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Abstract

Conformal thin films have a wide variety of uses in the microelectronics, optics, and coatings
industries. The ever-increasing capabilities of these conformal thin films have enabled tremendous
technological advancement in the last half century. During this period, new thin-film deposition
techniques have been developed and refined. While these techniques have remarkable performance
for traditional applications which utilize planar substrates such as silicon wafers, they are not
suitable for the conformal coating of non-traditional substrates such as biological material.

The process of thermally evaporating a material under vacuum conditions is one of the oldest
thin-film deposition techniques which is able to produce functional film morphologies. A draw-
back of thermally evaporated thin films is that they are not intrinsically conformal. To overcome
this, while maintaining the advantages of thermal evaporation, a procedure for varying the sub-
strates orientation with respect to the incident vapor flux during deposition was developed imme-
diately prior to the research undertaken for this doctoral dissertation. This process was shown to
greatly improve the conformality of thermally evaporated thin films. This development allows for
several applications of thermally evaporated conformal thin films on non-planar/non-traditional
substrates.

Three settings in which to evaluate the improved conformal deposition of thermally evaporated
thin films were investigated for this dissertation. In these settings the thin-film morphologies are
of different types. In the first setting, a bioreplication approach was used to fabricate artificial
visual decoys for the invasive species Agrilus planipennis, commonly known as the emerald ash
borer (EAB). The mating behavior of this species involves an overflying EAB male pouncing on
an EAB female at rest on an ash leaflet before copulation. The male spots the female on the
leaflet by visually detecting the iridescent green color of the female’s elytra. As rearing EAB and
then deploying dead females as decoys is both arduous and inconvenient, the development of an
artificial decoy would be of great interest to entomologists and foresters. A dead female EAB
was used to make a negative die of nickel and a positive die of epoxy. The process of fabricating
the paired dies utilized thermally evaporated conformal thin films in several critical steps. In
order to conformally coat the EAB with nickel, the substrate stage holding the female EAB was
periodically rocked and rotated during the deposition. This process was designed to result in
a uniform thin film of ~ 500-nm thickness with dense morphology. The nickel film was then
reinforced through an electroforming process and mounted in a fixture which allowed it to be
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heated electrically. The corresponding positive die was replicated from the negative die through
a series of successive castings. The final EAB positive die was fabricated from a hard epoxy
material and attached to a fixture which allowed it to be heated while being pressed into the
negative die. Decoys were then made by first depositing a quarter-wave-stack Bragg reflector on
a polymer sheet and then stamping it with the pair of matched negative and positive dies to take
the shape of the upper surface of an EAB female. As nearly 100 decoys were fabricated from
just one EAB female, this bioreplication process is industrially scalable. Preliminary results from
field trapping tests are indicative of success.

For the second setting, a method of developing latent fingermarks with thermally evaporated
conformal thin films was developed. Fingermarks have long been used to identify the individ-
ual who left them behind when he/she touched an object with the friction ridges of his/her
hands. In many cases the fingermark which is left behind consists of sebaceous secretions which
are not clearly visible under normal conditions. In order to make the fingermarks visible and
identifiable, they are traditionally developed by either a physical technique which relies on a
material preferentially sticking to sebaceous materials or a chemical technique which relies on a
reaction with material within the fingermark. In this application, a columnar thin film (CTF)
is deposited conformally over both the fingermark and the underlying substrate. The CTF is
produced by the conformal-evaporated-film-by-rotation method, wherein the substrate with the
fingermark upon it is held obliquely with respect to a vapor flux in a vacuum chamber. The
substrate is then rapidly rotated about its surface normal resulting in a conformal film with
columnar morphology. This technique was optimized for several substrates and compared with
traditional development techniques. CTF development was found to be superior to traditional
techniques in several cases. Use of the CTF was investigated for several types of particularly
difficult to develop fingermarks such as those which consist of both bloody and nonbloody areas,
and fingermarks on fired cartridge casings. The CTF technique’s sensitivity was also compared
to that of traditional development techniques. Finally, the CTF technique was compared with
another thin film deposition technique called vacuum-metal deposition.

