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ABSTRACT 

This work describes a study of the propagation properties of a modified 

surface plasmon mode. and of the coupling properties of that mode using a grating 

coupler. The surface plasmon. a polariton involving coupling of electromagnetic 

waves to the plasma oscillations of a metal. is modified by the application of a 

dielectric overlayer to the interface between the metal and air. In the far infrared 

region of the electromagnetic spectrum. the overlayer causes dramatic changes in 

several properties of the mode. which can be verified by measuring the propagation 

length of the mode. Measurements at a wavelength of 118.8 /Lm of the propagation 

length as a function of the thickness of a polycrystaIline silicon overlayer on silver 

showed that the mode has the expected properties. They also indicated that the 

Drude model of the dielectric function of the silver is valid at 118.8 /Lm. even when 

using established Drude parameters. which are based on measurements in the visible 

and near infrared region of the electromagnetic spectrum. The coupling study 

measured the fundamental coupling parameters. also at a wavelength of 118.8 /Lm. 

for coupling via a grating between free-space waves and the surface plasmon. and 

measured the effect of the overlayer on these parameters. Efficient coupling was 

achieved. but a theoretical treatment of the coupling system proved to be beyond the 

scope of first-order grating-coupler theory. This was true despite the fact that the 

grating amplitude was a small fraction of the wavelength. a common criterion for the 

application of such a theory. Several possible reasons for the breakdown of the 

theory were considered. but definite answers require additional experiments. The 

most prominent possibilities are the shape factor. and the depth of the grating 

xi 
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compared to the penetration depth of the fields into the metal. Though not all the 

data is completely explained. the studies herein demonstrate that the overlayer 

eliminates many of the deficiencies which limit the generation and control of far

infrared surface plasmons. 



CHAPTER 1 

INTRODUCTION 

In the near-millimeter spectral region. little work has been done in the 

investigation of waveguide modes and their properties. Processing and manipulation 

of electromagnetic radiation in this region is desirable because of atmospheric 

windows (Johnston and Burch. 1967). yet it remains largely unexploited because of 

the scarcity of dielectrics with sufficiently low absorption coefficients. Surface 

plasmon polaritons guided by metal surfaces offer a possible approach to far-infrared 

communications because of their very long propagation distances (McMullen. 1975; 

Koteles and McNeill. 1981). However. metals themselves are extremely lossy. and the 

propagation distances are long only because nearly all of the mode's energy is 

contained in the air above the metal. This fact is due to the high dielectric constant 

of the metal. which also causes the surface plasmon to be highly delocalized from. 

and poorly bound to the metal surface. These last two effects are detrimental to 

attempts to manipulate the radiation. and in concert they severely compromise the 

advantages of the long propagation length. In this dissertation. we investigate the 

properties of surface plasmons. at a wavelength of 118.8 p.m. that have been 

modified by the application of a dielectric overlayer to the metal surface. The 

presence of the overlayer results in a substantial improvement in the characteristics 

of mode. 

This dissertation is organized as follows: The rei event electromagnetic theory 

for the surface plasmon is presented in Chapter 2. Included is a treatment of the 
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optical properties of metals known as the Drude model. required because the metal is 

the primary determinant of the surface plasmon properties (the sole determinant in 

the case of a bare metal surface). The theory that describes the overcoated mode is 

given as well. Chapter 3 is a detailed discussion of the equipment used for the 

experiments. Chapter 4 concerns the details of the fabrication of the samples. which 

were silicon wafers deposited with optically thick silver films and overcoated with 

silicon. Gratings were etched into the substrate to serve as couplers. The subject of 

the next two chapters is the experiments that were performed: Chapter 5 discusses 

measurements of the propagation distance of the overcoated mode. The behavior of 

the propagation distance with increasing coating thickness is a key prediction of the 

overcoated mode equations. A detailed study of the coupling process is discussed in 

Chapter 6. in which the fundamental properties of the grating couplers were 

measured. again as a function of the overlayer thickness. The coupling theory which 

is applicable is given in the theory section of that chapter. Finally. the last chapter 

concludes the dissertation. with a review of results and a discussion of future work. 

The "delocalization" of the surface plasmon is described by the exponential 

decay of the fields away from the interface. The distance is properly expressed as 

the point where the field amplitudes have dropped to e-1 of their value at the 

surface. and is often expressed in wavelengths. For a far-infrared surface plasmon 

at the surface of a noble metal. the characteristic penetration depth into the air is 

several hundred wavelengths. This situation is analogous to an optical waveguide 

operating very near cutoff. and is associated with a weakly bound wave. 

The cause of poor binding of the mode to the surface requires a more 

detailed explanation of the properties of the surface plasmon. which is provided in 
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Chapter 2. However. the effects of poor binding are that the mode will scatter into 

an unbound (radiative) electromagnetic wave even on a surface that appears 

macroscopically smooth. Since this may be viewed as a loss mechanism. the actual 

propagation distance of the mode is limited by this phenomenon. A more 

troublesome manifestation of the same property occurs when the surface plasmon is 

generated via coupling with a free-propagating beam. Transverse coupling methods 

(attenuated total reflection or "A TR") rely on matching the parallel propagation 

vector of the incident beam with the wavevector (/3) of the guided wave. This 

requires increasing the k-vector of the incident beam to match that of the guided 

wave. However. the surface plasmon in the far-infrared has a {J which is less than 

one part in 105 larger than ko• owing again to the high dielectric constant of the 

metal. This difference is too small to assure sole excitation of the surface plasmon. 

As a consequence. a bulk wave which travels parallel to the surface is co-generated 

with the surface plasma wave. Because of the frequency. k-vector. and spatial 

overlap of the two beams. it is extremely difficult to experimentally remove this bulk 

"surface skimming" mode. and results attributed to the surface plasmon may in fact 

be characteristics of the bulk wave (Koteles and MacNeill. 1981). Finally. the poor 

field confinement prevents efficient coupling to the surface plasmon. The most 

successful coupling method to date was achieved with a grating. with a quoted 

efficiency of 5% (Seymour. Krupczak Jr. and Stegeman. 1984). 

The properties of the far-infrared surface plasmon change considerably if a 

thick-film dielectric overlayer is applied to the metal surface. It is well known that 

the lowest order TM mode of a dielectric waveguide with one metal boundary 

reduces to a surface plasmon as the dielectric thickness approaches zero (Otto and 



4 

Sohler. 1971; Polky and Mitchell. 1974; Schlesinger and Sievers. 1980). The 

overcoated mode utilized in our experiments is the same mode. in the film thickness 

region (t«h/2nr) where no other waveguide modes are supported. The changes in 

the properties are a consequence of the shift in {3 induced by the dielectric film. 

Most of the initial experiments on the overcoated mode in the far infrared 

were concerned with thin film overlayers such as an oxide layer (Bryan. Begley. 

Bhasin. Alexander. Bell and Gerson. 1976; Bhasin. Bryan. Alexander and Bell. J. 976; 

Zhizhin. Moskaleva. Shomina and Yakovlev. 1976). The theory developed for these 

cases focused on the frequency dispersion of the surface plasmon. and thickness

dependent parameters were evaluated in the small-thickness limit (Ward. Bell. 

Alexander. Kovener and Tyler. 1974; Ward. Bhasin. Bell. Alexander and Tyler. 1975; 

Bell. Alexander. Ward and Tyler. 1975). In measurements involving thick films. 

disagreement with theory was interpreted as arising from surface roughness 

(Schlesinger. Webb and Sievers. 1981). The comparison with theory was improved 

with an exact solution of the overcoated mode (Stegeman and Seymour. 1982). With 

this solution. which rigorously satisfies the electromagnetic boundary conditions at 

both film interfaces. it was recognized that the induced perturbation could provide a 

more useful surface plasmon mode (Seymour and Stegeman. 1983). 

The exact formulation predicts that the presence of a high-dielectric 

overcoating of only a few percent of the wavelength can perturb {3 sufficiently to 

reduce the penetration depth into the air by two orders of magnitude. The short 

penetration distance into the air should vastly improve the efficiency of A TR 

coupling methods. as the field would be well-localized to. and greatly enhanced at. 

the metal surface. This field enhancement suggests using a grating coupler 



5 

(Seymour. Koteles and Stegeman. 1982). and efficient coupling has been demonstrated 

with such a technique using the overcoated mode (Seymour. Krupczak Jr. and 

Stegeman. 1984). Furthermore because of the perturbation of 13 away from the light

line. the mode will not easily scatter into a bulk wave. The surface-skimming mode 

can also be eliminated as a result of this perturbation. 

The cost of these improvements is a substantial reduction in the propagation 

distance of the mode. due to the increased percentage of energy carried by the lossy 

metal. Therefore. in order to reap the benefits of the overcoated mode. it is 

necessary to determine if there can be a satisfactory trade-off between the 

propagation distance and field localization. The first experiment discussed in this 

dissertation (Chapter 5) was designed to provide definitive measurements to answer 

this question. and to illuminate the features of the overcoated mode. In the process. 

the Drude model of the metal dielectric constant was examined with regard to its 

applicability at the low frequencies of these measurements. The ID.ode was found to 

behave according to the field equations that describe it. and good agreement was 

obtained using the Drude model. 

The study of the grating couplers (Chapter 6) was performed in order to 

augment the measurements of Chapter 5 and to more fully investigate the effects 

seen in the earlier work (Seymour. Krupczak. Jr. and Stegeman. 1984; Seymour. 

Koteles and Stegeman. 1982). The frequency regime and the properties of metals at 

these frequencies places the coupling measurements in a region that is unexplored 

from the viewpoint of "optical" waveguide techniques. As such. the first-order 

grating theories which assume small-amplitude corrugations are subjected to a new 

limit. in which the corrugation is small compared to the wavelength. but large 



compared to the skin-depth of the metal. The experimental results clearly indicate 

that the first-order theories are inadequate in this regime. 

6 

The present experiments realized a substantial improvement over previous 

overcoated-mode experiments by the use of silicon as the overcoating material. The 

list of low-loss dielectrics in the far infrared is extremely short; there are presently 

only four polymers and five other compounds (mostly intrinsic semiconductors) with 

bulk absorption coefficients below 5 em-I (Chantry. Fleming. Smith. Cudby and 

Willis. 1971; Loewenstein. Smith and Morgan. 1973; Passchier. Honijk. Mandel. and 

Afsar. 1977). Of these. by far the lowest is silicon at S!0.5 em-I. and since it has the 

second highest refractive index (Passchier. Honijk. Mandel. and Afsar. 1977) it stands 

out as the best material for use as an overcoating. A high index causes strong 

perturbations in f3 at relatively small thicknesses. In previous studies of the 

overcoated mode (Seymour. Krupczak. Jr. and Stegeman. 1984). polyethylene was 

used as the overlayer. with a refractive index of approximately 1.5. A silicon 

overlayer of a given thickness has roughly the same perturbative effect as a polymer 

film of greater than twice the thickness. and has far lower absorption. Our 

measurements were made on samples with coating thicknesses of between 2 /lm and 

5/lm. 

The chemical-vapor deposition of the silicon onto the samples at elevated 

temperatures provided high quality intrinsic silicon films. but required that a cap 

layer of silicon nitride be deposited on the metal surface prior to the CVD process to 

prevent the diffusion of the of the silver into the silicon. Because of its extreme 

thinness (130 A). this layer was ignored in the analysis of the results. The 

absorption coefficient may be much higher. but the amount of energy in the film is 

negligible. 



The chapters that follow contain the necessary information for the 

comprehension. and reproduction. of the results that were obtained. In the 

experiments discussed in this dissertation. the overcoated surface plasmon mode was 

subjected to a set of controlled conditions. providing definitive illustration of the 

propagation and coupling properties of the mode. Although additional work is 

needed in order to determine its technological utility. for future communications 

applications. it is unlikely that surface plasmons could be utilized in the far infrared 

without a dielectric overcoating. 

7 



CHAPTER 2 

THEORY 

This chapter presents the necessary electromagnetic theory to quantitatively 

understand the mode being studied. First. Maxwell's equations are given. along with 

the assumptions that are appropriate for this application. and the surface plasmon 

mode equations are developed. Next the Drude model. which describes the optical 

properties of metals. is presented and incorporated into the surface plasmon 

, equations. After examining the behavior of the bare-metal surface plasmon in the 

low-frequency limit. the overcoated mode is presented. 

Maxwell's Equations 

The fundamental equations which describe electromagnetic fields are 

Maxwell's equations. which relate the electric field E. the displacement field D. the 

magnetic field H. and the magnetic induction B. In this dissertation. MKS units will 

be used throughout. The equations are as follows (Lorrain and Corson. 1970) 

.. 
V·D .. Pr 

.. 
V·B ... 0 

.. 
VXE + aB _ 0 

at 

.. .. aD .. 
VxH - - - J r at 

8 

(2.1) 

(2.2) 

(2.3) 

(2.4) 
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where Pr and :ir are free charge and current. respectively. In general. all the terms 

(except t and Pr) are vector quantities. There are two corollary relationships. 

(2.5) 

and 
(2.6) 

where P is the electric polarization. M is the magnetization. fo is the permittivity of 

free space. and Jlo is the permeability of free space. We are dealing with non-

.. 
magnetic materials. for which M-O. and with situations in which there are no free 

charges present. so that Pr and :ir are both zero. Moreover. we will be concerned 

only with fields that vary with time harmonically with a single frequency w. so that 

.... .. 
the time derivative of a field V is iwV. The quantity P contains the optical 

.. 
properties of media (when M-O). and it is usually proportional to the electric field 

(linear optics) with a constant of proportionality of foX. so that 

(2.7) 

where f ( -1+X) is called the "relative permittivity" or the (relative) "dielectric 

constant" of the medium. We will use the latter term. even though it is not strictly a 

constant. The frequency and spatial dependence of this term determines how 

electromagnetic fields interact with matter. 

The previous equations can be combined to yield a wave equation which 

predicts a propagating electromagnetic wave. Taking the curl of Eq (2.3) and 

substituting Eq.(2.6). Eq.(2.4). and Eq. (2.5) with M-O. we have the result that for a 

linear. homogeneous. isotropic medium. 
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(2.8) 

With no sources present, this reduces to the homogeneous wave equation 

(2.9) 

which is further reduced, using Eqs.(2.5) and (2.7), to the usual form 

(2.10) 

Guided Waves 

An important class of solutions to Eq.(2.l0) represents guided waves, wherein 

energy can be confined over long distances to transverse regions on the order of X2 

in area, with correspondingly high electric fields. The confinement allows the 

energy to be transported in a controlled low-loss manner, a characteristic useful for 

communications, and signal processing in genera\. The high fields of the guided 

wave increase the interaction between the electromagnetic wave and the matter that 

it is passing through. This is exploited in non-linear experiments, where high fields 

are essential, and where the long interaction length that the mode provides is an 

added benefit. Surface studies are another application of guided waves, where the 

surface-altered dielectric properties of the material may be revealed by the guided-

wave mode. 

