substrate is used, the chief mechanism of sample heating comes from 

optical power radiated from the probe. For TE polarization, this power is radiated only 

through the probe's aperture. For TM polarization, the power is radiated from excited 

electrons in the probe's coating as well as through the aperture. This results in a wider 

thermal profile for TM polarization. 

6.2 Future work 

While NFO systems are often used for applications other than surface metrology, an 

understanding of how the sample's topography and material properties affect the far-zone 

signal is important in any type of NFO experiment. In areas such as time resolved 

spectroscopy, fluorescence, waveguide studies and optical data storage, the surface 

properties of the sample directly influence the detected image. Although this information 
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may not be of importance to the experimentalist, it is critical that he/she understands how it 

affects the image. Because of this importance, it is hoped that the type of modeling 

presented here is expanded in several areas. Examples of possible future work are presented 

in this section. 

The two dimensional model presented here can be used to further study 

several effects in NFO systems that are not as yet well understood. One interesting area that 

was only briefly discussed in this dissertation is the excitation of surface plasmons in a 

metallic sample using TM polarized light. Novotny et af (1994b) have computationally 

shown that enhanced signals can be generated when scanning over a metallic ball that is 

excited at or near its resonance. However, plasmon effects are not completely understood 

within the context of a NFO system. A thorough investigation of surface plasmon affects on 

the near-zone and far-zone fields is one possible area of future work. 

The two-dimensional model can also be used in collaboration with an experimental 

NFO system to provide further explanation of experimental results that are not well 

understood. For example, when a polycarbonate MO disk substrate with molded pits and 

grooves is scanned, a signal enhancement is observed in the regions between the pits and the 

grooves. This signal enhancement has been predicted with the FDTD/angular-spectrum 

model as well. It is speculated that either the topography of the sample, index variations due 

to stress birefringence or both are responsible for this enhancement. A thorough 
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investigation using the model presented in this work could be used to further study this 

problem. 

While there is a significant amount of information that can be drawn from the two

dimensional model presented in this dissertation, there are some reasons for expanding the 

model to three dimensions. Firstly, as mentioned in this work, it is reasonable to assume that 

the electromagnetic and thermal results for TE and TM polarization are analogous to profiles 

along perpendicular axes in a three-dimensional system when linearly polarized light is used. 

However, it is believed that there are some subtle differences between the two-dimensional 

and three-dimensional situations. These differences are not fully understood, and mayor 

may not be important in the study of near-field optics. However, since these differences are 

not well understood, there exists doubt about the validity of a two dimensional model. Since 

a three dimensional model is a more realistic representation of the physical problem, there 

is less doubt in the modeling results. As an example, consider the fact that with TM 

polarization the two dimensional waveguide in a NFO probe contains one propagating mode, 

no matter how small its width. This is not true in a three dimensional waveguide where all 

modes are cutoff below a certain radius. 

Another advantage to a three dimensional code lies in the fact that it is very difficult 

to calibrate the magnitude of the various field components in the two dimensional FDTD 

code. Quantities such as the total amount of power emitted through a NFO probe can be 

measured in an experimental system. However, as mentioned in Chapter 5, it is very difficult 
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to apply these numbers to calibrate field magnitudes in two dimensions. An example where 

absolute calibration may be important is in the thermal studies of Chapter 5. Calibration of 

lEI and IHI in the FDTD code would allow calculation of the absolute temperature in the 

system. This knowledge would be useful in applications such as optical data storage where 

the temperature in the data storage film is used to determine the data mark size and shape. 

Computational limitations are the main obstacle in expanding the FDTD/angular 

spectrum model to three dimensions. Specifically CPU time and memory requirements are 

significantly greater for a three dimensional code. This is especially important during a 

simulated scan where the FDTD code is run up to 60 times to generate a single computed 

image. Therefore, the three-dimensional code should only be used for problems where it is 

believed the two-dimensional code may be inadequate. 
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In this appendix a thorough explanation of the computational methods used 

throughout this thesis is provided. A general discussion of the finite-difference-time-domain 

(FDTD) method for electromagnetics, including an angular-spectrum plane wave 

propagation routine used to transform the near-zone fields to the far zone, is discussed. A 

discussion of the finite-difference thermal (FD-Thermal) code is also included. A print out 

of the FDTD code (TM polarization only), the angular-spectrum code and the FD-Thermal 

code can be found in Appendix B. 

A.1 The finite-difference-time-domain method for electromagnetics 

A.I.IOverview The FDTD method has been used to solve electromagnetic 

scattering problems since the mid 1960's (Yee 1966). The FDTD method provides a 

rigorous technique to numerically solve Maxwell's curl equations (Ampere's law and 

Faraday's law) within a specified geometry as a function of both time and space. Both of 

these curl equations can be expanded into a set of coupled first-order differential equations. 

To solve these equations numerically the various components of the electric and magnetic 

fields are discretized in time and space. By discretizing the problem, the differential 

equations can be approximated as algebraic equations, using a finite differencing technique. 
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These algebraic equations can then be solved in the geometry of interest using a fairly simple 

algorithm. 

A.l.2 Maxwell's Equations To solve any electromagnetic scattering problem 

Maxwell's equations must be satisfied. The four Maxwell's equations are: 

VxE= - aB +M 
at 

aD VxH=-+J at 
V'D=p 

V'B=O, 

(A-I) 

(A-2) 

(A-3) 

(A-4) 

where E is the electric field strength, B is the magnetic flux density, M is the magnetic 

current density, H is the magnetic field strength, D is the electric displacement, J is the 

electric current density, and p is the electric charge density. The variables x, y and z 

represent the three coordinates in the Cartesian system, and the variable t is time. Since it 

can be shown that the two divergence equations can be derived directly from the two curl 

equations (Kunz and Luebbers 1993), the solution of any electromagnetic problem requires 

solving only Eqns. A-I and A-2. In a linear, isotropic and homogeneous region, E and H 

can be related to D and B through the constitutive relations 

D=eE 

B = JlH , 

(A-5) 

(A-6) 

where e is the permittivity of the material and Jl is the permeability of the material. Lastly, 

we define the time averaged Poynting vector S as 
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S=<ExH> , (A-7) 

which represents the power flow density or the power flowing out of a unit volume. The 

symbol <> indicates that the quantity is time averaged. 

A.I.3 Two dimensional expansion o/Maxwe1l's equations Equations A-I 

and A-2 can be expanded into a series of coupled first-order differential equations. For 

simplicity, a two-dimensional geometry is considered in which the problem is independent 

of y (Le. all spatial derivatives with respect to y can be neglected). For the rest of this 

appendix, a two-dimensional setup will be discussed exclusively. However, all of the results 

presented in two-dimensions can be expanded to a three-dimensional system. The two-

dimensional problem can be broken up into two orthogonal polarization states: transverse 

magnetic (TM), where E is in the x-z plane and H is in the y plane, and transverse electric 

(TE), where H is in the x-z plane and E is in the y plane. For TM polarization, the two curl 

equations can be expanded as 

while for TE polarization the two curl equations can be expanded as 

(A-8) 

(A-9) 

(A-tO) 



where it is assumed that the magnetization M is zero. 
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(A-H) 

(A-12) 

(A-13) 

A.l.4 Finite differencing For either polarization state, Eqns. A-8 through A-IO 

or Eqns. A-II through A-I3 represent three coupled partial differential equations. These 

series of equations can be solved numerically by approximating each of the derivatives 

algebraically via a finite difference technique. The finite difference technique uses Taylor's 

theorem to approximate derivatives as algebraic differences (Smith 1985). For any function 

of x, u(x), Taylor's theorem states that 

.. [x nan ( )j u(x + xo) = u(x) + L _0_ u x . 
n=l n! axn (A-14) 

Consider a second order approximation to Taylor's series for u(X+h) and u(x-h), which can 

be written as 

au(x) 1 2 a2u(x) 
u(x+h) co u(x)+h--+-h 

ax 2 ax 2 

u(x -h) co u(x) -h au(x) +.!h2 a
2
u(x) 

ax 2 ax 2 

(A-15) 

(A-16) 
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The first order derivative ofu(x) can be approximated with a forward difference, a backward 

difference or a central difference. To find the forward difference the first two tenns of Eqn. 

A-IS are used. The forward difference is given by 

all(X) 1 
-- at -[u(x+h)-u(x)] . 

ax h 
(A-17) 

The backward difference is found using the first two tenns ofEqn. A-16, and is given by 

au (x) 1 -_ .. -[u(x)-u(x-h)] . 
ax h 

(A-I 8) 

Finally, the central difference is found by taking the difference of Eqns. A-IS and A-16, and 

is given by 

au(x) 1 
-_at -[u(x+h)-u(x-h)] . 

ax 2h 
(A-I 9) 

In addition, the second order derivative ofu(x) can be approximated by adding Eqns. A-IS 

and A-16, and is given by 

_a
2

.......;:uC,-,-x) at _1 [u(x+h)-211(x)+u(x-h)] . 
ax 2 h 2 (A-20) 

A.J.5 Maxwell's equations infinite differenceform The two-dimensional 

set of differential equations given in Eqns. A-8 through A-13 can be expanded into a set of 

algebraic equations using the finite differencing technique. First, the continuous E and H 

field components are spatially and temporally discretized. The spatial discretization is 

implemented by sub-dividing the geometry of interest into a series of differential area 
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elements known as Yee cells. Each Yee cell has lengths Ax and Az in the x and z directions, 

respectively. For proper sampling of the fields, both Ax and Az must be smaller than the 

wavelength of the electromagnetic energy, A. Typically, AlIO discretization is required for 

accurate results. Within each Vee cell, the value of all field components and all material 

properties are assumed constant. The field within each cell is then calculated as a function 

of time. Temporal discretization is implemented by solving for each field component at 

discrete time steps. Using this spatial and temporal discretization the x-component ofE at 

location (x, z) and time t can be approximated as 

(A-21) 

where j, k and n are integers. 

The components ofE and H are spatially displaced on each Vee cell as shown in Fig. 

A-I. In addition, the magnetic field is temporally displaced half a time step from the electric 

field. The discretized magnetic field can then be written as 

H/x,z,/) '" H/O + 112) L1x ,(k + 112) AZ,(n + 112) At) == HynO,k) , (A-22) 

Without temporal and spatial interleaving the erro~ goes as Ax. Interleaving the components 

of the electric and magnetic fields in time, combined with the spatial displacements of the 

various field components, produces an error on the order of (Ax)2. Therefore, reducing the 

dimensions of any side of the Vee cell by one-half results in a four-fold reduction in the error 

(Kunz and Luebbers 1993). 

Consider Eqn. A-8, which can be approximated as 
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(j 
k) [H;U,k) - H;-IU,k)] = [E;-IU,k) - E;-IU,k-I)] 

J1 'At Az 

_ [Ezn-IU,k)-Ezn-IU-I,k)] 
(A-23) 

Ax 

by replacing the first order spatial and temporal derivatives with the proper backward 

differenced terms. Assuming the Yee cells are squares (i.e. Ax = Az), Eqn. A-23 can be 

rewritten as 

H;U,k) = H;-IU,k) 

+ At [En-IU k) - En-IU k -1) - En-IU k) + En-IU -1 k)] 
JlU,k) Az x , x' z' z " 

(A-24) 

which represents the finite-difference form ofEqn. A-8. Notice Eqn. A-24 gives a method 

of calculating Hy at the current time step based on knowledge of the various fields at the 

previous time step. This allows Hy to be updated at each time step. Equations A-II through 

A-I3 can similarly be approximated in finite-difference form. 

A.l.6 Numerical implementation offinite-difference equations After expanding 

the differential Eqns. A-8 through A-I3 into a series of algebraic equations, a FDTD routine 

based on these equations can be used to solve various electromagnetic scattering problems. 