The final setting in which thermally evaporated conformal thin films were evaluated in this dis-
sertation is to enable the experimental observation of the Dyakonov—Tamm wave. The Dyakonov—
Tamm wave was predicted to be guided by the interface of two materials, at least one of which
is both periodically non-homogeneous in the direction perpendicular to the interface plane and
anisotropic. A dense magnesium-fluoride thin film and a zinc-selenide chiral sculptured thin film
were selected to provide such an interface. The structural properties of the chiral sculptured thin
film were designed to give the zinc-selenide layer, in conjunction with the magnesium-fluoride
layer, the optical properties required to support the propagation of a Dyakonov—Tamm wave.
The Dyakonov—Tamm wave was first demonstrated in the prism-coupled configuration and then
in the grating-coupled configuration. For the case of the grating-coupled configuration, the
zinc-selenide-chiral sculptured thin film was deposited on a non-planar substrate consisting of a
periodic grating fabricated from magnesium fluoride.

In concert these three applications of thermally evaporated conformal thin films on non-
planar/non-traditional substrates demonstrate that the poor intrinsic conformality of thermal
evaporation can be overcome. Additionally, the poor intrinsic conformality can be overcome
while still maintaining the advantages of being able to deposit an array of materials and produce
morphologies which are essential to the function of a device of process. The use of thermal
evaporation allows thin films with dense morphology to be deposited in the first setting, vertical
columnar morphology in the second setting, and a helical morphology in the third setting.
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Chapter

Introduction

Thin films are deposited on a bulk material as small molecular clusters in order to impart some
properties that are not easily obtained by the substrate alone. Typically, thin films range in thick-
ness between a fraction of a nanometer and tens of micrometers [1,2]. The intended property that
is to be imparted to the substrate depends on the specific application. Thin films find application
in many areas. Such applications include: reflective and antireflective coatings, filters, decora-
tion, and waveguides for optical applications [3-5]; insulator, conductor, and semiconductor films
for electrical applications [6]; diffusion and corrosion barriers for chemical applications [7]; and
hardness, adhesion, and wear-resistance films for mechanical applications [8].

The performance of a thin film is often dependent upon the uniformity of the film in thickness,
composition, and morphology [1]. As such, thin films are typically deposited on planar substrates
because uniformity is more easily achieved. When a non-planar substrate is utilized, measures
have to be taken to ensure that a uniformly thick film is produced. In each of the listed areas
in which thin films are widely utilized, non-planar substrates are being increasingly used, as the
advantages of more complicated device architectures are identified and the technological barriers
of producing them are overcome. In this dissertation, I discuss the deposition of conformal thin

films on non-planar/non-traditional substrates by means of thermal evaporation. The advantage



of these thermally evaporated conformal thin films is demonstrated in three settings, all of which
utilize non-traditional /non-planar substrates. In each of the three settings, the morphology of

the conformal thin film is distinctive.

1.1 Conformal Thin-Film Background

Ideally, a conformal thin film is one which is of uniform thickness, composition, and morphology
at all locations when deposited on an undulating or uneven substrate [9]. In practice, few films
are perfectly conformal and there is some level of variation in thickness, composition, and/or
morphology occurring at the location of physical or chemical changes in the underlying substrate.
In practice, these variations often take the form of step edges, trenches, or transitioning substrate
materials [10].