An important property of a guided wave is that the fields are bounded in one 

or more directions perpendicular to the propagation direction. (There may also be a 

loss or attenuation term which limits the propagation distance.) The region to which 

the wave is confined is the "waveguide," and the region in which the field amplitude 
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decays away is called (depending on the particular geometry) the substrate, the 

cladding, or simply the bounding media. The mathematical form which guarantees 

confinement is an exponential decay of the fundamental field amplitudes (electric and 

magnetic) as a function of distance into the bounding media. The fundamental 

property of a guided wave is that the wavevector parallel to the direction of 

propagation (denoted by 13) is larger than the wavevector of a plane wave 

propagating in any of the bounding media. This condition guarantees that the 

electric field will decay exponentially in the bounding media: in the bounding media 

the wave is "evanescent." Examples of optical waveguides are fibers and thin film 

waveguides. 

Surface Plasmon Equations 

For a "surface-guided" wave the region to which the mode is confined is an 

interface. In this case, all of the energy of the wave is contained in the bounding 

media. where the fields are evanescent. This is not at all incompatible with the 

concept of an electromagnetic wave, since the mode propagates along the interface 

with a well-defined 13 and with a single field in each medium. We can show the 

features of this mode by proposing a solution which fits the criteria and investigating 

the necessary conditions for it to exist. The geometry for this discussion is shown in 

Figure 2.1. The interface is in the xy-plane, and the mode is travelling from left to 

right. The media are assumed to be optically isotropic and we neglect spatial 

dispersion. The media are also assumed to be non-magnetic. so that P-a and P-b' the 

relative magnetic impermeabilities. are set equal to one. For convenience we will 

propose as the fundamental field a magnetic field polarized in the y-direction: 
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Ii -lCrMexp[i(wt-/3x)+o:z] (2.lla) 

satisfying the homogeneous wave equation if 

(2.11 b) 

Ii - lCrMexp[i(wt-/3x)-"(Z] (2.l2a) 

satisfying the homogeneous wave equation if 

(2.l2b) 

Continuity of the tangential magnetic field at the interface is assured by the 

form assumed for the solutions. From Eqs. (2.4) and (2.7) (with i .. O). 

(2.13a) 

(2.13b) 

and continuity of Ex requires that 

(2.14) 

At frequencies for which fa or fb is negative. Eq.(2.14) can be satisfied. Let 

us choose fa to be negative; the terminology is to call na the "active medium." The 

assumption of optical isotropy allows any solution of the wave equation to be 

decomposed into two sets. transverse-electric (TE) and transverse-magnetic (TM). 

The wave we have proposed is a TM-mode since the magnetic field is completely 

polarized perpendicular to the propagation direction. It can easily be shown that for 

a TE-mode to exist requires that 0:2 - -12• in violation of the initial assumption that 

both of the decay parameters 0: and 1 have positive real components. Therefore the 
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Figure 2.1. The geometry for the surface plasmon. The lower medium is the "active" 
medium, with a negative dielectric constant. The arrows point to a representation of 
the electric field strength of the surface-guided wave. 
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surface-guided wave is always a TM wave (unless the media have unequal magnetic 

permeabilities). 

Squaring Eq.(2.14) and substituting the relations for r:r.2 and 'Y2 from Eqs. 

(2.11 b) and (2.12b). one obtains the dispersion relation 

where ko - ~ c 

for the propagation wavevector {3. The phase velocity of the mode is given by 

w v. (3 • 

The requirement that {3 be primarily real gives 

(2.15) 

(2.16) 

The very important property caused by the condition {3 > ko is that the surface 

plasmon cannot directly couple into bulk waves in air. nor vice versa. The phase 

velocity of the surface plasmon is slower than the bulk wave of the same frequency. 

In order to allow coupling to occur. the wavevector of the bulk wave must be 

increased to allow phase-matching between the two modes. This subject will be 

treated in detail in Chapter 6. where an experimental study of the coupling 

properties is discussed. 

Properties of Metals (The Drude Model) 

We have seen that the surface-guided wave can exist when one of the 

bounding media has a dielectric constant with a negative real part. This can occur 

in polar solids in the frequency range between the transverse optical phonon 

frequency Woro and the longitudinal optical phonon frequency ~o • the region of 
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anomalous dispersion. It also occurs in metals (in which Woro-.o and 

wLO corresponds to the plasma oscillation frequency) in the corresponding frequency 

range. The surface-guided wave at a metal-dielectric interface is called a surface 

plasmon. which is the mode of interest for this dissertation. 

The optical properties of metals are determined almost solely by the 

conduction electrons. In a good metal. approximately one electron per atom is 

contributed to the conduction band where it becomes almost completely delocalized 

from its parent atom. These electrons form what is usually called an electron gas. 

which acts to shield the atoms with their remaining electrons from applied 

electromagnetic fields. These "conduction" electrons are displaced by an applied 

electromagnetic field. We write the incident field as 

E - ! Eincexp[i(wt-kx)] + c.c. (2.18) 

The electron displacement q is assumed to be parallel to the electric field. with an 

amplitude Q; 

q - ! Qexp[i(wt-kx)] + c.c .• (2.19) 

and is governed by the force balance equation 

• [~ ( l)!&] E m at2 + '1 at ID e inc (2.20) 

where m* is the electron effective mass and T is called the Drude relaxation time. 

(1 represents the mean free lifetime of the conduction electrons.) Solving Eq.(2.20) 

gives 
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(2.21) 

and the induced macroscopic polarization P - NeQ. is 

(2.22) 

where N is the number of conduction electrons per unit volume. This last equation 

identifies the quantity foX preceding Eq.(2.7). Therefore. utilizing Eqs. (2.5) and 

(2.7). the dielectric constant of the metal is given by 

(2.23) 

with 
(2.24) 

The parameter wp is called the plasma resonance frequency and corresponds 

to wLO in a polar solid since the real part of the dielectric constant approximately 

vanishes when W - wp' We identify the metal refractive index. nm • as 

(2.25) 

This theory (the Drude or "nearly-free electron" model; Drude. 1900) tells us 

that the dielectric constant of a metal will be negative at frequencies below wp. 

which is in the visible or the near-uv spectral region for the noble metals. From 

Eq.(2.17). surface plasmons can exist at all frequencies below wp/JI+n. The strong 

dependence of fm on frequency (Eq.(2.24)) implies that the surface plasmon 

wavevector (3 is also frequency dependent. We can separate Eq.(2.23) into real and 
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imaginary components. 

-;m - E'm + iE"m (2.26) 

where 
(2.27) 

and 
(2.28) 

In the low frequency (far-infrared) region. where (Wp/W)2 » I (simplifying Eq.(2.27». 

and in the limit PR » PI' 

(2.29) 

The variation of PR with frequency is shown in Figure 2.2. An imaginary 

component of P results in a finite propagation length for the surface plasmon. In 

fact Figure 2.2 shows only one slice of the total local dispersion relation. one for 

which W is taken as real and k as a complex quantity (Boardman. 1982; Ritchie. 

Hamm. Williams and Arakawa. 1977; Kuwarama. Yokota. Fukui and Tada. 1982). 

Let us examine the behavior of the tranverse decay coefficients a: and 'Y with 

decreasing frequency. For wp » w. (from Eqs. (2.11b). (2.12b). (2.14). and (2.27». 

(2.30) 

and 
(2.31) 

For W~T. the field penetration in the metal remains approximately constant. 

whereas the penetration distance into the dielectric increases with decreasing 
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Figure 2.2. The frequency dispersion of a surface plasmon. At large k, the frequency 
approaches an asysmptotic limit. Shown is the classic case of a metal-air interface, for 

which the limit is wp/-I2. At low frequencies the dispersion relation approaches that of 

a plane wave in the upper medium. Another solution (not shown) exists above the light 
line. That mode is not bound to the surface (Brewster mode). 
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frequency. For W<T, the field penetration in the metal decreases with frequency 

(typically 300-500 angstroms in the far infrared), and the penetration into the 

dielectric still increases with frequency. In both situations, this is indicative of 

progressively weaker coupling between the electromagnetic field and the electron gas. 

As the mode becomes more weakly bound to the interface, the wavevector {3 

approaches that of a freely propagating plane wave in medium nb' and the field 

there becomes more plane wave in character. The propagation distance increases 

because the fraction of the energy carried by the metal, the dissipative medium, 

decreases as the frequency decreases. 

W-+O: The Far Infrared 

At far-infrared frequencies the surface plasmon becomes so photon-like that 

it has very poor guided-wave properties. The exponential tail into the air extends 

many hundreds of wavelengths, and the fraction of the energy in the metal becomes 

vanishingly small. This results in extremely long propagation lengths, but they 

cannot be exploited because the weak binding allows radiative scattering of the wave 

to become the dominant loss mechanism. From an experimental point of view, the 

delocalization occurring in the far-infrared causes the surface plasmon to be 

extremely difficult to control. The near match of wave-vector between a bulk wave 

in the upper medium and the surface plasmon means that it is very difficult to 

selectively excite a surface plasma wave. The slightest angular spread in the 

excitation field results in a portion of it propagating along the interface in the form 

of a radiation field. This "surface-skimming" wave effectively shares the same 

wavevector and spatial distribution as the surface plasmon, making it virtually 

impossible to eliminate. 
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Overcoated Surface Plasmon Mode 

The properties of the surface plasmon are altered by the presence of a 

dielectric overlayer. These changes are most dramatic in the far infrared where {3 is 

so close to the light line. The changes in the properties are a consequence of the 

shift in {3 induced by the dielectric film. The analysis of the mode is a two-

boundary problem. where the index of the dielectric film is higher than that of the 

upper medium (Stegeman and Seymour. 1982). Although the upper medium is 

assumed to be air in the text. for generality the equations will retain an arbitrary 

index for the upper medium. Referring to the geometry shown in Figure 2.3. the 

fundamental field is again a y-polarized magnetic field: 

air: 

film: 

metal: 

.. '" H - jCTM exp [i(wt-{3x) + <l:1(z+h)] 

<l:12 _ (32 - n12ko
2 

.. ,.. 
H - jCrM exp[i(wt-{3x)][A +exp(i<l:2z) + A -exp(-i<l:2z)] 

~2 _ n22ko
2 - (32 (-h>z>0) 

.. '" H I!I jCTM Asexp[i(wt-{3x) - <l:sz] 

<l:S2 _ (32 - ns2ko
2 

From the continuity of fly and Ex at the air-film interface. 

A + - -21 [1 -i <l:ln2:]eXP(i<l:2h) 
<l:2n l 

and from the continuity of Hy at the film-metal interface. 

(z<-h) (2.32a) 

(2.32b) 

(2.33a) 

(2.33b) 

(z>O) (2. 34a) 

(2.34b) 

(2.35) 

(2.36) 
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(2.37) 

from which the dispersion relation is derived: 

(2.38) 

The subscript "c" refers to trigonometric functions with complex arguments. 

The value of CTM which normalizes the power to one watt per unit width in 

the y-direction is 

(2.39) 

where 

where 

0: .. - 0:. - 0:.* J.I J J (2.40) 

All of the preceding equations are valid when the refractive indices are complex. 

The dispersion relation may be solved numerically to produce a solution for {3. 

the complex wavevector. The penetration depths. propagation length. and coupling 

angle are then calculated from {3. The effect of the overlayer is to perturb {3R to a 

larger value. This shift is generally small (0.1-10% of ko). but even very small shifts 

in {3 produce large relative changes in 0:1' because 0:12 is the difference between {32 

and nlko2. The increase in 0:1 results in a much shorter field penetration into the 
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Figure 2.3. The geometry of the overcoated surface plasmon mode. 
for which n1<n2• occupies the region -h<z<O. The overcoated surface 
exponentially from the interfaces in the regions z<-h and z>O. 

The dielectric film. 
plasmon fields decay 

tv 
tv 



23 

air. Figure 2.4 shows how dramatic the change in OIl is. The plot shows the 

penetration distance (1/011) into air as a function of film thickness for a silicon 

overlayer (n-3.418). The addition of less than 1 p.m of silicon reduces the 

penetration distance to well under 1 mm. This is an amplitude-coefficient; the 

energy penetrates only half as far. Figures 2.5 and 2.6 show the behavior of PR and 

PI as a function of overlayer thickness. also for silicon. The perturbation of {3R to 

larger values is the effect that eliminates the surface-skimming wave. 

{3I is usually represented by the propagation constant 01 (not to be confused 

with the OIj which are the evanescent field decay parameters). It represents the lIe 

propagation distance of the Poynting vector (signifying the energy propagation 

length). Recall that without the overcoating. the propagation distance is very large. 

on the order of meters; the tradeoff of an improved localization and boundedness is 

the reduction in the distance that the surface plasmon will propagate. We will see 

in the course of this dissertation that the properties of the overcoated mode more 

than compensate for the increase in the attenuation coefficient. 
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CHAPTER 3 

EXPERIMENTAL SETUP 

The apparatus used in the experimental work consisted of three major parts: 

The laser and associated electronics. the mechanical assembly for controlling the 

sample. and the optics. detectors and electronics for controlling and detecting the 

radiation. The laser provided a stable source of radiation at a single wavelength 

(118.8 p.m) for the experiment. This radiation was aligned. collimated and directed 

onto a grating which formed the input coupler of a surface plasmon waveguide. 

After propagation through the waveguide. the beam was decoupled and detected by a 

pyroelectric detector. The signal was sent to a lock-in amplifier whose output was 

recorded on a strip-chart recorder. 

The source was an Apollo model 120 far-infrared (FIR) laser with cavity

stabilization electronics. This laser consisted of a 1.5 m plane-parallel Fabry-Perot 

cavity filled with low-pressure methanol vapor. pumped by a CO2 flowing-gas laser. 

The 9P36 line of the CO2 laser excited a rotational transition (v8 band. 15(0.2.7» in the 

methanol vapor (Butler. 1983). The system was designed for. and was used at the 

118.8 p.m line (2530 GHz). one of the strongest far infrared transitions. and was run 

in "continuous-wave" operation. The output was linearly polarized. in a direction 

perpendicular to the polarization of the pump beam. 

The stabilization system used two PZT drivers (one per cavity) which 

modulated the length of the cavities. A 16 Hz sinusoidal voltage was applied to the 

PZT on the CO2 laser cavity. and a 40 Hz signal was applied to the PZT on the 

27 
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methanol laser cavity. The modulation of the cavities' lengths modulated the output 

power of the lasers by tuning around the peak of the cavities' resonance condition. 

The FIR laser power was modulated once by the modulation of the pump beam. and 

a second time by the PZT connected to the cavity. A beamsplitter was used to 

direct a portion of the doubly-modulated FIR signal to a pyroelectric detector. and 

the output was fed back to the stabilization electronics. The stabilization circuitry 

determined the appropriate d.c. voltage to apply to both drivers to keep the 

disturbance signals 90° out of phase with the feedback. holding the desired line and 

maintaining maximum output power from each cavity. A motor-driven linkage 

provided manual adjustment of the cavity length to compensate for the finite range 

of the PZT. 