For such problems, both the incident (or driving) field and material geometry are specified. 

The geometry is first divided into a mesh of Yee cells with all necessary material properties 

defined within each cell. The FDTD code then cycles through time in increments of At. At 
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H (kj) 
x 

Ex (k,j) x, J x,J 

TM Polarization TE Polarization 

Figure A-I. The spatial location of all non-zero components ofE, D, J and P are shown 
for a single Yee cell. 

each time step, nllt, sources are treated by adding the value of the driving field at that time 

step to the appropriate field component (for this work, the Hy component for TM 

polarization and the Ey component for TE polarization are used as the source fields). The 

code solves the appropriate finite-difference equations over the entire mesh. Thus, at every 

time step, updated components ofE and D are calculated at all of the spatial locations (jllx, 

kllz). The code cycles through time until the desired final time step is reached. 

A.l.6.1 Stability requirements To maintain numerical stability, the time steps 

must be small enough to insure that the electromagnetic energy propagates no more than one 
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Vee cell per time step. This requirement, known as the Courant stability criteria, can be 

expressed as 

Az ~ €mm Ilt=le- -
c 2 

O<lesl, 

(A-25) 

(A-26) 

where Ie is the Courant number, c is the speed of light in vacuum and Emin is the minimum 

permittivity in the mesh. A lower value of the Courant number allows for more stability, at 

the expense of longer execution times. 

A.1. 6.2 Absorbing boundary conditions The finite-difference equations such as 

Eqn. A-23 depend on knowledge of the field in neighboring cells. Thus, for the cells which 

lie on the edge of the mesh, special boundary conditions must be used to update the field 

components. For this work, a first-order absorbing boundary condition ( first-order MOr 

condition) is used (MOr 1981). This condition assumes that a normally incident plane-wave 

strikes the boundary. The basic idea is that the boundary acts as an absorbing layer. This 

is accomplished by selecting the field at the boundary such that the wave reflected off the 

boundary is minimized. The wave equation in scalar form, which is derived from Eqns. A-I 

and A-2, can be expressed as 

2 1 a2 1 a 1 a ('7 ---)t/1 = ('7---)('7+--)t/1 = 0 , 
V 2 at 2 v at v at (A-27) 
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where tV represents any component ofE or H. By factoring the wave equation into two first 

order differential operators, solutions of tV can be viewed as a summation of plane waves 

propagating in opposite directions. For a plane wave normaIly incident onto a boundary, the 

first factored term corresponds to a reflected wave, while the second corresponds to a 

transmitted wave. Thus, by setting at the boundary 

1 a ('7---)tV = 0 , 
v at (A-28) 

no energy is reflected off the boundary. By using a finite-difference technique to discretize 

Eqn. A-28, the boundaries of the FDTD mesh can be approximated as absorbing layers, with 

minimal error due to reflections. 

A.l.6.3 Modeling o/metals To solve for the current density in metals, two 

techniques are described. In the first, a linear relationship is assumed between the current 

density and the electric field. This form of Ohm's law states that 

1=oE, 

where 0 is the conductivity of the material. Thus Eqn. A-2 can be rewritten as 

aD \1xH= -+oE . at 

(A-29) 

(A-30) 

This technique is used in Chaps 2-3 of this text, where all metals are assumed to be perfect 

electric conductors (O:::loo). 

For real metals at optical frequencies, where the imaginary part of the complex index 

of refraction is larger than the real part, the time domain conductivity model breaks down 
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and a more complex second order Lorentz model is used. The basic premise of this second 

technique is to solve for the electric polarization (P) and the current density within each Yee 

cell in the metal at every time step (Judkins 1995). The calculated current density is then 

used in the finite difference form of Eqn. A-2, to update the H field. Under the Lorentz 

model, the polarization can be calculated from the electric field through 

(A-31) 

where Eo. Xo. <">0 and r are the d.c. permittivity, d.c. susceptibility, resonant frequency and 

damping coefficient of the material, respectively. For this model, Eo and Xo are known, and 

Wo and r are calculated using the complex index of the metal at the chosen wavelength. To 

simplify the calculations, Eqn. A-31 is rewritten as the first order differential equation 

sInce 

ap =J. 
at 

(A-32) 

(A-33) 

The Lorentz method provides an accurate way of modeling metallic structures at optical 

frequencies, including thin-film structures, in the time domain. This technique is used in 

Chapters 4 and 5 of this work. 
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A.I. 6.4 Computation of steady state amplitude and phase In the FDTD method 

the time history of the various field components are calculated. In this work, the goal is to 

obtain the steady-state (time-averaged) amplitude and phase of all desired field components. 

The steady state value is obtained using the knowledge that the incident field, and thus the 

scattered field, has a cosinusoidal time dependence, the frequency of which is given by 

_ 21t _ 21tc 
(j)-----

1: }..' 
(A-34) 

where 1: is the optical period. Consider one component of the electric field, Ex> which can 

be expressed as 

(A-35) 

where <Ex> is the peak amplitude of Ex and <P Ex is the phase. (Note that the root mean 

squared (RMS) value of Ex is found by dividing <~ > by the square root of two.) By 

integrating (EJ2 over one optical cycle of the field, <E;> can be written as 

T 

<E;> = ~fE;dt. (A-36) 
o 

Numerically, Eqn. A-36 is solved by executing the code for several optical cycles until the 

fields have reached a steady state condition. (This condition can be determined by examining 

the time history of various field components at different locations within the mesh. Upon 

reaching steady state, the time history should exhibit a constant amplitude cosinusoidal 

behavior.) After reaching steady state, the desired field components are backstored over the 
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last optical cycle in N equally spaced time increments. The steady state amplitude can then 

be calculated by 

(A-37) 

The phase of each component is also found over the last optical cycle. At all time 

steps during this cycle, the desired components at every cell are compared to the same 

components one time step earlier. If a positive going zero crossing is found, that time step 

is saved. The phase difference between the field at this spatial location and the incident field 

can than be calculated. For example ifl10 is the first time step of the last optical cycle, and 

a zero crossing occurs for Ex (j, k) at time step '1 , the phase <Rx (j, k) in radians can be 

found by 

21t[n -n ] 
'" (jk)=x 0 
'1',& , N' 

t 

where Nt is the total number oftime steps per optical cycle (Nt = 't/llt). 

(A-38) 

A.1. 7 Near zone to far zone transform Due to computational limitations, in a 

typical FDTD calculation the size of the modeled geometry is on the order of the wavelength. 

Often, however, information about the fields at distances far greater than a wavelength is 

desired. Fortunately, the far-zone fields can be obtained from the near-zone fields through 

a variety of techniques. In this section an angular spectrum plane wave propagation 

technique is discussed (Goodman 1968). A two-dimensional system is again assumed. This 

technique decomposes the complex-valued near-zone fields obtained from the FDTD code 
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along a line in the mesh (at z = 0) into a summation of plane waves, and then propagates this 

plane wave spectrum the desired distance in z. This spectrum of plane waves is referred to 

as the field's angular spectrum. A superposition of the propagated plane waves is then 

performed to find the resultant far-zone fields at z = zo, where Zo is the propagation distance. 

This technique assumes that no scattering surfaces exist between the planes z = 0 and z = zoo 

A quasi-vector technique is used to maintain the vector nature of the fields. The individual 

spectra of each field component is propagated separately to the far zone. The resultant far-

zone components are then transformed into the spatial domain, and added vectorially. 

From the steady state amplitude and phase of each near zone component, a complex 

valued function can be calculated using Euler's identity. For example, the complex valued 

x component of the electric field Ex> can be expressed by 

(A-39) 

The angular spectrum of ex, denoted ~x' is found via a Fourier transform 

.., [ 1 a i21t 
~li;z=O) = !e(x;z=O)exp -T(ax) dx 

-.., 

(A-40) 

a = sin(8). (A-41) 

where a is the direction cosine of the plane wave propagating at an angle 8 with respect to 

the x-axis. The angular spectrum of the field at z = Zo is then found by multiplying the 

angular spectrum at z = 0 with the transfer function of the media. After multiplication, the 

angular spectrum at z = Zo is given by 
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(A-42) 

Finally, the field at z = Zo can be found with an inverse Fourier transform, and is given by 

(A-43) 

Therefore, any component ofE or H can be found on any plane z = zo, using only a Fourier 

transform, a multiplication and a inverse Fourier transform. Numerically, the Fourier and 

inverse Fourier transforms can be accomplished using Fast Fourier Transform (FFT) and 

inverse Fast Fourier Transform (IFFT) algorithms. 

Unfortunately, as the field propagates to the far zone its spatial extent increases. 

Therefore, a very large number of points would be required to sample the entire far-zone 

field if a constant spatial sampling interval is maintained. One method to overcome this 

inconvenience is a technique of propagating an incremental distance in z and then resampling 

the field with a larger sampling interval. This is possible because the field's higher spatial 

frequency components decay during propagation and its distribution becomes smoother, 

enabling an increase in the sampling interval without undersampIing the field. For the 

angular-spectrum code used in this work, the various field components are propagated in 

1 J.lm increments. After each propagation step, the angular spectra are transformed back into 

the spatial domain and resampled with the sampling interval doubled. After resampling, the· 

fields are multiplied by a Blackman window and zero padded. After the resampling and zero 
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padding is completed the total spatial range over which the field is sampled has doubled. 

Using this procedure of propagating and resampling, the number of samples is kept constant 

throughout the propagation, even though the size of the field is increasing. This process is 

repeated until the fields have been propagated the desired distance Zoo 

A.l.8 Calculation of the Poynting vector Although it is seldom used in this work, 

there are many applications where knowledge of the Poynting vector is essential. Two 

methods are discussed to calculate S. The first method is performed in the time domain, 

where a direct implementation ofEqn. A-8 is used. In two dimensions the cross-product 

operator in Eqn. A-8 can be expanded to yield a single equation for each component of S, 

for either polarization state. For example, with TM polarization, the two equations are 

(A-44) 

(A-45) 

These two equations can then be solved numerically by mUltiplying the proper component 

of E and D, at each time step during the last optical cycle, and then time averaging in a 

fashion similar to that used in Eqn. A-37. 

Alteratively, S can be calculated in the frequency domain. The complex Poynting 

vector is defined as Se = Sr + is,. The real part of Se, Sn is defined as the restive portion of 

S, and is identical to the time averaged quantity calculated in Eqns. A-44 and A-45. The 

resistive portion is related to the power flowing out of a region. The imaginary part of Se, 
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S" is defined as the reactive portion of S, and is related to the amount of energy stored in 

a region. To calculate Sc, the amplitude and phase of all components of E and Hare 

calculated according to Section A.1.6.4. With some simple complex arithmetic, the two 

non-zero components of Sc can be expanded in terms of the amplitude and phase of the 

proper components ofE and H. Thus, for TM polarization 

Srx = - ~ <Ez><Hy>coSC<f>Ez -<PH) 

Srz = ~ <Ex> <Hy> cos(<p£x -<f>H) 

Sex = - ~ <Ez><Hy>sinC<f>Ez -<f>HY) 

S = 1. <E > <H > sin (A.£x - A.H ) ez 2 x y 't' 't' Y , 

which can be computed after the FDTD calculation. 

A.2 The finite difference thermal method for heat conduction 

(A-46) 

(A-47) 

(A-48) 

(A-49) 

A finite difference thermal model (FD-Thermal) is used in Chapter 5 of this dissertation. 