Conformal thin films find many applications in modern microelectronics fabrication where step
edges, high-aspect-ratio trenches, and complicated overhangs have become common features [10].
As the coming generations of microelectronic devices increasingly will utilize 3-dimensional archi-
tectures [11], the demand for and the quality of conformal thin films will undoubtedly increase as
well. Along with traditional applications of conformal thin films, new applications will also arise.
These could come from the integration of high-tech devices into everyday items [12]. The mobile
phone industry may lead in this development as the integration of micro-electro-mechanical-
systems increases in prevalence, making our smart phones even smarter [13]. As advances in the
understanding of the micro-and-nano scale world arise through fields not normally associated
with nanotechnology, thin-film technologies will be adapted and utilized for as yet unseen ways.
Nature will provide inspiration for many of these developments [14]. One example of this process
is the use of nano-patterned surfaces to reduce reflection which were inspired by the surface of
the eyes of a moth [15]. Thin films will undoubtedly play a role in these developments, as they

have been a building block of a large portion of nanotechnologies.



Commonly used methods to produce films with good conformality typically exhibit an intrinsic
mechanism which causes material to be deposited evenly over the substrate. These mechanisms
include surface diffusion [16], operation at near-atmospheric pressures [1, Sec. 6.5.4], and self-
limiting chemical reactions [17]. Let me briefly look at several film deposition processes which
intrinsically produce conformal thin films due to the combination of the short mean free path of

the vapor and high surface diffusion.

1.1.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a deposition process which utilizes volatile vapor-phase
precursor chemicals which can be caused to react at the substrate surface in such a way as
to result in the desired film material condensing on the substrate [18]. The CVD process is
carried out in a reactor which allows for fine control over parameters which govern the deposition
process [19]. These parameters often include: pressure, substrate temperature, and gas flow
rates.

A common example of this deposition process is the pyrolysis of silane gas [20]. Silane
gas is allowed to flow over a substrate which is heated to such a temperature that the silane gas
decomposes on contact with the substrate, producing (i) silicon which condenses on the substrate
and (ii) gaseous hydrogen which flows out of the reactor [1, Ch. 7].

Several mechanisms lead to the conformality of thin films deposited by CVD. The first is the
gas kinetics of operation at relatively high pressures [1, Sec. 6.5.4]. At these pressures, the mean
free path of the vapor molecules is so small that it allows for the vapor to approach the substrate
from many directions. Additionally, the elevated temperature of the substrates results in a high
degree of surface diffusion of the condensed material which leads to a leveling of the film [16].
Finally, the probability of the vapor reacting at the substrate surface during any collision is
significantly less than unity [21]. This allows the vapor to penetrate trenches in the substrate

because it can go through multiple collisions with the substrate before reacting [1, Sec. 7.3.3].



CVD comes in many flavors [2] with many of the differences being in the method of delivering
the vapor or method of providing the necessary energy to produce the desired reaction.

CVD is one of the most widely used techniques to produce conformal thin films. Because
it operates in a high-pressure fluid-flow regime, it is able to batch process substrates with no
requirement for direct line of sight to all portions of the substrate [10]. Although CVD pro-
duces high-quality conformal films, it is not without drawbacks. For the type of work on non-
traditional /non-planar substrates utilized in this dissertation, the greatest drawback of CVD is
potential damage to sensitive substrates such as those of biological origin. This damage comes
from the high temperatures or plasmas present in a CVD reactor [22]. An additional drawback
of CVD is that it requires specific high-purity precursor gases, many of which can be danger-

ous [1, Sec. 7.1.1].

1.1.2 Atomic Layer Deposition

One variation of CVD which is worth discussing in some detail is atomic layer deposition
(ALD) [23]. The feature of ALD that makes it stand out from CVD is that the deposition
of the film occurs in discrete pulses rather than continuously. This is done by using a pair of
complementary chemical precursors which are sequentially and periodically introduced into the
reactor. This results in highly conformal films due to the fact that the first precursor will adsorb
onto all available sites on the substrate [17,23]. The excess quantity of the first precursor is then
purged from the reactor before introducing the second precursor. As the second precursor comes
into contact with the first, both react with each other to precipitate the desired film material.
The cycle is repeated until the desired film thickness is achieved [24].