The methanol cavity had plane-parallel mirrors with a 2 mm hole in one 

mirror to admit the CO2 pump beam. and a I cm diameter partial-reflector in the 

other mirror as an output coupler for the 1 18.8 p,m radiation. The beam that the 

laser provided was not a TEMoo mode. The laser lased only on points along a ring 

in the plane of the output coupler. a shape it assumed because it duplicated that of 

the pump beam. and because of the hole in one of the end mirrors. In general one 

or more spots on the ring would lase. with a residual of power in the rest of the 

ring. The longitudinal line that was used for the experiments was a single well-' 

defined "hot spot." located near the edge of the output coupler. that contained nearly 

all of the total output power. In the near-field the intensity profile was slightly 

elliptical in shape. with the major axis 45° to the vertical. The residual power in the 

ring was blocked at the output coupler. The resulting laser beam had the following 

characteristics: the near-field pattern was a single spot. slightly vertically elongated. 



29 

with diameter of 2 ± 1/2 mm. The beam radiated from a position approximately 

3 mm from the center of the 1.0 em output coupler. and contained a power of 

3-4 m W. The power was measured with a Scientech model 362 power meter. which 

uses a thermopile detector. It has been shown to be effective at sub-millimeter 

wavelengths. using the appropriate calibration factors (Foote. Hodges and Dyson. 

1981). 

The remainder of the layout on the optical table served to direct the beam 

onto the sample. in a form suitable for coupling into the grating. In particular this 

meant that the beam had to have the correct polarization. diameter. phase front and 

alignment when it reached the input coupler. Figure 3.1 is a diagram of the layout. 

which sat on a 4'xI0' optical table. 

It was necessary to split off a portion of the laser beam to serve as a 

reference for removing laser power fluctuations; the "test" signal was divided by the 

reference signal with a ratiometer. For greater experimental precision it was 

desireable that the ratio of test to reference power stay constant on a day-to-day 

time scale. Since submillimeter radiation is strongly absorbed by water vapor. the 

ratio would change with room humidity if the two optical paths were different in 

length. The signal at the sample and at the reference detector obey the following 

relations: 

Irer oc exp[ -Cl:h L1] 

Isignal ex exp[ -Cl:h~] 

(3.1) 

(3.2) 

where Cl:h is an absorption coefficient due to water vapor. and Ll and ~ are the 

lengths of the reference and signal arms respectively. Therefore 
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(3.3) 

and the ratio is independent of the room humidity only if ~ - L1• If ~ - L1• then 

the constancy of the ratio can be used to detect changes in the laser mode or the 

alignment of the set-up. 
I 

The beam in the arm containing the waveguide required some optics between 

the laser output coupler and the waveguide in order to have the appropriate beam 

diameter and phase front for coupling. This was done with two simple lenses of 

TPX (poly 4-methyl-I-pentene). a polymer which transmits in the far infrared and in 

the visible. Both were identical plano-convex. SO em f.l. FIIO, mounted with the 

plano sides facing each other to minimize spherical aberration. The lenses were 

positioned so as to image the plane of the output coupler onto the grating. This 

minimized the effects of diffraction at the output coupler. and presented a smooth 

phase front to the grating. A "4F' configuration was used, in which the object-to-

image distance is four focal lengths and the inter-element separation is 2F. In 

addition to imaging the portion of the beam that was diffracted by the output 

coupler, this configuration ensures that the non-diffracted beam is collimated when it 

reaches the grating. At the grating. the beam dimensions were approximately 

7.0 mm vertically by 7.S mm horizontally, consistent with the diffraction-limited 

performance of the lenses. The angular divergence of the beam was approximately 

I ° (half-angle). Note that using two mirrors to raise the beam height and redirect the 

beam by 90° also caused a 90° transverse rotation of the beam. For our set-up this 

provided the correct (horizontal) polarization as well. After reflection by the sample, 

the beam was gathered by a collecting lens (TPX, 9.S cm f.l., FIS) and detected with 

a S mm diameter pyroelectric detector. 
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In the reference arm. the emphasis was on collecting all of the energy; 

because the "test" signal would be divided by the reference this would strongly 

affect the final signal-to-noise ratio. The available detector was 2 millimeters in 

diameter. and with a I centimeter beam. it is impossible to produce a 2 mm spot size 

with simple lenses. For this reason the final element was a light-collecting cone with 

a 2 cm input diameter and a 2 mm output diameter. The light-collecting cone is a 

common millimeter- or micro-wave device which takes the place of a lens in those 

spectral regions. It is not a refractive device but is actually a hollow metal 

waveguide which is tapered to collect or concentrate the radiation. The transmission 

of this device compared favorably with an F /4 TPX simple lens with a 2 cm 

aperture (which could not be used because the focal spot is larger than 2 mm). 

The first element in the reference arm was another 50 cm f.l. plano-convex 

TPX lens. located 50 cm from the output coupler. The next lens. 95.5 cm from the 

first. was a 25 cm f.l. F /5 plano-convex TPX. This faster element ensured that all 

the energy would get into the light-collecting cone. Another reason for using the 

light-collecting cone is that a non-refractive element is more suitable for collecting 

widely different transverse modes because it has no spherical aberration<I> its 

collection efficiency is relatively insensitive to the shape of the mode. Located at the 

two-millimeter output of the collecting cone was a 2 mm-diameter pyroelectric 

detector. 

The radiation was detected with lithium-tantalate pyroelectric detectors. one 

of 5 mm diameter and several of 2 mm and I mm diameter. with a mechanical 

chopper operating at 36.6 Hz. The chopping frequency was limited by the 

possibility of beating with the 16 Hz or the 40 Hz modulation frequencies of the 
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cavity-stabilization electronics. These pyroelectric detectors are usually not 

advertised (or fabricated) for use in the far-infrared. The typical gold-black used as 

an absorber is known to be effective at these wavelengths. but no manufacturer

supplied window material is transparent in this region. The solution was to 

purchase them without windows. The larger detector. used in the "test" arm. was 

mounted in a small metal box with a TPX window. The reference detector was 

placed in close proximity to the light collecting cone. and a thin polypropylene film 

(6.25 pm-thick x-ray sample support) was used to seal the front of the collecting 

cone. The purpose of the window is to prevent air turbulence from reaching the 

pyroelectric film because that would cause a strong spurious signal. Since the 5 mm 

detector was imbedded in a styrofoam cell inside the metal box. it was well insulated 

from air motion. The reference detector was more vulnerable since it was 

constructed in a TO-5 can. so a foam jacket was placed around the detector/pre-amp 

box and the collecting cone. This was sufficient to insulate the detectors from the air 

turbulence caused by the room ventilation system. 

The detectors were integrally mounted to PET-input operational amplifiers 

which were configured for high-gain voltage amplification (Rf a!1012 0). The pre

amps were connected to lock-in amplifiers. the reference detector to a Princeton 

Applied Research PAR 121 lock-in and the signal detector to an Ithaco Dynatrac 393 

lock-in with a built-in ratiometer. Measurements were made with a 125 ms time 

constant on the Ithaco and a 100 ms time constant on the PAR (they could not be set 

to the same T). This time constant was chosen as the best compromise between low 

noise (large T) and fast response (small T). 
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The output of the PAR lock-in went to the Ithaco ratiometer unit as the 

denominator (reference signal). This output was 0-10 V dc. The numerator for the 

ratiometer was provided by the Ithaco lock-in and was also a 0-10 V dc signal. The 

numerator was typically 600 mV and the denominator was typically 185 mY. The 

output of the ratiometer was a 0-1 V dc signal. which was measured with a single

pen strip-chart recorder. The output voltage could be adjusted with a 10 dB 

potentiometer that was part of the ratiometer option. For some measurements this 

output was digitized with a 16-bit 0-10 V digitizer and stored on permanent 

magnetic media using an IBM PC interfaced to a CAMAC data acquisition system. 

A Helium-Neon laser was aligned to be co-linear with the FIR beam for the 

purpose of maintaining a visible reference to the beam path. It was used to align the 

FIR beam to the input coupler. and to determine the exact position of the FIR beam 

with respect to the grating during coupling experiments. 

The waveguide was mounted on a precision goniometer. which provided a 

platform that rotated the detector at twice the angle of the sample mount. This 

precisely tracked the zero-order diffracted beam (the specular reflection) from the 

grating on the sample as the input angle was changed. It was often necessary to 

collect the radiation from the -I-diffracted order as well. To allow this. the 

collecting lens and detector could be re-aligned to the -1 order beam and rotated 

with the diffracted beam. The alignment in this case is not exact. and this situation 

is discussed further in the experimental procedures section of Chapter 6. 

The mechanical apparatus on which the sample was mounted was designed to 

allow vertical and horizontal translation of the sample without losing its alignment to 

the goniometer's axis of rotation. This allowed different gratings on the sample to be 
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moved into the beam. The apparatus was an xyz-translation stage. on top of which 

a vacuum chuck was mounted. One of the horizontal translation directions was in 

the direction of the normal to the sample surface. To align the sample. first the 

goniometer was moved until its axis of rotation (a vertical line) intersected the center 

of the beam waist. Then the sample was mounted and translated along the normal to 

its surface until it also intersected the rotation axis of the goniometer. This served 

to align the sample surface to the axis of rotation. and together to the center of the 

beam. The other horizontal translation direction was parallel to the surface. which 

along with the vertical translation allowed the sample's surface to be moved around 

without losing its alignment to the rotation axis. 

The detector arm was also mounted on a stage which allowed horizontal 

translation of the detector assembly in a direction roughly parallel to the surface of 

the sample. This allowed the detector to be moved easily from the input grating (to 

monitor the O-order reflection) to the output beam (to monitor the energy decoupled 

by the output grating). The detector arm was modified for coupling measurements 

in such a way as to allow the re-radiated energy to be measured as a function of 

position on the output grating. This experiment is discussed in more detail in the 

experimental procedures section of Chapter 6. 



CHAPTER 4 

SAMPLE FABRICATION 

The samples on which the experiments were performed were each fabricated 

on a 7.5 cm diameter single crystal silicon wafer. manufactured by Wacker. The 

crystallographic orientation was 100. chosen for its chemical etching properties. The 

waveguide was fabricated on the polished side of the wafer. and consisted essentially 

of an optically thick layer of silver with an overcoating of silicon. The upper 

medium for the surface plasmon was air. Figure 4.1 shows the layout of the 

1 cm x 1 cm gratings on the sample. forming 5 distinct waveguides for a surface 

plasmon travelling left-to-right or right-to-Ieft across the wafer. The length of the 

waveguide is defined as the separation between the gratings. since in the grating 

regions the mode being investigated may be affected by the corrugation of the 

surface. Each sample had three different path lengths (1. 2 and 3 centimeters). The 

duplication of the path lengths was imposed partly by the geometry of the substrate. 

but also served to allow for the possibility of damage in the fabrication process. 

Each of the samples that were studied had a single overcoating thickness applied to 

them. with the mean thickness approximately equally spaced from 2.1 p,m to 5.1 p,m 

(see Table 4.1). 

The first step in the wafer processing was to chemically etch the gratings into 

the substrate. We used a photolithographic process to create the etch pattern. The 

starting point for this was a commercially-made custom mask which was opaque 

except for the bar pattern seen in Figure 4.1. The silicon wafer was first coated 
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with silicon dioxide (thermally grown to 1 p,m in an oxidation furnace), and then 

coated with Shipley AZ1470 photoresist. The photoresist was exposed through the 

mask, so that only the area under the bar pattern was exposed to light. Then the 

resist was developed, removing the exposed photoresist. The remaining photoresist 

was baked for 1/2 hour at 120°C, to improve its adhesion to the surface. The oxide 

layer under the bar pattern, now uncovered, was stripped off with a buffered HF 

solution (7:1 ammonium flouride to HF). The rest of the photoresist was then 

stripped with a sulfuric acid-hydrogen peroxide solution, leaving oxide (an etch 

barrier) covering the entire wafer except for the bar pattern. Then the wafer was 

etched in a I: I solution of potassium hydroxide and H20 at a temperature of 100°C. 

The solution was covered with a 2-3-inch layer of 2-propanol as a buffer. The 

solution was agitated by bubbling nitrogen gas through it, and propanol evaporation 

was contained by flowing cold water in a jacket around the top of the etching 

container. Note that the propanol temperature was below 100°C; it remained cooler 

than the solution below it. This solution etched the gratings to a depth of 6 microns 

(7 p,m if the oxide layer is included) in about 3 minutes. The crystallographic 

orientation of the substrate causes the etching (which occurs along the 100 plane) to 

create a trapezoidal grating shape with the sides sloped at a precise angle of 54°. A 

number of wafers were etched to approximately 6 microns. After etching the 

gratings, the silicon-dioxide layer was completely stripped with buffered HF, and a 

new coating of 1.0 p,m of phosphor glass was applied using low-pressure chemical 

vapor deposition. This was heated and re-flowed to smooth the grating edges, to 

ensure that the silver coating would be continuous at the edges. The 7-8% 

phosphorus dopant allows the glass to flow at a moderately high temperature. 
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Figure 4.2 is an electron micrograph showing the cross-section of the grating. The 

sharp boundary of the silicon substrate is clearly visible. as is the trapezoidal grating 

profile. The phosphor glass is discernable on top of the silicon. 

Seven wafers were then selected with grating depths of 6.0 ± 0.2 JLm. peak-to

peak. On each sample. the grating depth varied only 1-3% over the entire wafer (10 

gratings per wafer). The relatively deep gratings were chosen as a compromise: A 

shallow grating would demonstrate a stronger change in coupling efficiency with 

coating thickness than a deep grating. but a deep grating would give a higher overall 

efficiency. The former case is better for studying the coupling properties of the 

grating (see Chapter 6). and the latter case facilitates attenuation measurements by 

coupling more power into the surface plasmon. These seven wafers eventually 

became the actual samples that were used. 

Next the silver coating was evaporated onto the sample. The evaporation 

process is a standard method of applying a metal coating. Under a high vacuum. a 

current is delivered to a tungsten "boat" which holds a quantity of .the coating 

material. The metal is heated to its melting point. and it begins to evaporate. The 

vacuum allows the escaping atoms to travel in a straight line and stick to the cold 

surrounding surfaces. A sample placed in the chamber facing the boat becomes 

coated with an even layer of the evaporated material. 