This model assumes that the dominant method of heat transfer within the region is through 

conduction and not radiation or convection. The FD-Thermal model is similar to the FDTD 

model in that it solves a partial differential equation by using a finite-difference 

approximation. The time dependent equation for heat conduction is given by 
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'V2T-1. aT = _ Re(E'J*) 
lX at KI 

(A-50) 

(Croft and Lilley 1977), where the variable T is the temperature, lX is thermal diifusivity, K, 

is thermal conductivity, and the operator ReO signifies taking the real part of the complex-

valued expression within the curly brackets. The vectors E and J are the complex-valued 

electric field and current density calculated in the FDTD code. The term Re{E·J*} 

corresponds to the locally absorbed power. The model used in Chapter 5 assumes the 

temperature has reached a steady state condition. Under steady state conditions Eqn. A-50 

can be simplified to 

(A-51) 

The temperature is initially set to room temperature, and then calculated as a function of 

space. The code solves the finite difference form ofEqn. A-51. Since Eqn. A-51 is a second 

order differential equation, Eqn. A-20 is used to derive the proper finite-difference equation. 

The code iteratively solves Eqn. A-51, until a con~ergence criteria relating to the RMS error 

between temperature distributions on consecutive iterations is satisfied. 
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B.1 FDTD Code 

(TM Polarization) 
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PROGRAM FDTD IN TWO DIMS 
INCLUDE 'FDTD.com' 
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c************************************************************************ 
c Main program to run FDTD code for TM mode (Ex, Ez, and Hy components). 
c This program runs through two loops. 'Scan' controls the relative position of 
c sample to the tip. 'I' is the counter that represents time. For each scan position 
c the code loops through time solving Maxwell's equations in algabraic (finite-differenced) 
c form until steady-state is reached. The amplitude and phase of any field component, as 
c well as the time averaged poyning vector are then output. 
c************************************************************************* 

G PER=600 
SC1= 0.0 
SC2= 1.0 
DO 100 SCAN = (SC1)*(G_PER) ,(SC2)*G_PER, G_PERJ30 
CALL SETUP 

1 CONTINUE 
1=1+1 

CALL TM source 
CALLE x 
CALLE z 
CALLH"'y 
CALLP x 
CALLP z 
CALL] x 
CALL] z 
CALL PHASE 
CALLPOYN 
CALL OUTPUT 

IF (I.LE. MAX_TIME_STEP/COURANT) GOTO 1 

CALLOUTPH 
CALLTAVSC 
CALLOUTPH 
CALLOUTPN 

c************************************* 
c Zero out variable before next scan position 
c************************************* 



DO 60 j = 1 , max j 
DO 50 k = 1 , max_K 

Ex(k,j)=O 
Ez(k,j)=O 
Sx(k,j)=O 
Sz(k,j)=O 
Hy(k,j)=O 
Exold(k,j)=O 
Ezold(k,j)=O 
Jxold(k,j)=O 
Jzold(k,j)=O 
Exph(k,j)=O 
Ezph(k,j)=O 
Jxph(k,j)=O 
Jzph(k,j)=O 

50 CONTINUE 
60 CONTINUE 

DO 70 j = 1 ,maxj 
HiG)=O 
HsG)=O 
Hs_m2G)=O 

70 CONTINUE 

100 CONTINUE 
STOP 
END 
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SUBROUTINE E_x 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to update Ex component in the mesh. 
c**************************************************************** 

const = Delta_T I Delta_Z I Mu_o 
DO SOj = 1, maxj 

DO 40 k = 1, max_k 
Exold(k,j)=Ex(k,j) 

40 CONTINUE 
SO CONTINUE 

DO 200 j = I,maxj 
DO 100 k = 2,max_k-I 

A = Delta_T/O.S/(EPSILON(k+I,j)+EPSILON(k,j») 
Ex(kj) = Ex(k,j) - ( (Hy(k+ Ij) - Hy(kj))lDeIta_Z 

% + (Jx(k+I,j)+Jx(k,j»)*.S ) * A 
1 00 CONTINUE 

c************************************************************* 
c We add an incident Electric field to the Magnetic field 
c calculation immediatly before the update. 
c************************************************************* 

A = Delta_T/0.S/(EPSILON(2,j)+EPSILON(I,j») 
Ex(l,j) = Ex(l ,j)-( (Hy(2,j)-Hy(1 j)-HiG))lDeIta _ Z 

% + (Jx(2,j)+Jx(I,j»)*.5 ) * A 
200 CONTINUE 

RETURN 
END 
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SUBROUTINE E z 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to update Ez component in the mesh. 
c**************************************************************** 

const = Delta T I Delta Z I Mu 0 - - -
DO 40 j = 1, maxj 
DO 40 k = 1, max_k 
Ezold(k,j)=Ez(k,j) 

40 CONTINUE 

DO 100 j = l,maxj-l 
DO 100 k = l,max_k 

A = Delta_T/O.S/(EPSILON(k,j+I)+EPSILON(k,j)) 
Ez(k,j) = Ez(k,j) + ( (Hy(k,j+l) - Hy(k,j))/Delta_Z 

% - (Jz(k,j+ 1)+ Jz(k,j))* .5 ) * A 
100 CONTINUE 

RETURN 
END 
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SUBROUTINE H3 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to update Hy component in the mesh. This routine also includes 
c the absorbing boundary conditions at all four boundaries. 
c**************************************************************** 

REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

Hyl (maxj) 
Hy2 (maxj) 
HyNMI (maxj) 
HyN (maxj) 
FyI (max_k) 
Fy2 (max_k) 
FyNMI (max_k) 
FyN (max_k) 

DO 100 j = l,maxj 

c************************************************************* 
c Backstore the field values near the top boundary 
c for the approximate radiation boundary condition 
c************************************************************* 

HyIG) = Hy(lj) 
Hy2G) = Hy(2,j) - Hs_m2G) 
Hs _ m2G) = Hs(j) 

c************************************************************* 
c Backstore the field values near the bottom boundary 
c for the approximate radiation boundary condition 
c************************************************************* 

HyNMI(j) = Hy(max_k-l,j) 
HyN(j) = Hy(max_k,j) 

100 CONTINUE 

DO 150 k = I,max_k 

c************************************************************* 
c Backstore the field values near the left boundary 
c for the approximate radiation boundary condition 
c************************************************************* 

Fyl(k) = Hy(k,l) 
Fy2(k) = Hy(k,2) 
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c************************************************************* 
c Backstore the field values near the right boundary 
c for the approximate radiation boundary condition 
c************************************************************* 

FyNM1(k) = Hy(k,maxj-l) 
FyN(k) = Hy(k,maxj) 

150 CONTINUE 

c************************************************************* 
c Main loop for Hy field component update at 
c the interior points of the mesh 
c************************************************************* 

const = Delta_T / Delta_Z / Mu_o 
DO 200 j = 2,maxj-l 

DO 200 k = 2,maxJc-l 
Hy(k,j) = Hy(k,j) - const * (Ex(k,j) - Ex(k-l,j) 

% - Ez(k,j) + Ez(k,j-l) 
200 CONTINUE 

c******************************************************************** 
c Radiation boundary at the left and bottom boundarys 
c******************************************************************** 

DO 40 k = l,max_k 
Vel = 1.0/ sqrt (Epsilon(k,maxj) * Mu_o ) 
Term = Vel * Delta T / Delta Z 
Term minus = 1 - Term 
Term-plus = 1 + Term 
sLambdaN = Term_minus / Term-plus 
Hy (k,maxj) = FyNMl(k) + sLambdaN * (FyN(k) - Hy(k,maxj-l» 
Vel = 1.0/ sqrt (Epsilon(k,l) * Mu_o) 
Term = Vel * Delta T / Delta Z - -
Term_minus = 1 - Term 
Term-plus = 1 + Term 
sLambdal = Term_minus / Term'-plus 
Hy (k,l) = Fy2(k) + sLambdal * (Fyl(k) - Hy(k,2» 

40 CONTINUE 

c************************************************************* 
c Radiation boundary condition at the top boundary 
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c Remove the source field from Hy(2,j) just prior to 
c updating the radiation boundary at Hy(1). 
c************************************************************* 

DO 20 j = l,maxj 
Vel = 1.0/ sqrt (Epsilon(1j) * Mu_o) 
Term = Vel * Delta_T / Delta_Z 
Term minus = 1 - Term 
Term-.J)lus = 1 + Term 
rLambdal = Term_minus / Term-.J)lus 
Hy (l,j) = Hy2(j) + rLambdal * (Hyl(j) - Hy(2j)+Hs(j» 

20 CONTINUE 

c******************************************************************** 
c Radiation boundary condition at the right boundary 
c this will prevent reflections after the pulse interacts 
c with the bottom boundary 
c******************************************************************** 

DO 30 j = l,maxj 
Vel = 1.0/ sqrt (Epsilon(max_k,j) * Mu_o ) 
Term = Vel * Delta T / Delta Z - -
Term minus = 1 - Term 
Term-.J)lus = 1 + Term 
rLambdaN = Term_minus / Term-.J)lus 
Hy(max_kj)= HyNMI(j) + rLambdaN*(HyN(j) - Hy(max_k-Ij» 

30 CONTINUE 

RETURN 
END 
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BLOCK DATA INPUT 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to input data 
c**************************************************************** 

DATA 
DATA 

PERIOD 
kline 

/1.66667e-15/ 
/436/ 
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c********************************************************************* 
c SUGGESTED VALVES FOR NUMERICAL PROPERTIES: 
c COURANT = 0.707 : stability limit (never> 1.0) 
c : smaller number = slower run 
c Delta Z = 1.0e-9 meters : About lambda/SOO discretization is 
c : adequate. However, must be small 
c : enough resolve geometry. 
c************************************************************************* 

DATA 
DATA 

END 

COURANT /0.707/ 
Delta Z /1.0E-9/ 



SUBROUTINE J X 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to update Jx component in the mesh 
c**************************************************************** 

A = 1.0/ Delta T + DAMPING / 2.0 
B = 1.0/ Delta_T - DAMPING / 2.0 
D = XI_DC * EPSILON_o 

DO 50 j=l,maxj 
DO 50 k=l,max_k 

Jxold(k,j) = Jx(k,j) 
50 CONTINUE 

DO 100 j = 1, maxj 
DO 100 k = 2, max_k 
Jx(k,j) = (Jx(k,j) * B + «Ex(k,j)+Ex(k-I,j»)*.5 * D 

% - Px(k,j) ) * RESONANCE**2 * altl(k,j) ) / A 
100 CONTINUE 

DO 200 j = 1, maxj 
Jx(l,j) = Jx(2,j) 

200 CONTINUE 

RETURN 
END 
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SUBROUTINE J Z 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to update Jz component in the mesh 
c**************************************************************** 

A = 1.0/ Delta_T + DAMPING / 2.0 
B = 1.0/ Delta T - DAMPING /2.0 
D = XI DC * EPSILON 0 - -

DO 50 j=l, maxj 
DO 50 k= 1, max_k 

Jzold(k,j)=Jz(k,j) 
50 CONTINUE 

DO 100 j = 2, maxj 
DO 100 k = 1, max_k 
Jz(k,j) = (Jz(k,j) * B + «Ez(k,j)+Ez(k,j-l»*.5 * D 

% - pz(k,j) ) * RESONANCE**2 * alt1(k,j) / A 
1 00 CONTINUE 

DO 200 k = 1, max_k 
Jz(k,l) = Jz(k,2) 

200 CONTINUE 

RETURN 
END 

174 



SUBROUTINE OUTPH 
INCLUDE 'FDTD.com' 

c**************************************************************** 
c Subroutine to output phase data over a specified region within the mesh 
c**************************************************************** 

CHARACTER*35 Gfile 
CHARACTER *7 name2 

If (SCAN.LT.O)THEN 
Gfile ='FPHN' 

ELSE IF (SCAN.GE.O)THEN 
GFILE='FPHP' 

END IF 

DO 300 l=l,INT(CYC) 
DO 200 j= 1 ,max j 
DO 175 k=l, max k 
IF (Exph(k,j) .GT. SF) THEN 