ALD is a very appealing technique with which to deposit conformal thin films. Due to the
self-limiting reaction processes, it is possible to exert very fine control over film thickness [17].
For this reason, ALD has become a preferred industrial method for depositing gate-oxide layers

in transistors [23]. Some materials can also be deposited at relatively low temperatures, thereby



allowing for the use of non-traditional substrates such as butterfly wings [25].

There are also several drawbacks to ALD. Due to the layer-by-layer growth exhibited by
ALD, the deposition rate is slow when compared to other techniques [24]. As with CVD, the
precursor chemicals used to deposit some materials can damage chemically sensitive substrates
or be otherwise dangerous [23]. Along with chemical damage, biological substrates may also be
damaged by the high temperatures needed to deposit certain films. Additionally, only some types

of films can be deposited at low cost by ALD [26].

1.1.3 Sputtering

A third film-deposition technique which inherently produces conformality is sputtering. Sputter
deposition is a physical process by which high-energy inert atoms, such as argon atoms in a
plasma, bombard a target composed of the source material [1, Sec. 9.3.3]. Through a momentum-
transfer process [1, Sec. 9.1], the source material is ejected from the target. Depending on the gas
pressure in the sputtering chamber, the sputtered target material may undergo several collisions
before eventually condensing on the substrate. These multiple collisions are one mechanism that
leads to the conformal nature of sputter-deposited films [1, Sec. 8.5.4]. Because of the multiple
collisions which occur prior to condensation, the vapor effectively arrives from many directions.
The presence of the plasma can also contribute to the conformality of sputter-deposited thin
films. Some fractions of the sputtered source material and the plasma itself may arrive at the
substrate with such energy that they forward sputter or resputter material already condensed
on the substrate. This process leads to some amount of surface diffusion, in turn improving
the conformality of the deposited film. Surface diffusion can also be increased through ion
bombardment or heating of the substrate [16].

As with the other techniques described, sputtering has both advantages and drawbacks when
depositing conformal thin films. The greatest advantage to sputtering is that nearly any material

can be deposited [1, Sec. 9.3.3]. By producing a target of the proper composition, films with com-



plicated compositions can be deposited. A drawback of sputtering is that it utilizes a plasma and
elevated substrate temperatures that may damage biological substrates. An additional drawback
of sputtering is that the gas used in sputtering is often incorporated into the deposited films,

resulting in higher contamination when compared to other techniques [27].

1.2 Directional Thin-Film Deposition Techniques

A common drawback among the conformal techniques described in Sec. 1.1 is the high probability
for sensitive biological substrates to be damaged during the deposition process. This damage
often arises from elevated substrate temperatures, exposure to damaging chemicals, or exposure
to a plasma. Because these characteristics are intrinsic to the previously described conformal-
thin-film deposition processes, they can not be eliminated. However, there are other deposition
techniques that do not require the use of reactive chemicals, elevated substrate temperatures, or
a plasma in proximity of the substrate.

The deposition techniques which meet these criteria are thermal evaporation [2], electron-
beam evaporation [1, Sec. 8.2], ion-beam sputtering [1, Sec. 8.5.4], and pulsed-laser deposi-
tion [28]. Each of these deposition techniques are carried out under high-vacuum conditions
and the generated vapor flux is highly directional [1, Sec. 4.6]. The directional nature of the
vapor flux results in shadowing while a film is being deposited on a non-planar substrate [29].
Shadowing refers to the fact that portions of the non-planar substrate which do not have a line
of sight to the vapor source receive little or no vapor flux, thereby resulting in insubstantial or
no film growth in those areas.