The evaporation was done one wafer at a time. with the wafer centered in 

the chamber. approximately 25 cm directly above the boat. The distance between 

the wafer and the boat was maximized to minimize the solid angle subtended by the 

wafer from the boat. Though more time-consuming than doing several at once. this 

method gave a more even coating thickness across the entire wafer. The 99.999% 
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Figure 4.2. Electron micrographs of the grating cross-section (air above. substrate 
below). The thin layer discernable on the substrate is the reflowed phosphorus 
glass. The evaporated silver film is not visible. The grating period is 154.2 jlm. and 
the height is 6 jlm peak-to-peak. 
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silver was evaporated at pressures ranging from 0.9xl0-6 mbar to 1.25xl0-6 mbar. 

° A relatively high evaporation rate of 50-60 A per second was chosen in order to 

make a smoother film. The thickness of the seven coatings ranged from 

0.22-0.26 p.m. with as much as a 20% variation in thickness over any single wafer. 

° Since the penetration depth of the surface plasmon into the silver is roughly 500 A. 

it can be regarded as optically thick. 

After the silver was deposited. a thin film of silicon nitride was reactively 

sputtered on top of the silver. using a DC magnetron to bombard a silicon source 

with nitrogen gas molecules. This layer served as a cap to prevent the silver from 

diffusing into the silicon overlayer which was to be deposited next. Silver has a 

high diffusion rate into silicon. and at the elevated temperatures of the chemical-

vapor deposition process used to deposit the overlayer. the actual diffusion is rapid 

and would have produced a coating which was an alloy of silicon and silver. We 

determined that the alloying of the two materials was very effectively prevented by 

° a layer of silicon nitride only 130 A thick. 

The final fabrication step was the c-v deposition of the silicon overlayer onto 

six of the seven samples. In this step the samples were placed on a heating element 

called the susceptor (a graphite element with an RF coil embedded in it) and heated 

to 6000e in nitrogen at a pressure of one atmosphere. Then silane gas was passed 

over the sample and the silicon precipitated out onto the wafer. The deposition rate 

was 2500 A per minute. The rate was determined by measuring standards with an 

optical pyrometer after a calibration run. It was at this final stage that the seven 

samples became differentiable. as the silicon overlayer thickness was different on 

each one (with no overlayer on one sample). Figure 4.3 shows a cross-section of the 



42 

finished waveguide. with all the various coatings from the substrate to the overlayer. 

The overlayer thickness was measured with a stylus-profilometer: Using a 

razor blade. a very small area (~l mm x 0.2 mm) of the coating was scratched off. 

In most cases both the silicon coating and the silver film came off together. The 

fairly weak bond between the silver and the phosphor glass beneath it allowed the 

coating to release in microscopic chunks with relatively little pressure from the 

corner of the razor blade. This. along with the inherent hardness of the phosphor 

glass layer. ensured that the glass was not damaged by the razor blade. The 

profiles of the coating showed a relatively smooth phosphor-glass surface at the 

bottom of the trough created by the razor. The depth of the silicon film was then 

determined by subtracting from the profilometer measurement the previously

measured thickness of the silver film. The silver film thickness was not measured 

as thoroughly as the silicon film since the measurement technique was destructive. 

However. the silver deposition technique was well characterized. so the variation of 

the silver thickness over the wafer was predictable. as discussed above. The 

thickness of the silver film was deliberately kept to a minimum so that the expected 

20% variation would result in only a small uncertainty in the silicon coating 

thickness. The uncertainty in the silver film thickness was ±0.03 p.m. 

The uncertainty in the silicon thickness was due primarily to the variation in 

the silicon film thickness over the surface of the wafer. This variation was 

probably caused by unevenness in the backside of the substrate. (Uneven contact 

with the susceptor in the CVD process would cause an uneven deposition rate of the 

silicon because the rate is strongly temperature dependent.) The variation in the 

coating thickness (at) placed a limit on the increment of coating thickness from 
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wafer to wafer. Preliminary trials indicated that the variation would have behaved 

as a fixed percentage of the mean coating thickness. so the thickness increments 

would have had to become larger as the thickness was increased. Table 4.1 (below) 

is a summary of the statistics for the film thickness of the samples. The thickness 

was measured every centimeter over the area bounded by the outer edge of the 

gratings. These measurements were used differently for the two sets of experiments. 

For the propagation length measurements. the thickness used was the average 

thickness in the area between the gratings. For the coupling study. the appropriate 

thickness was the average of 4 measurements on the corners of the grating being 

studied. 

Table 4.1. Statistics for Silicon Overlayer Thickness 

Sample No. 
Average Thickness (JLm) 
Standard Deviation (JLm) 

11 
2.09 
0.103 

16 
3.15 
0.102 

10 
3.65 
0.145 

17 
4.28 
0.124 

19 
4.77 
0.132 

21 
5.13 
0.190 



CHAPTER S 

A TIENUATION MEASUREMENTS 

The measurement of the propagation length of the overcoated mode is 

important in three regards: First. it measures a fundamental property of the mode 

(the imaginary component of the wavevector. f3j). and can do so without the alteration 

of mode properties that a grating. or probes near the surface. might cause. 

Measurements yielding a curve such as Figure 2.6 would support the field equations 

given by Eqs.(2.32-2.24). Secondly. since the propagation length is almost completely 

determined by the dielectric constant of the metal. it tests both the applicability of 

the Drude model to this frequency and the values of the Drude parameters used to 

predict the dielectric constant. In this experiment. the attenuation measurement was 

based on Drude parameters measured in the visible and the near-infrared. Finally. 

the experiment helps to determine if there can be a satisfactory tradeoff between 

long propagation length (a characteristic of thin overlayers). and the improved 

localization of the mode (a characteristic of thick overlayers). The determination of 

this tradeoff is critical for any potential technological applications. 

The surface plasmon has the same fundamental characteristics in the presence 

of an overcoating (for t « X) as without: the field decays exponentially into the 

silver and into the air above the sample. remaining essentially constant across the 

silicon film. However. the presence of the film perturbs the real part of the surface 

plasmon wavevector ({3r)' on the order of a few percent. to larger values (i.e. away 

from the light line). Though the change in f3r is small. the effect is to dramatically 
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collapse the field in the air down to the metal surface. The field amplitude at the 

surface is concurrently enhanced, increasing the fraction of the mode's energy 

contained in the lossy metal. Since this effect call result from an overlayer only a 

few microns thick, the percentage of energy in the film is extremely small; moreover, 

the silicon film is a relatively low-loss material (nj - 0.0005) (Loewenstein, Smith and 

Morgan, 1973; Passchier, Honijk, Mandel and Afsar, 1977), but since the metal is 

extremely lossy (nj a! 500 based on Drude model), the change in f3r caused by the 

film is accompanied by an increase in the attenuation of the wave. It is the 

measurement this attenuation, as a function of overlayer thickness, which is the 

purpose of this experiment. 

Experimental Method 

The technique used for this experiment relies on the reproducibility of the 

gratings in coupling and decoupling the radiation. Referring to Figure 4.1. the laser 

beam is to be coupled to the surface plasmon via each of the five input gratings on 

the sample. The coupling process, discussed in detail in the next chapter. is 

eliminated from the measurement if it is identical at each grating. For each of the 

five input gratings on a given sample, the relevant parameters (angle of incidence 

and position of beam on grating) were adjusted so as to maximize the coupling 

efficiency. Assuming identical coupling efficiencies for each waveguide on a given 

sample. the throughput obeys the following relationship 

10g(Iout) - -0:' L + 10g(Ijn '''lin '17out) • (5,1) 

with I representing intensity. 17 representing coupling efficiencies. and the attenuation 

constant 0:-2f3j' As a function of L. this equation describes a straight line with a 

slope of -0:. and therefore the measurement of 0: depends only upon the difference in 
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path length ~L of one waveguide compared to another. To determine the 

attenuation constant. the throughput of each path on the sample was measured and 

plotted (on a semi-log scale) against the path length. (An example is shown in Figure 

5.1. giving the data for the 3.6JLm-thick overcoating. Due to damage. only the upper 

three paths on this sample were usable.) The slope of the line was determined by a 

least-squares fit. A second set of data on each sample was obtained by reversing 

the direction of propagation (by rotating the waveguide 180°); this compensated for 

thickness variations in the direction of propagation. 

The dotted lines in Figure 5.1 show how the error bars were determined: the 

maximum and minimum slope gives the upper and lower bounds on 0::. Note that 

forward and reversed measurements constitute separate data sets. In determining the 

errors. it was important to distinguish between the two sets of data taken on each 

sample. Since they were taken at different times. changes in the ratiometer (see 

Chapter 3) would change the throughput by a constant amount. Therefore. the 

maximum and minimum slopes were determined by points within a single set. 

However. such variations in the "d.c." bias do not affect the fit of a single straight 

line to the set of all the data points. so the determination of the mean value of 0:: was 

made from the entire set for each sample. 

Results & Discussion 

Figure 5.2 is a plot of all the measured absorption coefficients versus the 

average film thickness for the six samples studied. The error bars indicate the 

uncertainty in the absorption coefficient for a particular film. and the theoretical 

prediction. based on Eqs.(2.32-2.34) and the Drude theory. is shown as a solid line. 
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Fig 5.1. Throughput measurements plotted on a semi-log scale against waveguide 
length. The signal in volts is proportional to the power transmitted by the 
wavegdde. The limits Oil the experimental error are shown by the dotted lines. 
This data is for a film thickness of 3.6 p.m (Sample 10). 
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The theoretical curve is determined primarily by the dielectric constants of 

the metal and silicon. Since the properties of silicon are well known. the predicted 

absorption coefficient hinges on the choice of the plasma resonance frequency wp 

and the free-carrier lifetime T. for silver. These parameters have been measured in 

the wavelength range from the ultraviolet up to approximately 30 p.m. but not at as 

long a wavelength as we are using (Ordal. Long. Bell. Bell. Bell. Alexander and 

Ward. 1983). Presently the accepted values for the Drude parameters for silver are 

wp - 1.38±0.03 x 1016 S-1 and T - 3.1±1.2 x 10-14 s (Johnson and Christy. 1972). (A 

more recent value is wp .. 1.37 X 1016 S-1 and T - 3.7 X 10-14 s. reported without 

associated uncertainties (Ordal. Bell. Alexander. Long and Querry. 1985).) The free

carrier lifetime was chosen as the adjustable parameter rather than the plasma 

frequency because the theoretical curve did not change appreciably across the range 

of uncertainty in wp' By comparison. the effect of changes in T was relatively 

dramatic. By reducing T to 2.3 X 10-14 s we produced a good qualitative fit to the 

experimental data. with an estimated error in T of ±O.6 x 10-14 s. 

These results are in excellent agreement with accepted values of wp and T. 

albeit at the limits of the uncertainty in T. confirming that the Drude model is 

applicable without significant modification even at these long wavelengths. The 

Drude theory predicts that attenuation increases as T decreases. hence the lower 

value of T used to fit our data. 

The increased attenuation is consistent with defects in the film. which cause 

scattering. The scattering losses in the film cannot be separated from absorptive 

losses. so that in general the error in the measured absorption introduced by film 

defects is always toward higher absorption. Despite the high quality of the silicon 
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films on the samples. this is the most likely reason that the absorption was higher 

than expected. The quality of the silicon eliminates another candidate for the 

increased absorption. which is the absorption coefficient of the silicon itself. In fact. 

a: is relatively insensitive to that parameter. because the film is so thin. In order to 

fit the data with T - 3.1 x 10-14 s. it is necessary to assume an overlayer absorption 

coefficient approximately 30x greater than the known value for silicon. This is 

unreasonable given the quality of the process. materials and equipment that was used 

for the deposition of the coating. 

The thin layer of silicon nitride is not expected to affect the measured 

attenuation. In general it would have had the same effect as raising the loss 

coefficient of the silicon. but since it was less than I % of the thickness of the silicon. 
o 

that effect was negligible. The same argument applies to the 10-50 A metal-oxide 

layer which undoubtedly existed at the surface of the silver. 

It should be emphasized that the Drude parameters have not been measured 

uniquely in this experiment. The value of wp could have been adjusted while 

holding T constant. and an equally good fit would have been obtainable. However 

that would have required an adjustment to wp - 1.1 x 1016 S-I. Because this value is 

well below the accepted limits for wp. the solution was rejected. To make a unique 

measurement of the Drude parameters requires at least the additional measurement of 

the low-frequency conductivity of the silver film. which is determined by the 

relationship (Ordal et.aI.. 1985) 

(5.2) 

this can be expressed in terms of the d.c. resistivity in n·cm by 
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(5.3) 

It was not possible to measure the low-frequency conductivity of the silver films on 

the samples because of the presence of the dielectric overlayer. 

The error bars in Figure 5.2. which increase in size with film thickness. are 

due to the variations in the film thickness described in Chapter 4. and in fact they 

roughly follow the standard deviations given in Table 4.1. The specific attribute 

which primarily causes the error is the variation in the thickness from one path to 

another. The variation along the propagation direction is compensated by making the 

measurement in two directions. The variation perpendicular to the propagation 

direction has the effect of changing ce. when it is assumed constant. A secondary 

effect is the the change in coupling efficiency that the thickness variations cause. 

This is not as important as the change in ce. because the throughput of the waveguide 

will change proportionally to the change in coupling efficiency. while it will change 

exponentially with changes in ce. 

The various effects that have been discussed that may introduce systematic 

errors do not obscure the fact that the accepted numerical values for material 

parameters very closely predict the attenuations lengths that were measured. The 

measured values of ce. which fit well to the value for 1 that we used. were only 

about 25% higher than the expected values. This confirms that the Drude model and 

the equations describing the overcoated mode form a solid theoretical foundation 

upon which other properties can be predicted. 



CHAPTER 6 

COUPLING STUDY 

A central issue in the technological usefulness of the far-infrared surface 

plasmon is the efficiency with which it can be generated. The first experimental 

studies of the overcoated surface plasmon mode (Seymour. Krupczak Jr. and 

Stegeman. 1984) demonstrated that high efficiency coupling to the overcoated mode 

could be achieved with grating couplers. Those experiments also revealed that the 

grating modifies the modal fields and/or the dispersion relations for the surface 

plasmon. In this chapter. a series of measurements are discussed which 

experimentally determined the fundamental coupling parameters of the gratings as a 

function of the overlayer thickness. The experiment was designed in such a way 

that all parameters in the coupling process were either measured or eliminated. so 

that in contrast to the previous grating study (Seymour. Krupczak Jr. and Stegeman. 

1984). no assumptions needed to be made about the incident beam or the absorption 

(f3I) in the grating region. 

The efficiency of a grating in coupling the incident beam to the surface 

plasmon is a function of many factors. of which the most complex are the grating 

shape and depth. Though it is beyond the scope of this dissertation to treat them 

exactly. the shape and depth dependence were eliminated from the experiment by the 

fact that all the gratings were identical; this. along with the fixed incident beam 

shape. insured that the only variable in the coupling process was the overlayer 

thickness. The measured parameters. i.e. the characteristic coupling length (Lc) and 
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the absorption of the surface plasmon in the grating region (f3I)' are the only 

quantities needed to calculate the maximum coupling efficiency of the grating for a 

given incident beam. The present calculations are based on a generalized coupled

mode theory (Ulrich. 1973) in which a value for the parameter Lc is assumed. and 

hence does not specify the physical process which causes the coupling. The theory 

utilizes additional inputs such as the size of the interaction region and the incident 

beam shape in the determination of the coupling efficiency. 