Exph(kj)=Exph(kj)-SF 
END IF 
IF (Ezph(k,j) .GT. SF) THEN 

Ezph(k,j)=Ezph(kj)-SF 
END IF 
IF (Jxph(k,j) .GT. SF) THEN 

Jxph(k,j)=Jxph(kj)-SF 
END IF 
IF (Jzph(k,j) .GT. SF) THEN 

J zph(kj)=J zph(k,j)-SF 
END IF -

175 CONTINUE 
200 CONTINUE 
300 CONTINUE 

DO 400 j= 1 ,max j 
DO 350 k=l,max_k 
Exph(k,j)=2 * acos( -1.0) * (Exph(k,j)/SF) 
Ezph(kj)=2*acos(-1.0)*(Ezph(k,j)/SF) 
Jxph(k,j)=2 *acos( -1. O)*(Jxph(k,j)/SF) 
Jzph(k,j)=2 *acos( -1. 0) * (Jzph(k,j)/SF) 

350 CONTINUE 
400 CONTINUE 
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idatanumber = NINT(ABS(SCAN) 
ilong = INDEX(Gfile,' I) - 1 
WRITE(name2,99) idatanumber 
OPEN (I,file=Gfile(I :ilong)//name2) 

DO 510 j = 1, 1500 
k= kline 
WRITE (1,600) Exph(kj),Ezph(kj) 

500 CONTINUE 
510 CONTINUE 
600 FORMAT(FI5.I2,2X,FI5.l2) 

CLOSE (1) 
99 FORMAT (i3.3,'I.dat") 

RETURN 
END 
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SUBROUTINE OUTPN 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to output Poynitng vector data over a specified region within the mesh 
c******************************************************************* 

CHARACTER*35 Gfile 
CHARACTER *7 name2 

If (SCAN.LT.O)THEN 
Gfile ='FPYN' 

ELSE IF (SCAN.GE.O)THEN 
GFILE='FPYP' 

END IF 

DO 200 j= 1 ,max j 
DO 175 k=l, max_k 

Sx(k,j)=Sx(k,j)/SF 
Sz(k,j)=Sz(k,j)/SF 

175 CONTINUE 
200 CONTINUE 

idatanumber = ABS(SCAN) 
ilong = INDEX(Gfile,' I) - 1 
WRITE(name2,99) idatanumber 
OPEN (1 ,file=Gfile(1 :ilong)lIname2) 

DO 510 j = 500, 1000 
DO 500 k= 170, 289 

WRITE (1, *) Sx(k,j), Sz(k,j) 
500 CONTINUE 
510 CONTINUE 

CLOSE (1) 
99 FORMAT (i3.3,".dat") 

RETURN 
END 

177 



SUBROUTINE OUTPUT 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to output field amplitude data over a specified region within the mesh 
c******************************************************************* 

CHARACTER*35 Gfile 
CHARACTER *7 name2 
DATA Gfile /'FDTD'/ 

c*************************************************** 
c "rn" is the number of time steps per output frame 
c*************************************************** 

rn = SF/IO 
IF (i.LT.(SF*CYC).AND.i.GT.(SF*(CYC-l») THEN 

IF (INT(ilrn) .NE. INT«i + l)/rn) ) THEN 
idatanumber = INT((i + 1)/m) 
ilong = INDEX(Gfile,' ') - 1 
WRITE(name2,99) idatanumber 
OPEN (1 ,file=Gfile( 1 : ilong)/ /name2) 

DO 510j = 1,1500 
k = kline 
WRITE (1, *) Ex(k,j),Ez(k,j) 

510 CONTINUE 
CLOSE (1) 

END IF 
END IF 

99 FORMAT (i3.3,".dat") 

RETURN 
END 
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SUBROUTINE PHASE 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to calculate phase by measuring positive going zero crossings. 
c All phase data is referenced to the phase of the incident plane wave. 
c******************************************************************* 

IF (i .LT. (SF*CYC) . AND. i .GT. (SF*(CYC-l») THEN 
DO 510 j = l,maxj 
DO 500 k = 1, max k 

IF (Ex(k,j) .GE. 0 .AND. Exold(k,j) .LT. 0) THEN 
Exph(k,j)=i 

END IF 
IF (Jx(k,j) .GE. 0 .AND. Jxold(k,j) .LT. 0) THEN 

Jxph(k,j)=i 
END IF 
IF (Ez(k,j) .GE. 0 . AND. Ezold(k,j) .LT. 0) THEN 

Ezph(k,j)=i 
END IF 
IF (Jz(k,j) .GE. 0 .AND. Jzold(k,j) .LT. 0) THEN 

Jzph(k,j)=i 
END IF 

500 CONTINUE 
510 CONTINUE 

END IF 

RETURN 
END 
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SUBROUTINE POYN 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to calculate Poyning vector by calculating ExH in real time. 
c******************************************************************* 

IF (i .LT. (SF*CYC) .AND. i .GT. (SF*(CYC-l») THEN 

DO 510 j = l,maxj 
DO 500 k = 1, max_k 

Sx(k,j) = (-1 *Ez(k,j)*Hy(kj» + Sx(k,j) 
Sz(k,j) = (Ex(k,j)*Hy(kj» + Sz(k,j) 

500 CONTINUE 
510 CONTINUE 

END IF 

RETURN 
END 
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SUBROUTINE P_X 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to update the Px component within the mesh. 
c******************************************************************* 

DO 100 j = 1, maxj 
DO 100 k = 1, max_k 
Px(k,j) = Px(k,j) + Jx(k,j) * Delta T 

100 CONTINUE 

RETURN 
END 
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SUBROUTINE P Z 
INCLUDE 'FDTD.com' 

c******************************************************************* 
c Subroutine to update the pz component within the mesh. 
c******************************************************************* 

DO 100 j = 1, maxj 
DO 100 k = 1, max k 
Pz(k,j) = Pz(k,j) + Jz(k,j)* Delta_T 

100 CONTINUE 

RETURN 
END 
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SUBROUTINE SETUP 
INCLUDE 'FDTD.com' 
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c******************************************************************* 
c Subroutine to setup all material properties within the mesh. In addition the aperture 
c function, which spatially weights the incident source field is specified. 
c******************************************************************* 

PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 
PARAMETER 

(SLABI = 235.0E-9) 
(SLAB2 = 435.0E-9 ) 
(ALTH = 10.0E-9) 
(HALFANG = 8 ) 
(WAL = 3.375EI5) 
(WAU = 2.411EI5) 
(WAG = 2.668EI5) 
(WCU = 2.778EI5) 
(WCR = 3.447EI5) 
( WDL = O.OEO ) 
(DAL = 1.838E14 ) 
(DAU = 1.768E15 ) 
(DAG = 1.412E14 ) 
(DCU = 1.419E15) 
(DCR = 9.690E14 ) 
( DDL = O.OEO ) 
( TKAL = 4.255E-3) 
(TKAIR = 56.497) 
( TKCP = 4.00E-2 ) 
(TKPYR = 1) 

EPSILON_o = 1.0e-9 / 36.0 / acos(-1.0) 
Mu_o = 4.0 * acos(-1.0) * 1.0e-7 
epsilonmin = 1.0e20 
einf= 1.7**2 
del=IE-4 
CENTER = maxj/2 

c******************************************************************* 
c Slab 1 (AIR) 
c******************************************************************* 
c DO 100 k = I,INT(SLABIlDelta_Z + .5) 

DO 100 j=l,maxj 
DO 100 k = l,max_k 

Epsilon(k,j) = EPSILON_o * 1.0**2 



AItl(k,j) = 0.0 
Kt(k,j) = TKAIR 
Reson(k,j) = WDL 
Damp(kj) = DDL 
epsilonmin = AMINI (epsilonmin,Epsilon(kj» 

1 00 CONTINUE 

c******************************************************************* 
c Slab4 (GRATING = ALUM/PYREX) 
c******************************************************************* 

DO 470 j = l,maxj 
Dist=ABSG-center-SCAN) 
DO 400 ICNT=I,5 
IF(Dist .GT. G_PER) THEN 

Dist=Dist-G PER 
End IF 

400 CONTINUE 
gval = DIST/GYER 
IF (gval .LT. 0.25 .OR. gval. GE. 0.75) THEN 
DO 410 k = INT(SLAB IlDelta_Z +.5) -20, 

% INT(SLAB 1 lDelta_Z+.S) 
Epsilon(k,j) = EPSILON_o * einf 
AItl(k,j) = 1.0 
Kt(k,j) = TKAL 
Reson(k,j) = W AL 
Damp(k,j) = DAL 
epsilonmin = AMINI (epsilonmin,Epsilon(k,j» 

410 CONTINUE 
DO 420 k = INT(SLAB IlDelta_Z +.5), max_k 

Epsilon(k,j) = EPSILON_o * 1.474**2 
AItl(k,j) = 0.0 
Kt(k,j) = TKPYR 
Reson(k,j) = WDL 
Damp(k,j) = DDL 
epsilonmin = AMINl(epsilonmin,Epsilon(k,j» 

420 CONTINUE 
END IF 
IF (gval .GE. 0.25 .AND. gval .LE. 0.75) THEN 
DO 430 k = INT(SLAB2IDelta_Z +.5) -20, 

% INT(SLAB2IDelta_Z+.S) 
Epsilon(kj) = EPSILON_o * einf 
AItl(k,j) = 1.0 
Kt(k,j) = TKAL 
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Reson(k,j) = W AL 
Damp(k,j) = DAL 
epsilonmin = AMINI (epsilonmin,Epsilon(kj)) 

430 CONTINUE 
DO 440 k = INT(SLAB2IDelta_Z +.5), max_k 
Epsilon(k,j) = EPSILON_o '" 1.474**2 
Altl(k,j) = 0.0 
Kt(k,j) = TKPYR 
Reson(kj) = WDL 
Damp(kj) = DDL 
epsilonmin = AMINI(epsilonmin,Epsilon(k,j)) 

440 CONTINUE 
END IF 
IF (dist.GT.IO) THEN 
g25=ABS(gval-0.25) 
g75=ABS(gval-0.75) 
IF (g25 .LT. del .AND. j .LT. center) THEN 
DO 445 ijr=j-20, j 
DO 445 k = INT(SLABIlDelta_Z +.5) -20, 

% INT(SLAB2IDelta_Z+.5)-20 
Epsilon(k,ijr) = EPSILON_o * einf 
Alt1 (k,ijr) = 1.0 
Kt(k,ijr) = TKAL 
Reson(k,ijr) = W AL 
Damp(k,ijr) = DAL 
epsilonmin = AMINI(epsilonmin,Epsilon(k,ijr)) 

445 CONTINUE 
END IF 
IF (g25 .LT. del.AND. j .GT. center) THEN 
DO 450 ijr=j, j+20 
DO 450 k = INT(SLABIlDelta_Z +.5) -20, 

% INT(SLAB2IDelta_Z+.5)-20 
Epsilon(k,ijr) = EPSILON_o '" einf 
Altl(k,ijr) = 1.0 
Kt(k,ijr) = TKAL 
Reson(k,ijr) = W AL 
Damp(k,ijr) = DAL 
epsilonmin = AMINl(epsilonmin,Epsilon(k,ijr)) 

450 CONTINUE 
END IF 
IF (g75 .LT. del.AND. j .LT. center) THEN 

DO 455 ijr=j, j+20 
DO 455 k = INT(SLABIlDelta_Z +.5) -20, 
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% INT(SLAB2/Delta_Z+.5)-20 
Epsilon(k,ijr) = EPSILON_o * einf 
AItl(k,ijr) = 1.0 
Kt(k,ijr) = TKAL 
Reson(k,ijr) = W AL 
Damp(k,ijr) = DAL 
epsilonmin = AMINI (epsiionmin,Epsilon(k,ijr)) 