If the goal is to produce conformal thin films, at first glance it would appear that the use
of any technique which produces a directional vapor flux would be a poor choice. In order to
improve the conformality and uniformity of thin films deposited by these techniques, substrates

are often placed on heated planetary substrate stages [1, Sec. 4.6]. The idea behind planetary



stages is that by changing the location of the substrate in relation to the source of the vapor flux,
the directions from which the vapor flux arrives at the substrate can be enhanced. This reduces
the effect of shadowing and improves both conformality and uniformity when batch processing
many substrates simultaneously [1, Sec. 4.6]. As with the previously discussed film-deposition
techniques, heating the substrate improves uniformity by increasing the surface mobility of the
source material arriving on the substrate. When used in combination, planetary substrate stages
and substrate heating can greatly improve the conformality of films deposited from a directional
vapor source [1, Sec. 4.6].

Thin-film deposition methods which generate directional vapor flux exhibit several advantages
over methods described in Secs. 1.1.1-1.1.3. The greatest of these is the ease of implementation.
Many low-temperature materials can be evaporated by thermal evaporation, a large number of
materials can be deposited by electron-beam evaporation [1, Sec. 8.2], a greater number still by
ion-beam sputtering [1, Sec. 8.5], and there are only few materials which can not be deposited
by pulsed-laser deposition [30]. This ease of implementation allows for a single deposition tool
to be used for a wide array of applications which is particularly useful in a laboratory setting.
An additional advantage to these techniques is that the directional vapor flux can be utilized to
produce several interesting film morphologies [31].

So far, I have eliminated reactive chemicals and plasma as sources of substrate damage when
conformally coating fragile substrates, but even with the alternative techniques described heating
of the substrate is still required to produce an acceptable conformal thin film. A method of
improving the conformality of thermally evaporated thin films while eliminating the need for

substrate heating is discussed in Sec. 1.3.



1.3 Improved Conformal Thin Films by Thermal Evapora-
tion

1.3.1 Thermal Evaporation by Resistive Heating

Let me now narrow my focus to thin films that are deposited by thermal evaporation from a
resistively heated source [2, Ch. 2]. In this technique, a source material is placed in a metal
receptacle within a vacuum chamber. In this context, a vacuum chamber is one in which the
mean free path is of the order of tens of meters [1, Sec. 2.7] whereas the linear dimensions of the
chamber are on the order of tens of centimeters. The receptacle is most often made of tungsten,
but other refractory metals are used as well [1, Sec. 4.5.1]. The receptacle is heated by passing
a high current through it. When the source material is sufficiently heated, it undergoes phase
transitions, with many materials first melting and then evaporating, while others sublimate [1,
Sec. 4.1]. Once in the gas phase, clusters of atoms (or molecules) ballistically travel from the
receptacle to either a portion of the evaporation chamber or the substrate. The distribution of
vapor ejected from the source takes the form of cos™ 6, where 6 is the angle as measured from
the normal to the receptacle’s aperture and n is the order of the distribution [1, Sec. 4.6]. The
order of the distribution increases as the flux is more confined to the source normal. In practice,
a receptacle in the form of a wire basket produces a 0th order (n > 1) cosine distribution while
dimpled receptacles and crucibles produce higher-order cosine distributions.

If the substrate is maintained at near-ambient temperatures, the sticking coefficient of vapor
impinging on the substrate is nearly unity and there is very little surface diffusion before the
vapor is incorporated into the growing thin film [1, Sec. 5.2]. While this process does not lead
to improved conformality, it is a gentle process which does not damage sensitive substrates.
Additionally, the ballistic transport from the source receptacle to the substrate can result in

shadowing that further reduces the conformality of the deposited thin film [1, Sec. 5.4]. These



challenges to producing conformal thin films by thermal evaporation are addressed in Sec. 1.3.2
and are in fact advantageous in some situations.