An precise treatment of the variables that affect the coupling process. leading 

to an exact prediction of the coupling constant and absorption. is not feasible for this 

dissertation. We can. however. apply an approximate (perturbative) grating theory. 

which in fact is generally considered accurate in the limit in which the grating 

corrugation is small compared to the wavelength. In this type of theory. the normal 

modes for an uncorrugated waveguide are assumed valid in a corrugated region. and 

the corrugation is treated either as a perturbation of the dielectric constants in which 

the fields exist (Yariv. 1973; Marcuse. 1974) or as a perturbation in the boundary 

conditions at the corrugation (Normandin. So. Rowell and Stegeman. 1981). The 

former technique is known as "Perturbation Theory." The latter is known as the 

''Total Fields" method. and is the technique that will be used for this theory section. 

From this theory the coupling constant and the absorption can be calculated (though 

as a result of the approximations. the absorption in the grating region is determined 

directly from the unperturbed modal field equations (2.32-2.40». Coupled-mode 

theory is then used to calculate the growth of the new normal mode fields generated 

by scattering from the corrugation. The advantage of the total field analysis is that 

it explicitly requires approximations that are part of. but not explicit in. other 
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perturbative theories. One of these approximations is severely violated in the 

present application; therefore. in the event of poor agreement between the theory and 

the data. the "total fields" theory will clearly identify a potential source for the 

failure. 

Coupled-Mode Theory 

It is well known (Kapany and Burke. 1972) that a prism of suitably high 

index can be used to launch guided waves in thin films. This coupling technique 

uses the fact that energy crosses an interface even under the conditions of total 

internal reflection. in the form of an evanescent field. This field can penetrate into 

a waveguide if the prism is placed over the guide with a small gap separating the 

two. The field may couple to the allowed propagation modes of the guide when the 

spatial periodicity of the field along the prism base is matched to that of the guided 

wave. From a kinematic point of view. the prism increases the k-vector over the 

vacuum value by virtue of its index of refraction. so that the conservation of 

momentum may be satisfied in the interaction between the driving field (in the 

prism) and the propagation modes of the guide. 

A grating can also increase the k-vector of an incident wave. by way of the 

periodic modulation of the medium which re-radiates the incident light. If one 

creates such a modulation on the waveguide. the incident beam may couple to a 

guided-wave mode via a diffracted order because the k-vector of the incident beam 

is augmented by some multiple of grating periodicity. We utilize the same geometry 

as in Figure 2.1. with the grating grooves parallel to the y-axis and an incident beam 

from the upper medium (z < 0). The appropriate equation for this interaction is the 

well-known grating equation 
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(6.1) 

(6.2) 

where kx d is the x-component of the diffracted order. p is any positive or negative 

integer allowed by the Fourier components of the grating profile and T is the grating 

period. A resonance may occur when kx d is equal to some ~ of the guide just as in 

the prism coupler. Equation (6.1) describes the diffracted vector components in the 

plane of the grating; the k-vector perpendicular to the grating obeys the relation 

(6.3) 

where ng is the index of the guide. and we are assuming henceforth a reflecting 

substrate. Eq.(6.3) is not directly involved in the coupling process. (It does. 

however. enter into the Fresnel relations. which determine the strength of the 

diffracted orders.) Note that for kx d > ko. the diffracted field is evanescent in the 

medium of the incident wave. This is true whenever the grating is coupling to a 

propagation mode of the guide. just as it is for the field in the gap between a prism 

coupler and the guide. 

The incident k-vector is variable by way of the incident angle 

(8j - angle of incidence) (6.4) 

so that even with a fixed grating periodicity. the coupling to a guided mode can be 

tuned. 

In-coupling 

The coupled-mode formalism assumes three parameters. the coupling length 

Le. the "resistive" absorption in the grating ~I' and the wavevector mismatch .6.k 
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between the k-vector of the driving field and the propagation vector of the guide. 

The first term is determined by properties specific to the grating. such as the shape 

and depth of the grooves. The second term is largely a material property. but it can 

be increased by the presence of the corrugation. For this section. knowledge of their 

values will be assumed. It is the purpose of this section to show that they can be 

determined experimentally. The determination of Ak is a function of the incident 

angle. the periodicity of the grating and the propagation wavevector of the guided 

wave. as given by Eqs.(6.1-6.4). Assuming a reflecting substrate. the appropriate 

differential equation for V l' the guided-wave field amplitude. is (R. Ulrich. 1973): 

(6.5) 

where i3I is the absorption coefficient. Lc is the characteristic coupling length. and 

V 3 is the amplitude of the incident field. Note that in the absence of a driving field 

(V3-O). the solution to Eq.(6.5) is the exponential decay of the guided wave field with 

a rate 

1 r - L + i3I • 
c 

(6.6) 

If i3I is regarded as a loss coefficient. then the symmetry of i3I and Lc -1 means 

that Lc -1 must be regarded as a loss term. as well. In fact it represents radiative 

loss. which can occur via the grating-induced subtraction of " from the wavevector 

of the guided wave. This effect stems mathematically in Eq.(6.l) from the fact that 

the equation is symmetrical with respect to " since the integer n may be positive or 

negative. In physical terms. the phase-matching condition which allows coupling is 

the same as that for de-coupling. The parameter Lc is the lie distance describing 
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the decay of the surface plasmon fields. in the absence of absorption. The 

decoupling process automatically satisfies the condition (kx d - (3 - 0). thus defining 

the direction of the re-radiation. 

The preceding discussion assumes no boundaries to the grating. The coupling 

of a finite beam in an infinite grating will not result in the net transfer of energy to 

the guided wave. since beyond the incident beam the energy will eventually radiate 

out (neglecting the absorption due to the surface plasmon loss term (3I)' Therefore 

the coupling of the modes must be terminated after some energy has been transferred 

to the guided wave. This is accomplished by terminating the interaction region. 

Assuming that the interaction ends abruptly at x - x'. the differential expression 

Eq.(6.5) may be integrated from -00 to x' to give the value of V 1 as a function of x' 

in the grating. Figure 6.1 shows V1(x') for different values of Le. assuming {31 - 0. 

with Le expressed as a multiple of the width of the gaussian incident beam. The 

coupling reaches a peak and declines because the exponential radiative decay 

dominates the growth of the guided wave after the guided wave field exceeds a 

certain value. This limits the efficiency of the one-dimensional loss less distributed 

coupler to approximately 80.1 % (Ulrich. 1970). 

Although the curves in Figure 6.1 are for a gaussian input beam. the profile 

need not be gaussian. and the appropriate calculations for our experiments were 

performed using actual beam profiles. The complete calculation was done in two 

dimensions. as an uncoupled sum of one-dimensional profiles. Profiles of the beam 

at the input coupler were measured using a "point" detector (0.25 mm diameter). 

digitizing a high density of points along the x-axis. A total of 15 such profiles were 

made in the y-direction. resulting in a 180xl5-point 2-dimensional beam profile. 
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Figure 6.1. Guided-wave field amplitude in coupling region. P3(X) represents an 
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incident gaussian beam, of width 2W, centered on an arbitrary zero in an unbounded 
coupling region. The amplitude decays past the input beam because of re-radiation. 
The parameter of the curves is the ratio Lc/W. The optimum coupling efficiency is 
attained with a coupling length approximately 3/4 of the beam diameter, and by 
terminating the interaction region at a position approximately 1/2 a beam diameter past 
the center of the beam. (From Ulrich, 1973.) 
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The total power in the beam was determined from the profile. by a rectangular 

approximation in the x-direction and a Simpson's Rule approximation in the y-

direction. The integration of Eq.(6.5). the guided wave field. was calculated 

similarly. 

Out-coupling 

It was noted earlier that in the absence of the incident field. the guided wave 

decays exponentially with a decay constant r due to radiative and non-radiative loss. 

The numerical solution performed on a computer is still applicable here; however the 

integral of Eq.(6.5) can in this case be cast in a closed-form solution: 

(6.7) 

where r is given by Eq.(6.6). This equation logically applies to the output coupler. 

in which the only incident wave is the guided wave. and it describes radiative decay 

into a bulk wave (as well as absorption). To see how the decoupled beam grows 

from the guided wave. we use the following differential equation: 

(6.8) 

and substituting (6.7) we have 

av rad(x) [Yo] 
ax - Lc exp(-rx) . (6.9) 

This equation is easily integrable across the interaction region to give the total 

radiated power. but it is perhaps more interesting in this form from an experimental 

point of view . (We do not need to be concerned here with phase-matching, as the 

radiated wave will automatically propagate in the direction for which Ak ... O.) This 
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equation describes the radiative field amplitude as a function of position on the 

output grating, whkh can be measured (in intensity) by a point detector scanning 

along the output grating. This is a valuable measurement because of the exponential 

decay with rate r; the log of this expression is a straight line with a slope 

proportional to r. Thus by eliminating one coupling process (in-coupling), we can 

experimentally determine the sum of Le -1 and 131. 

Previously we found that the choice of a value for 131 and for Le -1 defined a 

curve in Figure 6.1. Taking loss into account, the calculation may be modified to 

predict a (experimentally observable) dip in the O-order reflection from the grating 

due to coupling to the guided wave. However, the minimum in the dip, 

corresponding to the maximum value of the curves in Figure 6.1, does not uniquely 

define Le and PI. The additional information needed to uniquely define the 

parameters is contained in the measurement of r. Therefore the combination of both 

in-coupling and out-coupling measurements is essential to determine both Le and 131. 

For a comparison between experiment and theory we must predict Le, and to 

do this is manageable only in a perturbative approximation. The perturbative 

solution assumes that the presence of the grating does not alter the guided wave 

fields as normal modes of the guide. The interface itself is predefined to follow the 

shape of the grooves (as it actually does). As in the coupled-mode theory, we ignore 

the y-direction (assuming infinite extent), but in contrast to the primarily one

dimensional nature of that formalism, here we must retain the z-dependence of the 

fields. 
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Grating Theory 

The "total field analysis" technique has been discussed in a series of four 

papers (Normandin. So. Rowell. and Stegeman. 1979; So. Normandin and Stegeman. 

1979; Sipe and Stegeman. 1979; Stegeman. Sarid. Burke and Hall. 1981). The method 

seeks to solve the polarization-induced generation of optical waves by determining. to 

first order. the complete electric fields inside and outside of the polarization region. 

This is in contrast to normal mode analysis. in which the polarization source is 

expanded in terms of the normal modes of the system. As mentioned before. 

perturbative grating theories are normally assumed to be valid in the limit 60/3« 1. 

where 60 is the amplitude of the corrugation. The total field analysis explicitly 

introduces that approximation. but also explicitly requires the corresponding 

approximation for the transverse wavevectors 0:1, 0:2' and 0:3; e.g. that 600:3«1. where 

the field penetration depth into the metal is 1/0:3' For thin film or integrated optics 

at optical frequencies. this condition is always satisfied since the field penetration 

depth is approximately equal to the inverse of the wavevector. For a metal in the 

far infrared this condition is not satisfied. Also. the perturbative approach does not 

account for the actual grating profile; because it is a first-order theory. only the 

fundamental in a harmonic decomposition of the grating profile is used. The higher 

harmonic grating orders may in reality provide additional contributions to the fields 

being calculated in this analysis. but those contributions are of second or higher 

order. These approximations will have a large bearing on the comparison between 

experiment and theory. 

A general overview of the technique is as follows: The guided wave field is 

taken to be normally incident on the corrugation region. with a corrugation occurring 
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at either or both of the interfaces of Figure 2.3. extending from x-O to x-L. (In the 

case of these experiments. both interfaces are corrugated. with the same amplitude.) 

The incident fields satisfy all the electromagnetic boundary conditions at the 

unperturbed (uncorrugated) interfaces. and so fulfill the requirements for the Oth

order solution to the total field in the grating region. This means that the form of 

the normal-mode field(s) in the grating are identical to the normal-mode fields in the 

uncorrugated region. Eqs. (2.32-2.40). (This can be proven rigorously by matching 

boundary conditions across the transverse grating interface. i.e. the yz-plane at x-O 

and x-L. where there are in fact no material discontinuities.) To develop the first

order solution to the fields in the grating region. the normal-mode fields are 

evaluated in the local coordinate system of the corrugated surface. and it is found 

that the tangential field components (Ex, and Ry.) are not continuous across the 

boundary. This occurs in the case of Ex. because the tangent to the corrugated 

surface is in general not parallel to the x-axis. and therefore the fields along the 

tangent contain a small portion of the z-dependence of the normal mode. The 

discontinuity in Ry. results from an analogous admixture of field components along 

the z'-axis that causes a discontinuity in Dz•• Because the complete solution must 

obey the boundary conditions (i.e. continuous tangential E and H fields). additional 

fields. which include the scattered fields. are needed. The scattered field amplitudes 

are calculated to first order; i.e. they are formed so as to cancel the first-order 

discontinuity of the incident fields. These fields are characterized by a wavevector 

{3' .. {3±K.. and the solutions can be restricted to +K. or -K. by the assumption that for 

either case. the other scattered wavevector will be far from phase-matched with any 

normal mode. In the case of the surface plasmon. there are are no other waveguide 
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modes (save for backscattering. eliminated by the choice of grating periodicity). The 

only phase-matching that can occur in this case is to a radiative mode. which 

simplifies the analysis; the normal component (If the Poynting vector of the scattered , 
field gives the rate at which energy is radiated away from the grating. which is 

simply related to the parameter Le' The absorptive loss term (3I which must be 

included in the coupled-mode analysis is a property of the Oth-order solution in the 

grating region. and is therefore determined by Eqs. (2.32-2.34). 

In the present case. the grating region is comprised of two corrugated 

interfaces since the coating follows the corrugated surface of the substrate. In this 

situation. we calculate scattered fields due to each corrugation separately. using the 

method outlined above. and sum the amplitudes prior to relating the result to a total 

coupling coefficient Le' The analysis will be presented as follows: First. we 

perform the analysis for a corrugation at the n2-n1 (air-film) interface. Nearly all 

the steps will be shown explicitly. including the determination of a coupling constant 

due solely to scattering from this corrugation. Then corresponding analysis for the 

corrugation at the metal-film interface will be performed. Since the procedure is 

identical. only important results will be explicitly shown. and the final coupling 

constant Le will be given explicitly. 