455 CONTINUE 
END IF 
IF (g75 .LT. del .AND. j .GT. center) THEN 
DO 460 ijr=j-20, j 
DO 460 k = INT(SLAB l/Delta_Z +.5) -20, 

% INT(SLAB2/Delta_Z+.5)-20 
Epsilon(k,ijr) = EPSILON_o * einf 
AItl(k,ijr) = 1.0 
Kt(k,ijr) = TKAL 
Reson(k,ijr) = W AL 
Damp(k,ijr) = DAL 
epsilonmin = AMINl( epsiionmin,Epsilon(k,ijr)) 

460 CONTINUE 
END IF 
END IF 

4 70 CONTINUE 

c******************************************* 
c AI coatedtapered tip with pyrex core 
c******************************************* 

CENTER = max j/2 
APER = 50.0E-9 
TIP LEN = 200.0E-9 
COAT = 75.0E-9 
HALFRAD = HALFANG * (acos(-1.0)/180) 
CONST =lItan(HALFRAD) 
n =CENTER-(NINT(COAT/(2*Delta_z)) 

% +NINT«TIP _LEN/Delta_Z)*TAN(HALFRAD))) 
J2=CENTER+(NINT(COAT/(2*Delta_z)) 

% +NINT«TIP _LEN/Delta_Z)*TAN(HALFRAD))) 
D0475k=10,75 

DO 475 j= l,n 
Epsilon(k,j) = EPSILON_o * einf 
AItl (k,j) = 1. 0 
Reson(k,j) = W AL 
Damp(k,j) = DAL 
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Kt(k,j) = TKAL 
epsilonmin = AWN 1 ( epsilonmin,Epsilon(k,j» 

475 CONTINUE 
DO 485 k = lO ,75 

DO 485 j= J2,Maxj 
Epsilon(k,j) = EPSILON_o * einf 
Alt1(k,j) = 1.0 
Kt(k,j) = TKAL 
Reson(k,j) = W AL 
Damp(k,j) = DAL 
epsilonmin = AWN 1 (epsilonmin,Epsilon(kj» 

485 CONTINUE 
DO 550 k = 1O,INT(TIP _LENIDelta_Z + .5) + 10 
DO 500 j = CENTER-(INT(APERIDelta_Z + .5) 

% + INT«TIP ~ENIDelta_Z)/CONST)-INT«K-l O)/CONST»
% INT(COATIDELTA_Z),CENTER-(INT(APERIDelta_Z + .5) 
% + INT«TIP _LENIDelta_Z)/CONST)-INT«K-lO)/CONST» 

Epsilon(k,j) = EPSILON_o * einf 
Altl(k,j) = 1.0 
Kt(k,j) = TKAL 
Reson(k,j) = W AL 
Damp(k,j) = DAL 
epsilonmin = AWNl (epsilonmin,Epsilon(k,j» 

500 CONTINUE 
550 CONTINUE 

DO 650 k = 1O,INT(TIP _LENIDelta_Z + .5) + 10 
DO 600 j = CENTER+(INT(APERIDelta_Z + .5) 

% + INT«TIP _LENIDelta_Z)/CONST)-INT«K-lO)/CONST», 
% CENTER+(INT(APERIDelta_Z + .5)+INT(COATIDELTA_Z) 
% + INT«TIP _LENIDelta_Z)/CONST)-INT«K-lO)/CONST» 

Epsilon(k,j) = EPSILON_o * einf 
Alt1(k,j) = 1.0 
Kt(k,j) = TKAL 
Reson(k,j) = W AL 
Damp(k,j) = DAL 
epsilonmin = AWN 1 (epsilonmin,Epsilon(k,j» 

600 CONTINUE 
650 CONTINUE 

DO 750 k = 1O,INT(TIP _LENIDelta_Z + .5) + 10 
DO 700 j = CENTER-(INT(APERIDelta_Z + .5) 

% + INT«TIP _LENIDelta_Z)/CONST)-INT«K-lO)/CONST», CENTER 
% +(INT(APERlDelta_Z + .5)+INT«TIP _LENIDelta_Z)/CONST) 
% -INT«K-I0)/CONST» 

187 



Epsilon(k,j) = EPSILON_o * 1.474**2 
Alt1(kj) = 0.0 
Kt (k,j) = TKPYR 
Reson(k,j) = WDL 
Damp(k,j) = DDL 
epsilonmin = AMINl(epsilonmin,Epsilon(k,j)) 

700 CONTINUE 
750 CONTINUE 

c*************************************** 
c Courant condition - Find Delta T 
c*************************************** 

Vel_max = 1.0/ sqrt (epsilonmin * Mu_o) 
Delta_T = Delta_Z / Vel_max * COURANT / sqrt (2.0) 
SF = PERIODlDelta T 

c************************************************************** 
c APERTURE- Spatial weighting of source 
c************************************************************** 

DO 5100 J = 1 , max j 
APERTURE G) = 377 

5100 CONTINUE 

RETURN 
END 
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SUBROUTINE TAVSC 
INCLUDE 'FDTD.com' 

c***************************************************************** 
c Subroutine to read in amplitude data over one op tical cycle and time average it. 
c In additon the absorbed power over a certain region within the mesh is saved for 
c input into thermal model. 
c***************************************************************** 

CHARACTER *35 Gfile 
CHARACTER *7 name2 
CHARACTER *35 Ofile 
CHARACTER *7 name3 

DATA Gfile/'FDTD'/ 
IF (SCAN .LT. 0) THEN 

Ofile = 'FSCN' 
ELSE IF (SCAN .GE. 0) THEN 

Ofile = 'FSCP' 
ENDIF 
DO 200 i = «CYC-I)*IO)+I , CYC*lO 

idatanumber = i 
ilong = INDEX(Gfile,' ')-1 
WRITE(name2,99) idatanumber 
OPEN (1, file=Gfile(l:ilong)//name2) 
DO 100 j = I, 1500 

READ (l,*,END=200) Ex(l,j), Ez(1,j) 
Ext(l,j)=Ex(lj)**2 + Ext(l,j) 
Ezt(I,j)=Ez(I,j)**2 + Ezt(I,j) 

100 CONTINUE 
CLOSE(I) 
REWIND (1) 

200 CONTINUE 
idatnum = NINT(ABS(SCAN» 
ilng = INDEX(Ofile,' ')-1 
WRITE(name3,99) idatnum 
OPEN(2, file=Ofile(1 :i1ng)//name3) 
DO 210 j = I, 1500 

Exm(l,j)=SQRT(0.2*ABS(Ext(lj») 
Ezm(l,j)=SQRT(0.2* ABS(Ezt(I,j)) 

210 CONTINUE 
DO 250 j = 1, 1500 
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write(2,999) Exrn(lj), Ezm(I,j) 
Ext(l,j)=O 
Ezt(lj)=O 

250 CONTINUE 
CLOSE (2) 
REWIND (2) 

DO 250 j = 1, 1500 
phasex=( cos(Exph( 1 j) )*cos(Jxph( 1 j»)+ 

% (sin(Exph(1 j»*sin(Jxph(lj») 
phasez=(cos(Ezph(I,j)*cos(Jzph(I,j»)+ 

% (sin(Ezph(I,j»*sin(Jzph(lj») 
g=Exrn(I,j)*Jxrn(lj)*phasex(I,j)+ 

% sigma(I,j)*Exrn(l,j)**2 
g=Ezm(I,j)*Jzm(I,j)*phasez(I,j)+ 

% (sigma(I,j)*Ezm(l,j)**2)+g 
write(3, *) kt(I,j)*g 
Ext(l,j)=O 
Ezt(l,j)=O 
Jxt(I,j)=O 
Jzt(l,j)=O 

250 CONTINUE 

99 FORMAT (i3.3,I.dat") 
95 FORMAT (FI7.12) 
999 FORMAT (F25.12,2X,F25.12) 

RETURN 
END 
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SUBROUTINE TM source 
INCLUDE 'FDTD.com' 

c***************************************************************** 
c Subroutine which controls the time dependance of the incident plane wave. Five 
c different temporal profiles are possible. 
c***************************************************************** 

IF (INITIATE .eq. 1) GO TO 10 
IF ( INITIATE .eq. 2) GO TO 20 
IF ( INITIATE .eq. 3) GO TO 30 
IF ( INITIATE .eq. 4) GO TO 40 
IF ( INITIATE .eq. 5) GO TO 50 
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c*********************************************************************** 
c Gaussian exp(-p*t*t) Excitation (1) 
c*********************************************************************** 
10 CONTINUE 

% 

% 

RECORD = REAL(I) - 3.0 / SQRT (P) /Delta_T 
WEAK I = RECORD - SQRT(2.)/COURANT + 1. 
DO 15 j = I,maxj 

HiG) = exp(-P*( RECORD * Delta_T )**2) 
* APERTUREG) 

HsG) = exp(-P*( WEAK_I * Delta_T )**2) 
* APERTUREG) 

15 CONTINUE 
GO TO 100 

c*********************************************************************** 
c (1.0 - x**2)**4 Excitation (2) 
c*********************************************************************** 
20 CONTINUE 

RECORD = T RECORD / 2.0 / Delta T - -
WEAK_I = RECORD + SQRT(2.)/COURANT 
TIME = (REAL(I)-RECORD) / RECORD 
WEAK_TIME = (REAL(I)-WEAK_I) / RECORD 
IF (TIME .GT. 1.0) THEN TIME = 1.0 
IF (WEAK_TIME .GT. 1.0) THEN WEAK_TIME = 1.0 

DO 25 j = I,maxj 
HiG) = ( 1.0 - TIME**2 )**4 

% * APERTUREG) 
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HsO) = ( 1.0 - WEAK_TIME**2 )**4 
% * APERTUREG) 

25 CONTINUE 
GO TO 100 

c********************************************************************* 
c sin(2*pi*t)*(1.0 - x**2)**4 Excitation (3) 
c********************************************************************* 
30 CONTINUE 

RECORD = T RECORD /2.0/ Delta T - -
WEAK_I = RECORD + SQRT(2.)/COURANT 
TIME = (REAL(I)-RECORD) / RECORD 
WEAK_TIME = (REAL(I)-WEAK_I) / RECORD 
IF (TIME .GT. 1.0) TIME = 1.0 
IF (WEAK_TIME .GT. 1.0) WEAK_TIME = 1.0 

DO 35 j = l,maxj 
Hi(j) = ( 1.0 - TIME**2 )**4 

% * APERTURE(j) 
Hi(j) = sine acos(-1.0)*TIMEIPERIOD) * Hi(j) 

Hs(j) = ( 1.0 - WEAK_TIME**2 )**4 
% * APERTURE(j) 

Hs(j) = sine acos(-1.0)*WEAK_TIMEIPERIOD) * Hs(j) 
35 CONTINUE 

GO TO 100 

c********************************************************************* 
c sin(2 *pi *t/period) Excitation (4) 
c********************************************************************* 
40 CONTINUE 

TIME = I * Delta T / PERIOD 
WEAK_TIME = (REAL(I) - SQRT(2.)/COURANT) * Delta_T / PERIOD 
IF (TIME .GT. CYC) THEN TIME:= 0.0 
IF (WEAK_TIME .GT. CYC) THEN WEAK_TIME = 0.0 
DO 45 j = l,maxj 

Hi(j) = sine 2.0*acos(-1.0)*TIME) * APERTURE(j) 
Hs(j) = sine 2.0*acos(-1.0)*WEAK_TIME ) * APERTURE(j) 

45 CONTINUE 
GOTO 100 

c********************************************************************* 
c (l-exp(-tlTau)*sin(2*pi*tlperiod) Excitation (5) 
c********************************************************************* 