Thermal evaporation is an appealing technique with which to deposit conformal thin films
on sensitive substrates, because it produces vapor with low-energy clusters (compared to those
of ion-beam sputtering or pulsed-laser deposition) and without damage from reactive chemicals.
When compared to electron-beam evaporation, resistive heating of the source material results
in less waste thermal energy being generated at the substrate. This allows for substrates to be
maintained at relatively low temperatures which is essential for depositing conformal thin films on
fragile substrates such as fingermarks. A further advantage of thermal evaporation is that a large
number of materials can be deposited with no alteration to the apparatus [32]. This is a great
advantage in that it allows for a single apparatus to be broadly used. When compared to other
thin-film deposition techniques, the apparatus for thermal evaporation is relatively inexpensive
and easily maintained. This low cost has led to wide availability of thermal-evaporation systems.
In practical terms, this means that thermal-evaporation equipment can be dedicated to depositing
thin films on non-traditional substrates which would never be permitted in more expensive or
less robust equipment due to concerns about contamination. Finally, thermal evaporation allows

for the control over film deposition rates ranging from ~ 0.01 to more than 10 nm s—!.

1.3.2 Conformal-Evaporated-Film-by-Rotation

The method for improving film conformality discussed here should be applicable for any deposi-
tion method which utilizes a directional vapor source. In Sec. 1.2 substrate motion and heating to
improve the conformality of thin films were discussed. While substrate heating greatly improves
conformality, it damages temperature-sensitive substrates. With that in mind, I eliminated sub-
strate heating and was left with substrate motion to improve film conformality. The use of a
planetary substrate stage can provide some motion which improves conformality. However, due

to limited range of motion provided by the planetary stage, the shape of the vapor plume which
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depends on the source used [1, Sec. 4.6], the diversity of substrate geometries, and the convolu-
tion of these three factors, the variation in the direction of vapor flux arriving at the substrates
surface is restricted and can not be tailored to the specific geometry of a given substrate.

With the aforementioned limitations of planetary substrate stages in mind, I decided to use a
substrate stage which utilizes two independently operable and programmable axes of rotation [33].
The conformal-evaporated-film-by-rotation (CEFR) technique was originally developed to fabri-
cated high fidelity replicas of biotemplates such as butterfly wings [34] and fly eyes [35] as well as
micro-scale resonators [36]. The CEFR technique produces a conformal thin film that consists of
many individual parallel columns. The resulting film is analogous to a child’s pin toy in that the
individual pins conform to the underlying surface and replicate that surface along the tops of the
parallel columns. With the CEFR technique, a substrate is affixed to a substrate stage which
is tilted to a fixed angle measured between the plane of the substrate stage and the direction of
the incident vapor flux. The substrate stage is then rapidly rotated about its surface normal.
The self shadowing of the initial nucleation sites and competitive growth as the nucleation sites
develop lead to a columnar morphology in thin films deposited using the CEFR technique. This
morphology is more closely investigated when discussing the columnar thin film development of
fingermarks in Ch. 3.

For a highly non-planar substrate affixed to a stationary stage, the angle at which a directional
vapor flux falls upon the substrate can range from 0 to 90 deg [33]. The angle at which the vapor
flux arrives at a substrate can greatly affect the deposition rate and film morphology [31]. As
such, one would expect poor conformality and uniformity over a non-planar substrate when using
a film deposition method such as thermal evaporation.

In order to compensate for this variation, the motion of the substrate can be tailored to
produce a more conformal and uniform film [33]. This is done by periodically and rapidly changing
the direction from which the incident vapor flux is locally impinging on the substrate. This is

achieved by rapidly rotating the substrate stage about its surface normal while also periodically
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rocking the stage about an axis lying wholly in the the plane of the stage and perpendicular
to the direction of the vapor flux. This process had originally been developed to improve the
conformality of thin films deposited on the compound eye of a blowfly [33]. This method of
depositing conformal thin films was dubbed the modified-CEFR technique and its use for the
fabrication of artificial beetle decoys is examined in Ch. 2.

By introducing tailored motion of the substrate stage, it is also possible to endow the con-
formal thin film with a morphology that improves its performance or gives the film some new
functionality [31]. This type of tailored film morphology is implemented to enable the observation
of a new type of surface wave, as described in Chaps. 6 and 7. The deposition of improved confor-
mal thin films by thermal evaporation, and an ability to produce films with specific morphology

allow for several novel applications of thermally evaporated conformal thin films.