Upper Corrugation 

In the upper medium (n1)' the incident field is given by 

air: H - yCTM exp [i(wt-{3x) + Q1(z+h)] • (z<-h) (2.32a) 

and with i~ Ex - Wfo02 8z (6.10) 



and 

Ex - ~exp[i(wt-t3X) + Ckl(Z+h)] • 
WEOnl 

with CrM given by Eqs.(2.39) and (2.40). 
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(6.11) 

(6.12) 

(6.13) 

The transformation of vector components in the x-y-z coordinate system 

(associated with a flat interface) into a local coordinate system which is associated 

with the corrugated interface is given by the following relationships (Stegeman. 

Sarid .. Burke and Hall. 1981): 

Rx· - Rxcos1/l + ~sin1/l 

~. - -Rxsin1/l + ~cos1/l 

(6.14a) 

(6.14b) 

(6.14c) 

where 1/1 is the local tilt of the x'-y'-z' axes relative to the x-y-z coordinate system. 

In this case. with the corrugation of the interface represented as 

z - -h + 6ocos(qx). (6.15) 

the local tilt is given by 

aUz . 
tan1/l - ax - -6oJGsm("x). (6.16) 

In the present analysis. the product 60JG is assumed to be small. so that cos1/l~ 1. 

sin1/l~-6o"sin("x). and the transformed tangential fields are: 

Ex· - Ex - (6o")sin(,,x)Ez· 

Hy' - Ay. 

(6.17a) 

(6.17b) 
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Substituting Eqs. (6.12) and (6.13), 

Iiy'.air I u - CrMexp[i(wt-l3x) + Ct1z] I . 
z--h + 6ocos(IGx) 

(6.18) 

(2.33a) 

(6.19) 

so the transformed tangential fields are: 

Ex'.film - CrMexp[i(wt-l3x)] 
u 

with A+ and A_ given in Eqs. (2.35) and (2.36). 

Now the fields in the air will be evaluated along the corrugated interface. 

given by Eq. (6.15). and simplified. 
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Ex' air I . u 

(6.21) 

The terms exp[0:1c50cos(/(x)] may be expanded in a Bessel's series, for which the first-

order approximation is given by 

exp[0:1c50cos(/(X)] E!! I + 0:180cos(/(x). (6.22) 

Substituting Eq.(6.22) into Eqs.(6.21). and dropping terms in 802, 

(6.23) 

At this point, the introduction of an aforementioned assumption will simplify the 

expressions. The harmonic terms in (6.23) may be rewritten in exponential form. 

and can be absorbed into the propagation term by the substitution {3'={3±/(. It may be 

assumed that only one of these solutions will be phase-matched to a normal mode of 

the system for a given geometry. As a result. the nonphase-matched term will not 

couple energy away from the incident mode, and it can be neglected. Choosing the 

solution (3'={3-/(, and dropping terms in e-~x, the equations take the following form: 

and using Eq.(2.32b) to substitute for 0:12, 



U 'air &", U 

Ex, air I - iCrM 0:1 2exp[i(wt-!3x)] 
'u WEOnl 

+ 2 exp[i(wt-!3'x)] t:;- - k0
2 

, i60CrM [fUJ'] 
WEo n1 

• 0:160. 
- CrMeXp[l(wt-!3X) + CTM ~XP[l(Wt-!3'x)] . 
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(6.24) 

The first term in Eqs.(6.24) represents an unperturbed field; we will discover 

that similar terms on the film side of the interface will cancel them. Returning to 

the tangential fields on the film side of the interface, 

E,r,film - Cruexp[i(wt-!3x)] 
u WEo 

(6.25) 

The approximation 0:260«1 allows the use of the first-order expansion of the 

exponents, and neglecting terms in 60
2

, 
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Ex'fllm I ' u 

(6.26) 

Introducing the substitution (3'-{3-IC. dropping terms in e-ilex• and substituting 

i60CrM 
+ 2 exp[i(wt-{3'x)] 

Wo 

(6.27) 

Once again. the first term in the equations represents an unperturbed field. 
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Subtracting the tangential components at u- (air side of interface) from the 

components at u+ (film side of interface) gives the first-order discontinuities in the 

incident fields along the upper corrugation: 

- Ex· air I . , u 

2 O'""TM [O( t n' )] A -ICC2 A ICCz ia: 0 ,.. - - [. h . h] 
+ 2 exp 1 W -,., x +e -_e 

a:1ooCrM 0 

- CrMexp[i(wt-{3x)] - 2 exp[l(wt-{3'x)] 0 (6028) 

Substituting for A+. A_. 
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- Crnexp[i(wt-,8x)] - ~eXp[i(wt-,8'X)] . 

As expected. the unperturbed components are continuous across the 

corrugation. and the calculated first-order discontinuities in the incident fields at the 

upper corrugation are: 

with 

and 

.:lEx'.u - aEu 'exp[i(wt-,8'x)] • 

.:lAy'.u - .:lHu 'exp[i(wt-,8'x)] • 

.:l.... __ iCTM8013,8'(n22-n12) 
""'u 2Wfon12n22' 

(6.29) 

Solution Fields. Now we propose solution fields whose amplitude will be 

solved to cancel the discontinuities given by Eqs.(6.29): 

air: 

(6.30) 

film: 



metal: Ii - yHsexp[i(wt-,8'x - 'Y3Z)] 

1<' i'Y3 H . 
~ - -:-:::-::2 sexp[l(wt-,8'x - 'YsZ)] 

WEons 

~ - - ~H3exp[i(wt-,8'x - 'Ysz)] 
WEons . 

Since these fields must satisfy the homogeneous wave equation. 
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(6.31) 

(6.32) 

(6.33a) 

(6.33b) 

(6.33c) 

The magnitude of HI' H+. H_. and Hs are determined by a) the saltus 

condition at the air-film interface defined by ~Eu and ~Hu' and b) the normal 

boundary conditions requiring continuous tangential fields at the film-metal 

boundary. The solution fields could be evaluated in the x'-y'-z' coordinate system. 

but this would reveal discontinuities on the order of (8013)2 and (80,,)2. which are of 

second order and are neglected in this analysis. In order to cancel ~Hu' the 

discontinuity in Ay at the nl-n2 interface. we require 

(6.34) 

and for the cancellation of the discontinuity ~Eu. 

(6.35) 

At the lower interface. these solution fields are subject to the uncorrugated-surface 

boundary conditions. (The effects of the corrugation at the lower interface will be 

calculated separately.) This allows HI to be solved: 

.... r. 
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HI,U - ______ 1...-____ _ 

C.-e{ ~:~:] 
where 

and 

(6,36) 

and AEu and AHu are given by Eqs.(6.28). 

The next step is to show how the amplitude of the solution fields leads to a 

coupling coefficient. The radiative solution fields carry energy away from the 

surface. with a power density defined by the normal component of the Poynting 

.. 
vector (S). Since the solution fields were defined a priori to be the only mode to 

which the incident fields may couple. the power contained in this quantity (S·~) 

must be drawn from the incident mode. Thus. emphasizing the restriction to 

radiative processes. 

.. .. 
APgw - -S'n Ax . 

From coupled-mode theory (Eq.(6.5». 

aPgw 2 
ax - -LPgw' 

C,u 



so that 

With 

.... 
I S·n 

Lc•u - 2Pgw . 

The Poynting vector is given by 

S - ![ExH- + E-xH] 
4 

.. -x(~Hy - + ~ -fly) + k(Exfly - + Ex -fly) . 

.. " 
n - -k. 

_I __ Exfly- + Ex-By 
Lc•u 2Pgw 
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(6.37) 

Recalling that the value of CTM was chosen so as to normalize the surface plasmon 

power to one watt per unit width in the y direction (Eq.(2.39». 

(6.38) 

The coupling length of Eq.(6.38) represents the effect of the corrugation of the 

upper interface alone. The same technique is used for the corrugation of the film-

metal interface. determining a scattered field amplitude which corresponds to a 

coupling length as in the derivation of Eq.(6.38). The coupling length due to both 

corrugations together is given by Eq.(6.38) with the field amplitude HI replaced by 

the sum of the amplitudes of the two scattered fields. The calculation for the film-

metal corrugation is performed next. in abbreviated form. 

Lower Corrugation 

In the film. the fields are again given by Eqs. (2.33a) and (6.19). and in the 

metal. the fields are 
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(2.34a) 

(6.39) 

As before. the fields are evaluated in the local coordinate system of the corrugation 

via the transformation Eqs.(6.14) and with the corrugation now represented as 

z - ~ocos(qx) . (6.40) 

The resulting fields are 

film: 

metal: 
iCn\-1. .. ia z 

I<' • 1 .. - --2A.exp[1(wt-l3x)][0:.+1~0/el3sm(/ex)]e 3 
"'"'x .meta ft WI: n " " l: () ,( ~o 3 z"'uocos /eX 

Following the same procedured as for the upper corrugation. the assumptions 

~00:2«1 and 800:3«1 allow a first-order expansion of the exponents evaluated at the 

corrugated interface. and terms in ~02 are neglected. Then the sines and cosines are 
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absorbed into the propagator exp[i(wt-t3x)] by the substitution t3'-t3-K, and terms in 

exp(-iKx) are dropped. The result is 

film: 

lfy·.film 1 - Cnvtexp[i(wt-t3x)][A+ + A_] 

metal: 

Again, the first term in each equation represents an unperturbed field which is 

continuous across the corrugated interface. 

The discontinuities across the interface are 
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with 
(6.41) 

Similarly. 

~Ex' 1 .. Ex'.metal 1 - Ex'.film 1 - ~Elexp[i(wt-/3'x)] 

with 
(6.42) 

where 
(2.37) 

To determine the scattered field amplitudes. the same set of solution fields is 

postulated. and as before. the amplitude at the lower interface is set up to cancel the 

discontinuities ~Hl and ~El' At the upper interface. the fields are required to 

satisfy the flat surface boundary conditions to yield a first-order solution. The 

result is 

(6.43a) 

where 
(6.43b) 

and 
(6.43c) 

Following the discussion preceding Eq.(6.38). the coupling length due to both 

interfaces is given by Eq.(6.38) with Hl replaced by the sum (HI•U + Hl.L): 
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I 11 ~O H • -L - -2 2k -( THT ) 
c nl 0 Eo 

(6.44) 

where (6.45) 

Experimental Method 

As discussed above. there are two separate sets of measurements which 

enable a determination of the parameters Lc and /31' The first set is associated with 

the input coupler. where a dip in the reflected energy is observed as the incident 

beam is angle-tu.ned through the phase-match condition defined by Eq.(6.3). This is 

called the "coupling dip." The second set of measurements are made at the output 

coupler. where the decoupled beam is examined. yielding a second relationship 

between Lc and /31' 

In-coupling Measurements 

The width of the coupling dip is determined by either the grating diameter. 

the divergence of the incident beam. or the surface plasmon attenuation; in this 

experiment the beam divergence was the limiting factor. resulting in an angular 

width of 1.260 (full width at the half-point of the dip). The angle at which the 

coupling is maximized will be denoted by Om' and is directly related to /3R by Eqs. 

(6.4) and (6.1). The existence of a dip indicates a transfer of energy from the 

incident beam to the surface plasmon. The remaining energy in the incident beam is 

reflected from the grating. Whereas the reflected beam is the only other channel for 

the incident beam. there are three energy-transfer processes that apply to the surface 

plasmon in the grating. The first is reradiation: as discussed in the theory section of 

this chapter. the coupling process is always accompanied by decoupling. Although 
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in practice this is a small amount of energy. it cannot be ignored and will be 

discussed below. The second process is the non-radiative absorption of the surface 

plasmon energy. which may be substantially greater in the presence of the grating 

than on a flat surface. The absorption also broadens the coupling dip. but in the 

present case the angular width of the beam is already so great that the effect is 

nearly unnoticeable. 

At shorter wavelengths. the absorption term provides the only means of 

generating a coupling dip (Kretschmann and Raether. 1968) but in the far infrared 

there is fortunately a third channel for the surface plasmon. i.e. to escape the 

interaction region as a bound. surface-guided wave. This will be referred to as the 

transmitted portion. and the ultimate goal of the coupling process is to maximize the 

fraction of the incident beam which is transmitted as a surface-guided wave. 

Thus the interaction of the incident beam with the grating results in four 

channels into which the radiation can be transferred: reflected. transmitted. absorbed. 

and reradiated. In practice it is possible to collect the reradiated beam along with 

the O-order reflection. Although at em the reradiated beam will be colinear with the 

O-order beam. at other incident angles it is not. However. the reradiation is a 

second-order process with respect to in-coupling. and therefore it will in general be 

negligible except very near em. If the collection optics have a field of view of even 

half the width of the coupling dip. they will adequately detect the reradiated beam. 

This argument only applies where the beam is placed near the end of the grating to 

favor the transmitted beam. for if the grating extends far beyond the incident beam. 

there may be a mismatch between the spatial profiles of the reradiated and the 

reflected beams. For the experiments discussed in this dissertation the reradiated 
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beam was completely collected by the detector monitoring the specular reflection, and 

unless specifically referred to, the reradiated beam is considered part of the O-order 

reflection. 

The detection of the reflected energy is complicated in the case of multiple 

reflected orders. The O-order has been specifically referred to, but in general there 

will be other orders as well. If there are mUltiple orders, the energy in all the 

orders must be summed in order to measure the total reflected power. The period of 

the gratings used for this work was 154.2 p.m, for which kx
d - ksp for the 

+1 diffracted order at an incident angle of -12.74° (measured from the normal) for 

the bare-metal surface plasmon. This configuration results in a total of two 

radiative diffracted orders (other than the surface plasmon), the O-order (at +12.74°) 

and the -I-order at -34.0°. Note that the angles quoted here apply to the case of a 

flat, bare metal surface, and change somewhat when an overlayer is applied. 

At a fixed incident angle, it is a simple task to measure the power in the 

different radiative orders. Whereas the normal operation of the goniometer was to 

pivot the collection arm (lens and detector) in the normal 29:9 relationship with the 

angle of the incident beam (to follow the O-order reflection from a grating), it was 

also possible to pivot the collection arm with the incident angle fixed. Furthermore, 

the collection arm could at any time be locked into the 29:9 mode, in precise 

alignment to the specular (O-order) reflection. The measurement procedure is as 

follows: With the collection arm locked to the O-order reflection (the 29:9 mode), the 

incident beam was positioned on a grating and the incident angle adjusted until the 

minimum of the coupling dip was found. (The grating was previously aligned such 

that the grooves were parallel to the goniometer's rotation axis.) The horizontal 
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placement of the beam on the grating was also adjusted to minimize the O-order 

reflection. Then the goniometer was locked in place. fixing the incident angle. The 

power in the O-order was noted. and then the collection arm was swung around. 

independently. to measure the -I-order. This process was repeated at a different 

incident angle for which there was no coupling to the surface plasmon (usually about 

5° greater than 8m). At this second angle. the 0- and -l-orders sum to the incident 

intensity. 