50 CONTINUE 
TIME = I * DeIta_T / PERIOD 
WEAK_TIME = (REAL (I) - SQRT(2.)/COURANT) * Delta_T / PERIOD 
IF (TIME .GT. CYC) TIME = 0.0 
IF (WEAK_TIME .GT. CYC) WEAK_TIME = 0.0 
DO 5S j = 1,maxj 

HiG) = (1-exp(-2 * TIME» * APERTURE(j) 
HiG) = sine 2.0*acos(-1.0)*TIME ) * HiG) 
HsG) = (1-exp(-2 * WEAK_TIME» * APERTURE(j) 
HsG) = sine 2.0*acos(-1.0)*WEAK_TIME ) * HsG) 

55 CONTINUE 

100 CONTINUE 
RETURN 
END 
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c******************************************************************** 
c The source is composed of two parts: 
c Ei is the component of the source history which is 
c added to the E field on the boundary for the purpose of 
c updating the magnetic field. Since this field is the one 
c which excites the pulse in the grid, it can be considered 
c the incident field. 
c 
c Es is the contribution of the source delayed by one node 
c in the mesh. This contribution must be temporarily taken 
c away from the first inside node for the purpose of updating 
c the radiation boundary on the first node. 
c 
c By using this sequence we separate the incident and 
c scattered fields. We propagate the source only to the 
c right (into the mesh) while the radiation condition is 
c still imposed on the scatterer field. In other words, 
c the source is added to the mesh long enough to propagate 
c to the right-hand node but is then removed for propagation 
c to the left-hand node. 
c 
c RECORD Delay for the source to start at zero. 
c SQRT(2.)/COURANT - Time for the source to travele one cell. 
c************************************************************************ 



c***************************************************************** 
c Common Variable declaration. 'FDTD.com' 
c***************************************************************** 

PARMffiTER 
PARMffiTER 
PARMffiTER 
PARMffiTER 

( max_k = 700, maxj = 1500 ) 
( CYC = 15) 
( MAX_TIME_STEP = 707.1082*CYC ) 
( XI_DC = 10.0 ) 

REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
REAL 
REAL 
REAL 
REAL 
REAL 
REAL 

REAL 
REAL 
REAL 

REAL 
REAL 

Ex (max_k,maxj) 
Hy (max_k,maxj) 
Ez (max_k,maxj) 
Em (max_k,maxj) 
Ext (max_k,maxj) 
Ezt (max_k,maxj) 
Jzt (max_k,maxj) 
Jxt (max_k,maxj) 
Jxm (max_k,maxj) 
Jzm (max_k,maxj) 
Exm (max_k,maxj) 
Ezm (max_k,maxj) 
Sx (max_k,maxj) 
Sz (max_k,maxj) 
Kt (max_k,maxj) 
Ezmold (max_k,maxj) 
Ezphold (max_k,maxj) 

Px (max_k,maxj) 
pz (max_k,maxj) 
Jx (max_k,maxj) 
Jz (max_k,maxj) 
ALTI (max_k,maxj) 
Reson (max_k,maxj) 
Damp (max_k,maxj) 

Hi (maxj) 
Hs (maxj) 
Hs_m2 (maxj) 

APERTURE (maxj) 
Epsilon (max_k,maxj) 
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REAL Sigma (max_k,maxj) 

REAL Exold (max_k,maxj) 
REAL Ezold (max_k,maxj) 
REA Jxold (max_k,maxj) 
REAL Jzold (m ax_k, maxj) 
REAL Exph (max_k,maxj) 
REAL Ezph (max_k,maxj) 
REAL Jxph (max_k,maxj) 
REAL Jzph (max_k,maxj) 

REAL P 
REAL PERIOD 
REAL Mu ° 
REAL SF 

COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 

ICOMMOll Delta_Z, Delta_T, SF 
ICOMM021 COURANT, RECORD, SCAN 
ICOMM031 P, I, INITIATE 
ICOMM041 PERIOD, T_RECORD, Reson 
ICOMM051 Epsilon, Sigma, Damp 
ICOMM061 Ex, Hy, Ez, Jxt, Jzt, Exm 
ICOMMO71 Mu_o, EPSILON_o, Ezm 
ICOMM091 Hs, Hs_m2, Hi, Jxm, Jzm 
ICOMMI01 APERTURE, kline,G_Per 
ICOMMlll CENTER, OMEGA_o 
ICOMM121 Exold, Ezold, Kt 
ICOMM131 Exph, Ezph, Sx, Sz 
ICOMM141 Jx, Jz, Px, Pz, ALTI 
ICOMM151 Jxold, Jzold, Jxph, Jzph 
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B.2 Angular spectrum code 



%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Aspec.m by JLK 9/30/93 
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% Program to Calculate Angular Spectrum of Fields Past Different Diffracting Sturctures. 
% Field Data are Output of the FDTD Model 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

function yy=aspmac(zdist,field 1 ,field2, option); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This program has several different options: 
% 
% option I-Find coupling vs. n 
% option 2-Find field at a certain distance 
% option 3-Find on axis field vs. Distance 
% option 4-Find FWHM versus Distance 
% option 5-Find Split Power versus Distance (for step asperity) 
% option 6-Find Power Through a versus Distance 
% option 7-Create New matrix 
% option 8-Find Total Power versus Distance (for step asperity) 
% option 9-Find Total Power versus Distance (for step asperity)-After glass-air interface 
% option 10-Find Total Field at a Certain Distance (for step asperity) 
% option 11- Find Total Field Considering Fresnel Reflection Coeffs at interface 
% option 12-Integrate Total Signal Over a Specified Collection NA 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% Main Program-Input variables 

y=blackman( 1200); 
y 1 =zeros( 1200,1); 
yl (1 :600)=y(1 :600); 
yl(601)=y(600); 
y1(602: 1200)=y(601: 1199); 
field1=field1(151:1350).*y1; % which field to do A.S. on 
field2=field2(151: 1350); % for computing Poynting vector 
f2new=zeros(1200,1); 
f2new(l :600)=field2(1 :600); 
f2new(601)=0.5*(field2(600)+field2(601»; 
f2new(602: 1200)=field2(60 1: 1199); 
field2=f2new. *yl; 

xmax=1200e-9; % maximum spatial dimension of points from FDTD [-xmax,+xmax] 
apend=82e-9; % Distance in Z in FDTD to grab fields to use Ang Spect 
n=1.474; % Index of bulk material 



npts=1200; % # pts from FDTD 
nspl=1200; % # pts after Spline fit is done 
nstuff=8192; % # pts. into which data is stuffed 
ncenter=nstuffl2; 
lambdaO=500e-9; % Free space wavelength of source 
aper=100e-9; % Aperture full diameter 
delz=le-9; % Spacing in z in FDTD 
zo=377; % Free space impedance 

xtot=2*xmax· , 
delx=xtot/(npts); 
apdist=round( apend/ delz); 
xinit=-xmax:delx:xmax-delx; 
espl=field 1 ; 
hspl=field2; 
xmsf=nstuff*delxl2; 
xlng=-xmsf:delx:xmsf-delx; 
delfx= 1/(2 *xmsf); 
fxmax=nstuffl( 4 *xmsf); 
pI =ncenter-599; 
p2=ncenter+600; 
etO=zeros(nstuff, 1); 
etO(p 1 :p2)=espl; 
etO(l:p 1-1)=espl(I)*ones(l,p I-I); 
etO(p2+ I :nstufl)=espl(npts)*ones(I,(nstuff-p2»; 
as=newffi:( etO); 
htO=zeros(nstuff, 1); 
htO(p 1 :p2)=hspl; 
htO(l:p I-I )=hspl(I)*ones(l,p I-I); 
htO(p2+ I : nstufl)=hspl( npts)* ones( I, (nstuff-p2»; 
has=newffi:(htO); 
fx=-fxmax:delfx:fxmax-delfx; 

%%%%%%%%%% Option 1 %%%%%%%%%%%%%%%%%%%% 

if option= I; % Find ratio of prop energy/total energy vs. index 
count=l; 
for n=l:.2S:S; 

lambda=lambdaO/n; 
fprop= l/lambda; 
nprop=round(fprop/delfx); 
total=sum( abs( as»; 
prop=sum( abs( as(ncenter-nprop :ncenter+nprop»); 
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end; 

pamonn( count)=prop/total; 
total=O; 
prop=O; 
count=count+ 1; 

n=I:.25:5; 
plot(n,pamorm); 
grid; 
titIe('TM Polarization') 
xlabel('Refractive Index of Material Past Aperture') 
ylabel(,Ratio of Energy that Propagates') 

%%%%%%%%%% Option 2 %%%%%%%%%%%%%%%%%%%% 

elseif option=2 % Plot field at z=dist 
n=l; 
pdist=15; 
dist=zdist; 
pI =ncenter-pdist; 
p2=ncenter+pdist; 
%dist=[aper/l0 aper/2 aper]; 
%dist=[30e-9]; 
npJt=size( dist'); 
for npl=1 :npJt; 

pz=round( (apend+dist( npl))1 delz); 
xnmax=xmsf; 
xn=-xnmax+delxl2: delx:xnmax-delxl2; 
lambda=lambdaO/n; 
k=2 * pi/lambda; 
kz=k*sqrt(l-(lambda*fx').1\2); % Propagation factor 
asdist=as.*exp(i*kz*dist(npl)); % Ang Spect at z=dist 
keyboard 
exdist=newiffi(asdist); % Field at z=dist 
yy=exdist; 
return 
hasdist=has. *exp(i*kz*dist(npl)); % Ang Spect at z=dist 
hydist=newiffi(hasdist); % Field at z=dist 
szdist=abs( exdist). *abs(hydist); 
subplot(2,2, 1), 

plot(xn(p 1 :p2)/(O. 5 *aper),(abs(exdist(p 1 :p2)).1\2)/et2(63,9)); 
hold on; 
%titIe('50 nm Past Well'); 
xlabel('X/(O.5*d)'); 
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grid; 
plot(xn(p I :p2)/(0.S *aper),abs(szdist(p I : p2))/sz(63, 9), 'y'); 
hold on; 
%titIe('2S nm Aperture into Air'); 
xlabel('x/(O. S *d)'); 
%grid; 
%x=-xmax+delxl2: delx:xmax-delxl2; 
%plot(x* I e-9,et2(:,pz),'--'); 
%grid; 
zq=0:2:2S0; 
xq=-248:4:248; 

200 

quiver(zq(1 :7),xq(63-1S: 1 :63+ 16),ez(63-1S:1 :63+ 16,9: IS),ex(63-
IS: 1 :63+ 16,9: IS)) 
quiver(zq(1 :7),xq(63-1S: 1 :63+ 16),sz(63-1S: 1 :63+ 16,9: IS), 
sx(63-1S: 1 :63+ 16,9:1S)) 

end; 
%hold off; 