The presence of multiple reflected orders can also complicate the 

determination of the minimum in the coupling dip. In the vicinity of the coupling 

dip. the amount of energy in the O-order is changing rapidly with incident angle. It 

cannot be assumed that the power in the -l-order will remain proportional to that of 

the O-order. so the true minimum in the coupling dip cannot be determined until the 

power in the two orders (0 and -1) is summed at all angles near the coupling dip. 

This requires an angle scan of each order. Though the goniometer is designed to 

track the O-order reflection as the incident angle was varied. the -l-order does not 

diffract from the grating with the same (8d - 8i ) angular dependence. Therefore it is 

inevitable that if the incident angle is scanned while the collection arm is fixed to 

the -I-order. the detector will become misaligned to the beam. Nevertheless it was 

possible to scan the -I-order. since over the 10° range of the scan. the field of view 

of the collection arm was sufficient to withstand the I °_2° misalignment that was 

incurred. (This is the same reason that allowed the reradiated beam to be included 

in the specularly reflected order). 

The scans of the -I-order are typified by Figure 6.2. which shows the scans 

of the -1- and the O-order for a grating on Sample 10. Consistently. the power in 
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the -I-order showed this dual-lobed behavior. crossing the "background" power level 

very close to the minimum of the dip in the O-order. Similar results for the -I-order 

of a grating coupler can be found in the literature (Dakss. Kuhn. Heidrich and Scott. 

1970). While the shape of this scan must cause the true em to be different from the 

angular position of the minimum in the O-order reflection. the amount of difference 

was in all cases smaller than the experimental error in the measurement of the 

position. More importantly. the measurement of the reflected power is negligibly 

affected by the shift. 

To summarize. the total reflected power (Prer) is measured by summing the 

power in the two radiative orders. at the angle of the minimum in the O-order 

reflection. with the understanding that the reradiated term is included as a reflected 

beam. The coupling efficiency is given by the difference between the total reflected 

power at em and the incident power. expressed as a percentage of the incident 

power. The dip in the reflected power can be predicted by the coupled-mode 

formalism. assuming knowledge of Le' (31' the position of the beam on the grating. the 

grating length and periodicity. and of course the incident angle. However. this 

experiment alone does not provide enough information to uniquely specify Le and (31. 

The needed information is provided in the following manner. 

Out-coupling Measurements 

Assuming that a surface plasmon has been generated in the experiment just 

discussed. we can gain the information needed to evaluate Le and (31 by experiments 

at the output coupler. The technique. described in the theory section of this chapter. 

results in a far simpler experimental and analytical procedure than that at the input 

coupler. The experiment to perform is to measure the rate of decay. as a function 
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of position on the grating. of the power radiated from the output grating. It is not 

necessary to determine the absolute power level. only the rate of change. In practice 

the difficulty is to get both satisfactory signal-to-noise ratio and good spatial 

resolution. To perform this experiment. the collection arm of the system was 

modified. The sample was set uP. as in all the experiments. to maximize the 

coupling efficiency at the input grating. (Actually a subtle difference between the 

minimum in the coupling dip and the maximum transmission resulted in a slightly 

different beam position. on the grating. than in the previous experiment.) No angular 

variation was needed. so the goniometer was fixed at em. A "pinhole" aperture 

(2 mm x 2 mm) was the first element in the detector arm. positioned a few 

millimeters in front of the output grating. The size of the aperture is not critical; it 

can be shown that within a certain range it will not degrade the results. Care was 

taken to ensure that the aperture would not reflect the radiating beam back onto 

itself. as this would adversely affect the stability of the laser. The aperture was 

followed by a lens and i:hen the detector. just as before. However in this case it was 

important that the detector see only that radiation which passed through the 

aperture. This was insured by imaging the aperture onto the detector. at a 

magnification that placed the edges of the mask around the aperture well beyond the 

detector's active area. Then the entire assembly was slowly scanned across the 

output grating. making sure that the distance between the aperture and the grating 

remained nearly constant. Figure 6.3 (top) is a diagram of the scan apparatus (a 

view from below the sample). with an example of the digitized results below it. The 

data was digitized as the natural logarithm of the output of the ratio meter. The log 

operation was performed to simplify the analysis; the expected exponential decay 

.. ,J, 
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would result in a straight line in the data file. which could then be directly analyzed 

using an appropriately weighted linear least-squares fit. The experimental error in 

the measurement of the exponential decay coefficient r was determined by repeating 

the experiment a number of times on several randomly chosen gratings; the resulting 

error was assumed to be applicable to all the measurements of r. 

In order to completely determine the coupling parameters for each grating. 

each must be examined both as an input coupler and as an output coupler. 

Reversing the role of the input and output gratings merely required rotating the 

sample 1800 around the normal to the surface. Although all ten gratings on each 

sample were very nearly identical. there was a significant variation in the film 

thickness over the face of each sample. Thus each grating ultimately was treated as 

if it had a separate film thickness. This is in contrast to the first experiment 

discussed in this dissertation. in which the measurements for a given sample were 

assigned the average film thickness for the entire sample. 

The data from the two experiments were analyzed as follows: First the 

minimum in the coupling dip was measured by adding the energy in the O-order at 

em to that in the -I-order at the same angie. This sum was divided by the sum of 

the powers in each order at an angle well away from the coupling dip. The result is 

Prer• the amount of power reflected from the grating at em. The computer program 

based on the coupled-mode theory was designed to calculate the minimum P rer based 

on inputs for Lc and {3I. The inputs for Lc and (31 were adjusted according to the 

formula Eq.(6.6) where r was determined from the measurements using the same 

grating as an output coupler. The correct combination of Lc and (31 satisfied Eq.(6.6) 

and returned the measured value of Prer . The errors in the measurements of Lc and 
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PI were determined by an error propagation analysis. (Assuming errors in Le and 

PI' error functions for Pref and r were developed. The error functions were 

inverted to give the errors in Le and PI based on the measured errors in Pref and r.) 

Results 

The experiments were performed with coating thicknesses ranging from 

.1.8 p.m to 5.1 p.m. The thicknesses were determined by averaging four 

measurements made on the corners of each grating. The two primary results are 

contained in Figures 6.4 and 6.5. which show the measured parameters Le and PI as 

a function of the overcoat thickness. accompanied by theoretical curves based on the 

preceding theory. Note that the coupling length data is expressed as Le -1. with the 

same units as the absorption term PI' The theoretical curve in Figure 6.5 is the 

same as that in Fig. 5.2. except that it is displayed as an amplitude coefficient (since 

a:-2PI)' for direct comparison with the data. The single error bar in each figure is 

applicable to all data points in the figure. 

From the measurement of Le and PI' the transmission of the grating coupler 

can be determined. Figure 6.6 shows the percentage of the incident beam power 

which is transmitted by the grating as a surface plasmon. plotted of course against 

the overcoat thickness. Primarily this shows that efficient generation of the surface 

plasmon has been achieved. No theoretical calculation of the transmission was 

included because it is not a fundamental property of the grating. i.e. it is a function 

of Le. PI' and the incident beam properties. 
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Discussion 

Though the data in Figure 6.5 (PI vs. t) has a large scatter. the mean value of 

the data follows a curve that is qualitatively similar to the measurement of 0: in the 

flat-surface region. However. the attenuation in the grating region appears to be 

1.5-2 times larger than in the flat-surface region. A higher absorption coefficient 

may be expected in the grating region due to the field enhancement at the corners 

and in the grooves of the grating. Nevertheless. this is an indication that there has 

been some change in the fundamental fields due to the presence of the corrugations. 

an effect first noticed in the previous coupling study (Seymour. Krupczak Jr. and 

Stegeman. 1984). 

The most important measurement to be discussed is the coupling coefficient 

Lc-l. Note that the range of coupling coefficients attained include the values 

considered optimal for the beam width (based on Figure 6.1). The transmission 

efficiency (Figure 6.6). however does not approach the theoretical maximum because 

of the presence of absorption (and to a lesser extent because the incident beam is not 

one-dimensional and it does not have a gaussian profile). Though the large 

absorption may be reduced (to increase the transmission) with a smaller grating 

amplitude. that would necessitate a thicker overlayer to recover the coupling length. 

which would counter the reduction in absorption. Therefore it appears that with 

these component materials and a 1 cm beam. the optimal coupling will occur with a 

grating depth of approximately 6 p.m. 

An extrapolation to zero film thickness in Figure 6.4 shows that in the 

absence of an overlayer the coupling lengths would be in the range of 3-5 cm. This 

would yield a coupling efficiency in the range 10-15%. a figure which is supported 
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by the depth of the coupling dip observed on the uncoated sample. Nevertheless. the 

coupling efficiency was still strongly enhanced by the overlayer. as evident in the 

increasing values of Lc -1 in Figure 6.4. (The transmission did not rise proportionally 

because of increasing attenuation.) The theoretical curve (solid line) in Figure 6.4 is 

the result of the total fields analysis. with both interfaces corrugated. and the 

agreement is poor; the coupling coefficients predicted are far smaller than those 

measured. consistent with the previous results on this subject (Seymour. Krupczak Jr. 

and Stegeman. 1984). Moreover. the shape of the theoretical curve is very different 

from the curve outlined by the data. (These calculations were made with the Drude 

parameter values measured by Johnson and Christy. Unlike the attenuation 

measurements of Chapter 5. the coupling lengths predicted by the total fields 

calculation are very weakly dependent on wp and T.) 

There are a number of possible explanations for the discrepancy between the 

theory and the data. At the outset of the grating theory section. it was noted that 

one of the key approximations of the first-order theory is violated at the metal-film 

interface. and this is a prime candidate for the failure of the first-order calculation. 

Another consideration is the effect of the trapezoidal grating profile; the perturbative 

grating theory has no capability of handling the shape factor. A third possibility 

will be considered first. that if P is close enough to the light line. the grating itself 

may induce changes in the modal fields. 

The first-order grating theory assumes that the surface plasmon fields are the 

same in the presence of the grating as without. It was shown in Chapter 2 that both 

the penetration depth of the bare-metal surface plasmon field into the upper medium 

and the surface field magnitude are extremely sensitive to increases in p. Therefore 
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it seems plausible that for very thin overlayers or no overlayer. the first-order theory 

may be invalidated even by weak grating-induced perturbations of {3R' Once three 

or four microns of silicon has been deposited onto the metal. though. the mode has a 

{3R which is roughly 2% greater than ko' Perhaps this change in {JR would be 

sufficiently large that a grating-induced perturbation would not further affect the 

fields. Whether it is or not. if this effect caused the failure of the first-order 

theory. we should find that the agreement becomes better with increasing film 

thickness. However. Figure 6.4 shows that between 3 p.m and 5 p.m. in fact the 

agreement is getting worse (though it might be improving above 5 p.m). 

(Note that there is a steep rise in Lc -1 near a coating thickness of 6 p.m. 

where the grating depth is approximately equal to the coating thickness. An 

extension of the theoretical curve beyond 5.5 p.m would show that the coupling 

length rapidly approaches zero. Theoretical calculations performed with deeper and 

shallower gratings (12 and 3 p.m) also exhibited the rapid rise in Lc -1 at 5-6 p.m. 

demonstrating that it is coincidental that the coupling length rapidly approaches zero 

where the coating thickness equals the grating depth.) 

To help examine the first possibility for the failure of the grating theory. in 

Figure 6.7 the contributions to the coupling length due to the corrugations at the 

upper and lower interfaces have been plotted separately from the results for both. 

(The substantial difference between the results for either single corrugation and those 

for both corrugations is attributable to destructive interference between the 

polarization fields of the two corrugations.) Although the wavelength is much 

greater than the depth of the gratings (the usual condition for applying a first-order 

grating theory). the corrugation is huge compared to the penetration depth of the 
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o 
fields into the metal (approximately 500 A) This is a gross violation of the 

assumption that 600:3 « 1 (in fact. 600:3 e! 100). The perturbative theory predicts 

discontinuities in the surface plasmon fields along the corrugated interface. which 

arise because the corrugation extends the position of the interface to a region of the 

z-axis. rather than the single value of z that represents a flat interface. The local-

mode approach (Marcuse. 1974) used in the total fields analysis assumes that the 

surface plasmon fields in a given medium remain valid. but the extent of the 

medium (in the z-direction) changes with position along the grating (in the x-

direction). In the present application. however. it is unreasonable to assume that the 
o 

fields in the metal. which terminate in 500 A in the region z > 0. will extend 

upwards for 3 p.m for half the cycle of the grating. The effect of the actual 

behavior the fields inside the metal is not obvious. but it may be that it would 

enhance the effect of the corrugation at the metal-film interface. Unfortunately. in 

Figure 6.7 the data does not appear to better fit the result for the lower corrugation 

than for the combination of both interfaces. However. the coherent sum of terms in 

the calculation for two equally corrugated interfaces may be in error because of an 

incorrect prediction of the magnitude of the lower-interface term. Nevertheless. 

considering the severity of the violation discussed above. the agreement of the theory 

with the experimental results is surprisingly good. 

The last possibility for the failure of the first-order theory involves the shape 

factor. In the previous coupling study (Seymour. Krupczak Jr. and Stegeman. 1984). 

on bare gratings. the trapezoidal grating shape was discovered to provide at least 

fives times more efficient coupling than was obtained with a quasi-sinusoidal shape 

of the same amplitude. Since the first-order grating theory assumes a sinusoidal 
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corrugation. the discrepancy in Figure 6.4 may represent no more than the higher 

coupling efficiency that a trapezoidal shape provides. At this point it is premature 

to generalize from observations made on bare gratings; it has just been argued that 

bare-grating effects may diminish with overlayer thickness. However. the results of 

the following experiment will help to narrow the possibilities. 

Measurement of PR in Gratings 

The comparison of the coupling measurements with theory may be further 

illuminated by a measurement of the parameter PR in the grating region. This 

information is obtained by a careful measurement of the coupling angle 8m • As in 

the case of PI in the previous chapter. we can use PR to imply properties of the 

surface plasmon. Once again. the presence of the grating introduces a new 

parameter which cannot necessarily be theoretically accounted for. The primary 

result. then. is to use the measurements of 8m to compare with the coupling angles 

predicted by the field equations (2.32-2.34). Deviation from the predicted angles 

may provide some insight into the resuits of the coupling study. 

Experimental Method 

The difficulty in determining any absolute angle with a goniometer is to first 

accurately determine a reference. With a beam that has a 1.260 angular diameter. it 

is almost impossible to measure the zero-point with better than 1-20 accuracy. (The 

HeNe beam was not aligned with the FIR beam well enough to use it to make a 

more accurate determination.) However. the symmetry of the grating equation (6.1) 

can be exploited to provide an accurate measurement. in the following manner (Y.J. 

Chen. private communication): The coupling will occur at precisely the same angle 
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on each side of the normal to the sample surface. If scanned through a sufficiently 

large angle about the normal. both dips can be observed and the positions can be 

measured. The difference between the two angles. divided by two. is 8m , The 

accuracy of this measurement is'limited only by the error in the measurement of the 

minimum of each dip. In this case. the position of the minimum was measureable to 

an uncertainty no larger than 0.15°. The only change in the methods of the previous 

section was that the incident beam was placed in the center of the grating. to make 

the geometry as symmetrical as possible. As in the last section. the -I-order was not 

taken into account in the determination of 8m • so the measurement relies solely on 

the dip in the O-order. 

Results 

The data from 32 gratings is graphed in Figure 6.8. in the form of f3R versus 

film thickness. The small spread in the data points reflects the high accuracy of the 

method. Accompanying the measured points is the theoretical curve. which was 

determined by the overcoated surface plasmon dispersion equations (Eqs. (2.32-2.34». 

Note that the measurements on a bare grating (t-O) fall below the theory curve. This 

represents the failure of the measurement technique on a bare metal surface. (Since 

f3 is unperturbed in this case. the coupling dip is accompanied by the disappearance 

of the +1 radiative order. The rapidly changing power in the +I-order as it passes 

off the grating. if not accounted for. shifts the minimum in the O-order to smaller 

values of e. Unfortunately. near this angle. the +l-order is widely scattered and 

cannot be collected. This is a manifestation of the "surface skimming mode" that 

was discussed in Chapter I.) 
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Discussion 

The theoretical curve. which falls significantly below the data points. has as 

its adjustable parameters the grating periodicity. the metal dielectric constant and the 

film dielectric constant. Though the dielectric constant of the metal was the dominant 

parameter in the measurement of PI' in this case the metal parameters negligibly 

affect the curve of PR versus t. The only parameter which strongly affects PR is the 

real part of the index of refraction of the silicon overcoating. The results of fitting 

this parameter to the data is shown in Figure 6.9. for which it was necessary to raise 

the index of refraction from 3.42 to 4.00. This is unsatisfactory. since not only is 

that an unreasonable value for the index of silicon at 118.8 p.m. but the curve that 

results has lost the general shape of the data. 

A constant difference AP between the theory and the data would be 

characteristic of a discrepancy between the actual grating periodicity and the " used 

to make the calculation. which could be explained by a sample alignment error. 

However. the difference is not constant. and in fact increases with overlayer 

thickness. The curve traced by the data appears to have the same qualitative shape 

as the theoretical curve. but with a stronger curvature. It was found that adjusting 

the available parameters could not reproduce the data. leading to the conclusion that 

the observed behavior is outside of the scope of the theory upon which the curve is 

based. This appears to unveil a dichotomy between the results of Chapter 5 and 

these results. In Chapter 5. the three-layer dispersion relation was found to 

accurately predict PI in the form of the absorption coefficient. but the results of this 

experiment demonstrate that the same theory does not accurately predict the real part 

of p. In this experiment. though. the effect of the grating on the mode cannot be 

accurately included. 



Beta in Grating 
1.20 

THEORY w/ntfilml = 4.00 
1.16 

~ 1.12 
......... 

<rt 1.08 

1.04 

I.OO[ 

0 2 3 4 5 

FILM THICKNESS (fLm) 

Figure 6.9. Results of fitting the measurements of fjR by varying the refractive 
index of the overlayer. This generates a theory curve which has lost the general 
shape of the data. 

6 

o 
o 



101 

The conclusion is that the shape and/or depth of the grating corrugations is 

sufficient to alter the surface plasmon' field distribution. again in agreement with 

previous the previous grating study on the overcoated mode (Seymour. Krupczak. Jr. 

and Stegeman. 1984). Thus the three-layer theory. which worked well for 

measurements pertaining to the flat region between the gratings. is insufficient for 

the prediction of {3R in the presence of the gratings. 

The measurement of {3R vs. film thickness sheds light on the results of the 

measurement of Lc. The first argument (in the previous discussion section) used to 

explain the failure of the total fields calculation was aimed at small overlayer 

thicknesses. and it predicted that the agreement would improve with increasing 

thickness. However. Figure 6.8 shows that the deviation from the expected {3R 

progresses in precisely the opposite manner than the argument suggests: A.{3R is 

largest for the thickest overlayers. and disappears as the thickness approaches zero. 

This is strong evidence that the perturbation due to the grating has not arisen 

because the overlayer is too thin; in fact the c('ating enhances the perturbation 

instead of eliminating it. This conclusion does not add evidence that the discrepancy 

in the prediction of coupling lengths is due to the approximation 000:3 « I (in the 

total fields analysis). However. it does show that the grating causes a violation of 

another assumption of the first-order grating theory. that the incident fields inside 

the grating are described by the normal mode fields with no grating present. These 

measurements of {3R show definitively that the grating fields have a wavevector 

which is significantly shifted from the flat-surface fields. 

In the previous section we saw that the measurements of the attenuation in 

the grating were also higher than the flat-surface theory predicts. This is consistent 
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with a greater-than-expected perturbation in {3R' as observed in this experiment. We 

can attempt a correction to the flat-surface theory. to see if {3R and {3I are correctly 

related to each other by the flat-surface theory. in the following manner: At a given 

overlayer thickness. we compare the value of the measured attenuation ({3I) to the 

value that is associated (by the flat-surface field equations) with the value of {3R that 

was measured at that overlayer thickness. In effect this bypasses the thickness of 

the film and directly correlates {3R with {3I' Unfortunately on comparison of the sets 

of results. the measured attenuation in the grating region is stil! higher than what 

would be expected for the {3 that was measured. However. it is legitimate to 

attribute at least part of the increased absorption to the additionally perturbed {3R' 

since the two parameters are fundamentally linked. 

The same sort of first-order re-analysis can be applied to the measurements 

of Le' In this case we associate a measured {3R with the thickness at which it would 

occur according to the flat-surface theory. and then examine the coupling length that 

the theory predicts at that film thickness. The physical rationale for this is that the 

degree of perturbation determines the field strength at the interfaces. which in turn 

factors into Le -1 by way of the size of the discontinuities. If the first-order grating 

theory failed only because {3R was larger than expected. this re-analysis should yield 

good agreement. The result is to effectively shift the theoretical curve towards t-O. 

by an amount of approximately 1/2 p.m. which does not substantially improve the fit. 

The results of this section suggest that the grating-induced perturbation of {3 

is nonexistent in the absence of an overlayer. However. in previous studies on bare 

gratings. the trapezoidal grating shape was discovered to provide at least fives times 

more efficient coupling than was obtained with a quasi-sinusoidal shape of the same 
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amplitude (Seymour, Krupczak Jr. and Stegeman, 1984). Combining these results, it 

must be concluded that the improved efficiency provided by the trapezoidal shape 

(compared to a sinusoidal shape) will itself be enhanced by an overlayer. Since the 

first-order grating theory assumes a sinusoidal corrugation, the data in Figure 6.4 

support this interpretation. This suggests that perhaps the largest contributor to the 

failure of the first-order grating theory is the description of the corrugation as a 

sinusoid. 

To conclude, the measurement of ~R versus t in the gratings clearly shows 

that the normal mode fields are altered by the surface corrugation, in violation of a 

basic assumption of the perturbative theory. The results indicate that the expected 

grating-induced perturbation of ~R appears roughly proportional to the perturbation 

due to the overlayer. If the grating-induced perturbation of ~R implies modal field 

changes that are similar to those caused by the overlayer (which perturbs ~R 

similarly), then the results of the measurements of Lc -I, ~I and ~R are all consistent. 

The development of a theory to explain the numbers generated experimentally for 

these parameters will be left to future work. However, in generating those data I 

have demonstrated that high-efficiency coupling to far-infrared surface plasmons can 

be achieved, and have measured the fundamental coupling constants which 

characterize the process. 



CHAPTER 7 

CONCLUSION 

The experiments performed in this dissertation have provided quantitative 

measurements on fundamental parameters of the overcoated surface plasmon mode in 

the far infrared. We have examined both the coupling and propagation of the mode. 

in the range of coating thickness that provides the optimum waveguide 

characteristics. The field equations of the overcoated mode were found to accurately 

describe the propagation length of the mode for the overlayer thicknesses 

investigated. even though the dielectric constant of the metal was predicted using the 

Drude model with parameters that were determined in the visible and ir spectral 

regions. The overcoated mode has been shown to have a wavevector that is 

sufficiently perturbed from the light line to decouple it from unbound modes. 

without overly penalizing the propagation length. In add1tion. efficient coupling has 

been demonstrated. with throughputs as high as 20% on a guide length of 3 

centimeters. We conclude that the entire system fits the criteria of a far-infrared 

waveguide. 

The study of the coupling properties using a grating coupler succeeded in 

demonstrating coupler transmission in excess of 40%. The coupling coefficients. 

however. were higher than those predicted by a first-order grating theory. The 

surface plasmon wavevector {3 was shown to be perturbed. beyond the effect of the 

overlayer. by the corrugation associated with the grating region. This additional 

perturbation represents a deviation from first-order behavior. in which the surface 
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plasmon mode is assumed to be unaffected by the corrugation. In the sense that any 

change in {3 can be expected to affect the coupling efficiency. the observed grating

induced perturbation is expected to result in. but does not fully explain. the 

enhanced coupling efficiencies. However. in light of the severe violation of an 

important approximation in the grating theory (Le. B00:3 « 1). it is surprising that the 

agreement is as good as it is. 

The exact nature of the grating's influence on the surface plasmon fields is 

left to future research. The measurements of the grating-induced perturbation 

predict that the effect is extremely weak in the absence of the overlayer. but is 

enhanced by the presence of the overiayer. Relevant parameters requiring additional 

study include the depth and the shape of the gratings; these dependences were 

intentionally eliminated in these experiments. The inclusion of a result of a previous 

coupling study (Seymour et.al.. 1984) points to the shape factor as being particularly 

important to the coupling data. and most likely. the grating-induced perturbation as 

well. 

The investigation of the mode has successfully taken techniques and 

formalisms from the optical regime and re-employed them in the near-millimeter 

spectral region. a factor of one hundred lower in frequency. The attenuation 

measurements were well predicted using parameters determined in the infrared and 

optical spectrum. The exception to this success was the first-order grating theory. 

The overall failure of that theory. well within the limit which is commonly cited for 

the use of perturbation theory (Bok«l). suggests that a corollary parameter in the 

application of perturbative theories to metal gratings is the ratio of the corrugation 

amplitude to the skin depth. Utilizing a first-order theory known as "total fields" 
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analysis (Normandin et aI., 1979), the requirement that the corrugation amplitude be 

small compared to the field variation in all directions is explicit. Using other 

perturbative grating theories, this would not have been so readily apparent (Marcuse, 

1974; Yariv, 1973). It is likely that this violation was a major factor in the poor 

theoretical prediction of the coupling lengths and the perturbation of the fundamental 

fields in the grating region. 

An immediate application for the overcoated mode would be a more rigor01:ls 

study of the dielectric properties of metals. The overcoated mode has a far greater 

ability to sample the metal than a bare-metal surface plasmon, because of the field 

enhancement. The propagation length is so large on a bare metal surface that it is 

effectively unmeasurable, so the "penalty" exacted by the overcoating is in this case 

an advantage. Moreover, performing experiments at longer wavelengths should 

present no additional difficulties since strong sources are available, and the general 

effects of the overcoating will be the same. 

There is no question however that this spectral regime is seriously hampered 

by the scarcity of suitable dielectric materials, a fact that is the primary hindrance to 

the development of submillimeter communications technology. A rash of work in the 

search for suitable far-infrared materials took place in the 1970's (see Simonis. 1982 

for an excellent index). the results of which were unpromising. The situation 

remains largely the same now as it did then. With regard to the overcoated surfece 

plasmon mode, there still remains further experimental work which must be 

performed before questions of its technological utility can be answered. However. in 

the spectral regime of the far infrared and near-millimeter waves where few low

loss dielectrics exist, the overcoated mode must be considered a leading technique for 

the guided propagation of electromagnetic energy. 
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Future Work 

There are two general areas to be investigated in future experiments. First. 

the failure of the first-order grating theory must be addressed. The cause of that 

failure has been discussed. but experimental work that was performed was 

insufficient to pinpoint the cause. The second area of investigation involves 

experiments designed to explore the technological potential of the mode. Other 

geometries such as strip or channel waveguides must be fabricated which would be 

more compatible with the requirements of communications technology. and their 

characteristics must be measured. 

An important improvement should be made in future sample preparation. In 

our experiments. the samples performed a dual role. being used for propagation 

measurements and for coupling measurements. This required compromises in the 

grating depth and the overlayer thicknesses which limited both of the experimental 

studies. It would be desirable to fabricate samples that are more specifically 

designed for a given type of experiment. For instance. by focusing on the coupling. 

a very wide range of coating thicknesses could be investigated. It is feasible to do 

this now that measurements have been made that can be used to predict the 

performance of new gratings and waveguides. In this dissertation. the overlayer 

thickness was limited by the propagation experiments. both on the low side and the 

high side. Another major experimental improvement would be shorten the grating 

periodicity so that the only radiative order would be the specular reflection. Not 

only would it greatly simplify the measurements. it would increase the coupling 

efficiency as well. The same grating fabrication technique could be used. as the 

period would still be large (slightly under 100 JLm). 
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As for the nature of future coupling studies. from a practical point of view 

it is much easier to alter the samples than to apply a more rigorous grating theory. 

An important study to perform would be to vary the grating depth for a given film 

thickness to see at what point the perturbative theory becomes applicable. If 

possible. this should be performed with a smoother grating profile than the 

trapezoidal shape. A reasonable assumption is that the first-order theories will not 

be applicable as long as the grating is perturbing the fields as demonstrated by the 

measurement of f3r in Chapter 6. If the grating effects are shape dependent. it would 

be immediately apparent if a sinusoidal profile were used. The trapezoidal profile 

may cause grating effects over a wide range of grating depths. 

Another approach to take would be to corrugate only one of the surfaces. 

eliminating the question of whether the failure of the theory is in the interaction of 

the two corrugations. or if it is limited to the effect of the lower corrugation. 

Perhaps the sample could be completely fabricated without etching the substrate. and 

then a grating could be created on the air-film interface. With the current 

fabrication technique. it is impossible to corrugate the metal-film boundary alone. 

To further investigate the technological possibilities of this surface plasmon 

waveguide. a completely different set of experiments must be performed. This 

would involve the fabrication of strip and channel waveguides. to provide another 

degree of restriction to the propagation of the energy in the guide. It would be 

necessary to determine the losses incurred at in-plane and out-of-plane bends of a 

strip or channel guide. to predict the performance of an actual devices. These 

measurements could perhaps lead the way to more sophisticated elements such as 

refractive elements or mirrors. etc. 
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In summary, the mode can now be considered as a well-behaved waveguide 

mode, for which only the first round of investigations have been performed. The 

demonstrated effectiveness of optical and near-infrared techniques, along with the 

history of optical guided-wave research, is a clear indicator of the types of 

experiments that are appropriate for this mode in the future. 
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