%%%%%%%%%% Option 3 %%%%%%%%%%%%%%%%%%%% 

elseif option=3; % On axis field strength vs z 
count=l; 
lambda=lambdaO/n; 
k=2 *pilIambda; 
xnmax=xmsf; 
xn=-xnmax+delxl2: delxl2 :xnmax-delxl2; 
zl=le-9; 
zl=.OI *aper; 
z2=100*aper; 
zsk=(z2-z1)/100; 
for z=zl :zsk:z2; 

end; 

kz=k*sqrt(I-(lambda*fx')."2); 
asdist=as. *exp(i*kz*z); 
exdist=newiffi( asdist); 
exaxis( count)=abs( exdist(ncenter, 1 )); 
count=count+ 1 ; 

z=zl :zsk:z2; 
semilogx(z/aper,20*log 1 O( exaxis/exaxis(1 )), 'b'); 
%plot(z/aper,exaxis,'r'); 
hold on; 
%zf=-31 * 1 e-9:4e-9:46Se-9; 
%plot(zf(9: 12S),abs( ex(62,9: 12S))/abs( ex,'--') 



grid 
xl abel {'zld ') 
title('On Axis Fall offvs Distance') 
%hold off 

%%%%%%%%%% Option 4 %%%%%%%%%%%%%%%%%%%% 

elseif option=4; % Field width vs z 
e=exp(I); 
param=.5; % Calculate FWHM or 1/(e"2) pt vs. z 
count=l; 
lambda=lambdaO/n; 
k=2 *pi/lambda; 
xnmax=xmsf; 
xn=-xnmax+delxl2:delx:xnmax-delxl2; 
zl=le-9; 
z2=2500e-9; 
zsk=12.5e-9; 
for z=zl :zsk:z2; 

end; 

kz=k*sqrt(I-(lambda*fx')."2); 
asdist=as. *exp(i*kz*z); 
exdist=newiffi( asdist); 
exdist=abs( exdist); 
exdist(ncenter, I); 
exscale=exdist(:, 1 )/max( exdist(:, 1 »; 

for j=2:ncenter; 
if (exscaleG, 1 »param & exscaleG-I, 1 )<param); 

JUp=J; 
end; 

end; 
for j=ncenter:nstuff-l; 

end; 

if (exscaleG, 1 »param & exscaleG+ 1,1 )<param); 
jdown=j; 

end; 

fwhm( count)=dxspl *Udown-jup); 
count=count+ 1; 

z=z 1 :zsk:z2; 
plot(zlaper,fwhm/aper); 
grid; 

%%%%%%%%%% Option 5 %%%%%%%%%%%%%%%%%%%% 
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elseif option==5; % split Power vs z 
e=exp(I); 
count=l; 
lambda=lambdaO/n; 
k=2 *pi/lambda; 
xnmax=xmsf; 
z=le-6; 
ntimes=zdist/z; 
exnew=zeros(nstuff, 1); 
eznew=zeros( nstuff, 1); 
y=blackman( nstufl); 
yl =zeros(nstuff, 1); 
yl (1 :ncenter)=y(1 :ncenter); 
y 1 (ncenter+ 1 )=y( ncenter); 
y 1 (ncenter+2: nstufi)=y( ncenter+ 1 :nstuff-l); 
xn=-xnmax+delxl2: delx:xnmax-delxl2; 

for t=1 :ntimes 
xlng=-xmsf*t:delx*t:(xmsf-delx)*t; 
delfx=1I(2*xrnsf*t); 
fxmax=nstuffl( 4 *xmsf*t); 
fx=-fxmax:delfx:fxmax-delfx; 
kz=k*sqrt(l-(Iambda *fx')."2); 
asdist=as. *exp(i*kz*z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi(as ); 
exidst=exdist. *y 1; 
exnew(1 :nstuffl4)=zeros(nstuffl4, 1); 
exnew(nstuffl4+ 1 :3*nstuffl4)=exdist(1 :2:nstuft); 
exnew(3 *nstuffl4+ 1 :nstuft)=zeros(nstuffl4, 1); 
as=newffi( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y 1 ; 
eznew( 1 :nstuffl4)=zeros(nstuffl4, 1); 
eznew(nstuffl4+ 1:3 *nstuffl4)=ezdist(l :2:nstuft); 
eznew(3 *nstuffl4+ 1 :nstuft)=zeros(nstuffl4, 1); 
has=newffi( eznew); 
%keyboard 

end; 
exdist=newiffi( as); 
ezdist=newiffi(has ); 
exdist=exdist. *conj(exdist); % actually irradiance 
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ezdist=ezdist. *conj( ezdist); % actually irradiance 
etdist=exdist+ezdist; 
etdist=etdist.lmax( etdist); 
suml=sum( etdist(l :ncenter+ 1 »; 
sumr=sum(etdist(ncenter+ 1 :nstufI); 
sig( count )=( sumr-suml)/( sumr+suml); 
count=count+ l; 
%keyboard 
yy=sig; 

%%%%%%%%%% Option 6 %%%%%%%%%%%%%%%%%%%% 

elseif option=6; % Power Through Plane vs z 
e=exp(l); 
count=l; 
lambda=lambdaO/n; 
k=2 *pi/lambda; 
xnmax=xmsf; 
zl=le-9; 
z2=500e-9; 
zsk=5e-9; 
xn=-xnmax+delxl2: delx:xnmax-delxl2; 
for z=zl :zsk:z2; 

end; 

kz=k*sqrt( l-(Iambda *fx')."2); 
asdist=as. *exp(i*kz* .5*z); 
exdist=newiffi( asdist); 
exdist=abs( exdist); 
sumt( count )=sum( exdist( 1 :nstufI)."2); 
count=count+ 1 ; 

z=zl :zsk:z2; 
plot(z,sumt/sumt(1 »; 
grid; 

%%%%%%%%%% Option 7 %%%%%%%%%%%%%%%%%%%% 

elseif option=7; % Create array 
count=l; 
lambda=lambdaO/n; 
k=2 *pi/lambda; 
xnmax=xmsf; 
zl=le-9; 
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z2=250e-9; 
zsk=2e-9; 
newfi]e=zeros(125); 
xn=-xnrnax+de]xJ2: de]x:xnrnax-de]xJ2; 
for z=zI :zsk:z2; 

kz=k* sqrt( I-(Iambda *fx').1\2); 
asdist=as. *exp(i*kz*.5*z); 
exdist=newiffi( asdist); 

204 

exdist=abs( exdist); 
newfi]e(:,count)=exdist(ncenter-O.5*nsp]:ncenter+O.5*nsp]-1,1); 
count=count+ 1; 

end; 
beg=ceiJ(35e-9/de]z); 
nfil=ceiJ«apend-35e-9)/de]z); 
asscI =zeros(125,(I25+nfil)) 
asscI (:, 1 :nfil+ I)=ex(:,beg:beg+nfi]); 
assc 1 (: ,nfi]+ 1 : (I25+nfi]) )=newfi]e; 

%%%%%%%%%% Option 8 %%%%%%%%%%%%%%%%%%%% 

e]seif option=8; % total Power vs z 
e=exp(1); 
count=I; 
]ambda=]ambdaO/n; 
k=2 *pi/]ambda; 
xnrnax=xmsf; 
z=le-6; 
ntimes=zdist/z; 
exnew=zeros(nstuff, 1); 
eznew=zeros(nstuff, 1); 
y=b]ackman(nstufi); 
y 1 =zeros(nstuff, 1); 
yl(I:ncenter)=y(I :ncenter); 
y 1 (ncenter+ 1 )=y( ncenter); 
y 1 (ncenter+2:nstuff)=y(ncenter+ 1 :nstuff-I); 
xn=-xnmax+de]xl2:de]x:xnmax-de]xl2; 

for t=I :ntimes 
%xmsf=xmsf*2; 
%de]x=de]x*2; 
x1ng=-xmsf'l'tde]x*t:(xmsf-delx)*t; 
de]fx= 1/(2 * xmsf'l't); 
fxmax=nstuffl( 4 *xmsf*t); 
fx=-fxmax:de]fx:fxmax-de]fx; 



kz=k*sqrt(l-(lambda*fx').A2); 
asdist=as. *exp(i*kz*z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi( as); 
exidst=exdist. *y l; 
exnew(l :nstuffl4)=zeros(nstuffl4, l); 
exnew(nstuffl4+ 1:3 *nstuffl4)=exdist(l :2:nstuft); 
exnew(3 *nstuffl4+ 1 :nstuft)=zeros(nstuffl4, l); 
as=newffi:( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y l; 
eznew(l :nstuffl4)=zeros(nstuffl4, l); 
eznew(nstuffl4+ l:3 *nstuffl4)=ezdist(1 :2:nstuft); 
eznew(3 *nstuffl4+ 1 :nstuft)=zeros(nstuffl4, l); 
has=newffi:( eznew); 

end; 
exdist=newiffi(as); 
ezdist=newiffi(has ); 
exdist=exdist.*conj(exdist); % actually irradiance 
ezdist=ezdist. *conj(ezdist); % actually irradiance 
etdist=exdist+ezdist; 
%keyboard 
%etdist=etdist.lmax( etdist); 
%suml=sum( etdist(l :ncenter»; 
%sumr=sum( etdist(ncenter+ 1 :nstuft); 
sig( count)=(sum( etdist(l OO:nstuff-l 00»); 
%sig=(suml-sumr)/(suml+sumr); 
count=count+ l; 
yy=sig; 
%keyboard 
%yy=etdist( 4096) 

%%%%%%%%%%%% Option 9 %%%%%%%%%%%%%%%%%%%% 

elseif option=9; % total Power vs z-After air-glass interface 
e=exp(1); 
count=l; 
lambda=lambdaO/n; 
k=2 *pillambda; 
xnmax=xmsf; 
z=le-6; 
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ntimes=zdistlz; 
exnew=zeros(nstuff, 1); 
eznew=zeros(nstuff, 1); 
y=blackrnan( nstufi); 
y 1 =zeros(nstuff, 1); 
yl(l :ncenter)=y(l :ncenter); 
y 1 (ncenter+ 1 )=y(ncenter); 
y 1 (ncenter+2:nstufi)=y(ncenter+ 1 :nstuff-l); 
xn=-xnmax+delxl2:delx:xnmax-delxl2; 

for t=l:ntimes 
xlng=-xmsf*t:delx*t:(xmsf-delx)*t; 
delfx=1I(2*xmsf*t); 
fxmax=nstutl7( 4 *xmsf*t); 
fx=-fxmax:delfx:fxmax-delfx; 
kz=k*sqrt(I-(lambda*fx')."2); 
asdist=as. *exp(i*kz*z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 

end; 

exdist=newiffi( as); 
exidst=exdist. *y 1; 
exnew(l :nstutl74)=zeros(nstutl74, 1); 
exnew(nstutl74+ 1 :3*nstutl74)=exdist(1 :2:nstufi); 
exnew(3 *nstutl74+ 1 :nstufl)=zeros(nstutl74, 1); 
as=newffi( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y 1 ; 
eznew(l :nstutl74)=zeros(nstutl74, 1); 
eznew(nstuffl4+ 1 :3*nstutl74)=ezdist(1 :2:nstufl); 
eznew(3 *nstutl74+ 1 :nstufl)=zeros(nstutl74, 1); 
has=newffi( eznew); 

% Find Transmission vector at interface 
refl=ones(nstuff, 1); 
trans=zeros(nstuff, 1); 
thetc=asin( lin); 
fC=(lllambda)*cos(thetc); 
for l=ncenter-round(nstutl725):ncenter+round(nstutl725); 

if abs(fx(1»<fc; 
theti(1)=asin(1ambda *fx(1»; 
thett(1)=asin(n*sin(theti(l)); 
t 1 =n*cos(theti(l); 
t2=cos( thett(1»; 
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" 

refl(l)= (tl-t2)/(tl+t2); 
trans(l)=l-abs(refl(l»; 

end 
end; 
as=as. *trans; 
has=has. *trans; 
exdist=newiffi(as); 
ezdist=newiffi(has ); 
exdist=exdist. *conj( exdist); % actually irradiance 
ezdist=ezdist. *conj( ezdist); % actually irradiance 
etdist=exdist+ezdist; % total irradiance 
%etdist=etdist.lmax( etdist); 
%suml=sum( etdist(1 :ncenter+ 1 »); 
%sumr=sum( etdist(ncenter+ 1 :nstuft); 
%sig( count )=( sumr-suml)/( sumr+suml) 
sig( count )=( sum( etdist( 100 :nstuff-I 00»); 
count=count+ 1 ; 
yy=etdist; 

%%%%%%%%%% Option 10 %%%%%%%%%%%%%%%%%%%% 

elseifoption=IO; % total Field at z 
e=exp(1); 
count=l; 
lambda=lambdaO/n; 
k=2 *pillambda; 
xnmax=xffisf; 
z=le-6; 
ntimes=zdist/z; 
exnew=zeros(nstuff, 1); 
eznew=zeros(nstuff, I); 
y=blackman( nstuft); 
yl=zeros(nstuff, I); 
yl(l :ncenter)=y(1 :ncenter); 
yl (ncenter+ I)=y(ncenter); 
yl (ncenter+2:nstuft)=y(ncenter+ 1 :nstuff-l); 
xn=-xnmax+delxl2:delx:xnmax-delxl2; 

for t= I: ntimes 
xlng=-xmsf*t:delx*t:(xmsf-delx)*t; 
delfx= 1/(2 *xmsf*t); 
fxmax=nstuffl( 4 *xmsf*t); 
fx=-fxmax:delfx:fxmax-delfx; 
kz=k*sqrt(I-(lambda*fx'). "2); 
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asdist=as. * exp(i * kz* z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi( as); 
exidst=exdist. *y I; 
exnew(1 :nstuff74)=zeros(nstuff74, I); 
exnew(nstuff74+ 1:3 *nstuff74)=exdist{1 :2:nstufi); 
exnew(3 *nstuff74+ I :nstufi)=zeros{nstuff74, I); 
as=newfR( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y I; 
eznew(1 :nstuff74)=zeros(nstuff74, I); 
eznew{nstuffl4+ 1:3 *nstuff74)=ezdist{1 :2:nstufi); 
eznew{3 *nstuff74+ I :nstufi)=zeros(nstuff74, I); 
has=newfR{eznew); 

end; 
exdist=newiffi( as); 
ezdist=newiffi(has ); 
exdist=exdist. *conj(exdist); % actually irradiance 
ezdist=ezdist. *conj( ezdist); % actually irradiance 
etdist=exdist+ezdist; 
%keyboard 
%etdist=etdist.lmax( etdist); 
%suml=sum( etdist(1 :ncenter)); 
%sumr=sum( etdist(ncenter+ I :nstufi)); 
sig(count)=(sum(etdist(1 OO:nstuff-1 00))); 
%sig={suml-sumr)/(sum1+sumr); 
count=count+ I; 
yy=etdist; 

%%%%%%%%%% Option II %%%%%%%%%%%%%%%%%%%% 

elseif option=ll; % total Power vs z 
e=exp(I); 
count=l; 
lambda=lambdaO/n; 
k=2*pillambda; 
xnmax=xmsf; 
z=le-6; 
ntimes=zdist/z; 
exnew=zeros(nstuff, 1); 
eznew=zeros(nstuff, I); 
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y=blackman( nstuff); 
y 1 =zeros(nstuff, 1); 
Y 1 (1 :ncenter )=y( 1 :ncenter); 
yl(ncenter+ l)=y(ncenter); 
y 1 (ncenter+2:nstuff)=y(ncenter+ 1 :nstuff-I); 
xn=-xnmax+delxl2:delx:xnmax-delxl2; 

for t=1 :ntimes 
%xmsf=xmsf*2; 
%delx=delx*2; 
xIng=-xmsf*t:delx*t:(xmsf-delx)*t; 
delfx= 1 /(2 *xmsf*t); 
fxmax=nstuffl( 4 *xmsf*t); 
fx=-fxmax:delfx:fxmax-delfx; 
kz=k*sqrt(I-(Iambda *fx')."2); 
asdist=as. *exp(i*kz*z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi( as); 
exidst=exdist. *y 1 ; 
exnew(l :nstuffl4)=zeros(nstuffl4, I); 
exnew(nstuffl4+ 1:3 *nstuffl4)=exdist(l :2:nstuff); 
exnew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
as=newffi( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y 1 ; 
eznew(l :nstuffl4)=zeros(nstuffl4, 1); 
eznew(nstuffl4+ 1:3 *nstuffl4)=ezdist(l :2:nstuff); 
eznew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
has=newffi( eznew); 

end; 
%exdist=newiffi( as); 
%ezdist=newiffi(has ); 
%exdist=exdist. *conj(exdist); % actually irradiance 
%ezdist=ezdist. *conj(ezdist); % actually irradiance 
%etdist=exdist+ezdist; 
fxc=fx.l2; 
pwsig=O; 
for ii=l :nstuff 

end; 

if abs( fxc(ii» >= 0.73 5/Iambda; 
pwsig=pwsig+as(ii). *conj(as(ii»; 

end; 
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%keyboard 
%etdist=etdist.lmax( etdist); 
%suml=sum( etdist{l :ncenter»; 
%sumr=sum( etdist(ncenter+ 1 :nstuft); 
%sig( count)=(sum( etdist(l OO:nstuff-1 00»); 
%sig=( suml-sumr )/( suml+sumr); 
%count=count+ 1; 
yy=pwsig; 
%keyboard 
%yy=etdist( 4096) 

%%%%%%%%%% Option 12 %%%%%%%%%%%%%%%%%%%% 

elseif option=12; % signal over specified NA 
na=0.45; 
e=exp(1); 
count=l; 
lambda=lambdaO/n; 
k=2 * pillambda; 
xnmax=xmsf; 
z=le-6; 
ntimes=zdist/z; 
exnew=zeros(nstuff, 1); . 
eznew=zeros(nstuff, 1); 
y=blackman(nstuft); 
y 1 =zeros( nstuff, 1); 
Y 1 (1 : ncenter )=y( 1 : ncenter); 
y 1 (ncenter+ 1 )=y(ncenter); 
y 1 (ncenter+2: nstuft)=y( ncenter+ 1 :nstuff-l); 
xn=-xnmax+delxl2:delx:xnmax-delxl2; 

for t=1 :ntimes-l 
%xmsf=xmsf*2; 
%delx=delx*2; 
xlng=-xmsf*t:delx*t:(xmsf-delx)*t; 
delfx= 1 1(2 *xmsf*t); 
fxmax=nstuffl( 4 *xmsf*t); 
fx=-fxmax:delfx:fxmax-delfx; 
kz=k*sqrt(I-(lambda*fx')."2); 
asdist=as. *exp(i*kz*z); 
hasdist=has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi(as); 
exidst=exdist. *y 1; 
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end; 

exnew(l :nstuffl4)=zeros(nstuffl4, 1); 
exnew(nstuffl4+ 1:3 *nstuffl4)=exdist(1 :2:nstuff); 
exnew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
as=newffi(exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *yl; 
eznew(l :nstuffl4)=zeros(nstuffl4, 1); 
eznew(nstuffl4+ 1 :3*nstuffl4)=ezdist(1 :2:nstuff); 
eznew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
has=newffi( eznew); 

fxco=na/lambdaO; 
rect=zeros(nstuff, 1); 
xIng=-xmsf'l't: delx*t: (xmsf-delx)*t; 
delfx= 1/(2 *xmsf'l't); 
fxrnax=nstuffl(4*xmsf'l't); 
fx=-fxrnax:delfx:fxrnax-delfx; 
for ii=l :nstuff 

if (abs(fx(ii))<fxco) 
rect(ii)= 1 ; 

end 
end 
kz=k*sqrt(I-(Jambda*fx').1\2); 
asdist=rect. *as. *exp(i*kz*z); 
hasdist=rect. *has. *exp(i*kz*z); 
as=asdist; 
exdist=newiffi( as); 
exidst=exdist. *yl; 
exnew(l :nstuffl4)=zeros(nstuffl4, 1); 
exnew(nstuffl4+ 1:3 *nstuffl4)=exdist(l :2:nstuff); 
exnew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
as=newffi( exnew); 
has=hasdist; 
ezdist=newiffi(has ); 
ezdist=ezdist. *y 1; 
eznew(l :nstuffl4)=zeros(nstuffl4, 1); 
eznew(nstuffl4+ 1 :3*nstuffl4)=ezdist(1 :2:nstuff); 
eznew(3 *nstuffl4+ 1 :nstuff)=zeros(nstuffl4, 1); 
has=newffi( eznew); 

exdist=newiffi( as); 
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end; 
end; 

ezdist=newifR(has ); 
exdist=exdist. *conj( exdist); % actually irradiance 
ezdist=ezdist. *conj( ezdist); % actually irradiance 
etdist=exdist+ezdist; 
%keyboard 
%etdist=etdist./max( etdist); 
%suml=sum( etdist(1 :ncenter»; 
%surru=sum( etdist(ncenter+ 1 :nstuff); 
sig( count)=(sum( etdist(1 OO:nstuff-l 00»); 
%sig=(suml-sumr)/(suml+sumr); 
count=count+ 1; 
yy=sig; 
%keyboard 
%yy=etdist( 4096) 
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B.3 FD-thermal code 



PROGRAM FD FOR TEMP - -

c***************************************************** 
c Program to calculate steady state temperature distribution 
c By JLK 10/14/94 
c***************************************************** 

PA.RM.1ETER 
PA.RM.1ETER 
PA.RM.1ETER 
PA.RM.1ETER 

( max_k = 300, maxj = 3000) 
( Troom = 300.0 ) 
(dz = 1.0E-9) 
(Conv =1.0E-17) 

REAL 
REAL 
REAL 
REAL 
REAL 

T (max_k,maxj) 

ICount =0 
kl=142 
jl=1500 

Told (max_k,maxj) 
Alpha (max_k,maxj) 
ERR 
ERSUM 

OPEN{l,FILE='POUTN') 
OPEN(2,FILE='THIST') 
OPEN(3,FILE='TOUT') 

c***************************************************** 
c Read in Pabs from FDTD code 
c***************************·************************* 

DO 100 j=l,maxj 
DO 100 k=l,max_k 

READ ( 1, * ,END=200) Alpha(k,j) 
Alpha(k,j)=( dz* *2)* ABS(Alpha(kj» 
T(kj)=Troom 

100 CONTINUE 
CLOSE{l) 
REWIND(l) 

200 CONTINUE 
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c***************************************************** 
c Main loop of code-iterates until convergence is reached 
c****************************************************** 

SOO CONTINUE 
ERSUM=O ,-< 

DO 600 j = 1, maxj 
DO 600 k = 1,max_k 
Told(k,j)=T(k,j) 

600 CONTINUE 
DO 700 j=2,maxj-1 
DO 700 k=2,max_k-1 
T(k,j)=(0.2S)*(AJpha(k,j)+T(k,j+ 1 )+T(k,j-1) 

% +T(k+1,j)+T(k-1,j)) 
c write(6, *) T(k,j) 
700 CONTINUE 

DO 7S0 j=l,maxj 
T(1,j)=TROOM 
T(max_k,j)=TROOM 

7S0 CONTINUE 
DO 760 k=l,max_k 

T(k, 1 )=TROOM 
T(k,maxj)=TROOM 

760 CONTINUE 
DO 800 j=l,maxj 
DO 800 k=l,max_k 
ERSUM=(T(k,j)-Told(k,j))**2+ERSUM 

800 CONTINUE 
ERR=SQRT(ERSUM/(maxj*max_k)) 
icount=icount+ 1 
IF ( INT(icountIlE2) .NE. INT((icount+ 1)/lE2)) THEN 

write(2, *) T(kl,j 1) 
END IF 
IF (ERR .GE. CONV .AND. icount .LE. 1ES) GOTO SOO 

CLOSE(2) 
REWIND(2) 
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c***************************************************** 
c Output data 
c***************************************************** 

DO 900 j=750,2250 
DO 900 k.=75,225 

write(3, *) T(k,j) 
900 CONTINUE 

STOP 
END 
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