1.4 Settings to Evaluate the Efficacy of Thermally Evapo-
rated Conformal Thin Films on Non-Traditional /Non-

Planar Substrates

Three settings which demonstrate the efficacy of thermally evaporated conformal thin films are
presented in this dissertation. In each setting, the distinctive morphology of the film allows for

a specific application.

1.4.1 Artificial Beetle Decoys

Artificial visual decoys for the invasive species commonly known as the emerald ash borer (EAB)
[37,38] were fabricated through a bioreplication process which makes use of thermally evaporated
conformal thin films, electroforming, and several casting steps to produce a pair of dies that can

be used to pattern a polymer sheet upon which a Bragg reflector was deposited [39] to provide
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iridescent color which matches the targeted species. The decoys for the EAB exploit the mating
behavior of this species, wherein an overflying male EAB will first visually spot a female at rest
in the ash canopy, and then execute a pouncing maneuver where the male lands directly upon the
female [40,41]. By cuing this behavior with an artificial decoy which can be mass produced, the
possibility arises for a more effective trap to monitor and control the spread of this destructive
invasive species. Through preliminary studies it was found that (i) both the overall shape and
fine surface features must be present to attract male EAB, and (ii) decoys with color produced

by paint will attract male EAB as well as decoys using a Bragg reflector for coloration.

1.4.2 Columnar-Thin-Film Development of Fingermarks

Fingermarks have long been used to identify the individual who left them behind when he/she
touched an object with the friction ridges of his/her hands [42]. In many cases, the finger-
mark which is left behind consists of sebaceous secretions which are not visible under normal
conditions [43]. In order to make the fingermarks visible and identifiable, they are tradition-
ally developed by either a physical technique which relies on a material preferentially sticking
to sebaceous materials or a chemical technique which relies on a reaction with material within
the fingermark [44,45]. T have optimized a new technique which relies on the topology of the
fingermark to make it more easily visible. This technique utilizes a columnar thin film (CTF)
deposited over both the fingermark and underlying substrate [46]. The CTF is produced by the
conformal-evaporated-film-by-rotation method, wherein the substrate with the fingermark upon
it is held obliquely with respect to a vapor flux in a vacuum chamber. The substrate is then
rapidly rotated about a central normal axis passing through it, thereby resulting in a conformal
film with columnar morphology. This technique was optimized for several forensically relevant
substrates and compared with traditional development techniques. CTF development was found
to be superior to traditional techniques in several cases. Use of the CTF technique was investi-

gated for several types of particularly difficult to develop fingermarks such as those which consist
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of both bloody and non-bloody areas, and fingermarks on fired cartridge casings. Additional
experiments were conducted to compare the sensitivity of conventional techniques with the CTF
technique. Finally, the CTF technique was compared to another thin-film fingermark develop-
ment technique called vacuum-metal deposition. The resulting thin-film morphologies of each
technique and efficacy at developing fingermarks on several forensically relevant substrates were

compared.

1.4.3 Experimental Observation of the Dyakonov—Tamm Wave

The Dyakonov—Tamm wave is an electromagnetic surface wave that was predicted to exist at the
interface of two dielectric materials at least one of which is periodically nonhomogeneous and
anisotropic [47]. In order to make the first experimental observation of the Dyakonov-Tamm
wave, the prism-coupled configuration was utilized to excite a Dyakonov—Tamm wave guided by
the interface between a dense (and isotropic) magnesium-fluoride thin film and a zinc-selenide
chiral sculptured thin film. In this configuration, the excitation of a Dyakonov-Tamm wave
is indicated by a reflection dip that occurs at the same angle of incidence independent of the
thickness of each partnering material, beyond some threshold, as well as the polarization state
of the incident light.

This observation was then repeated in the grating-coupled configuration. The same partnering
materials were used with the exception that the planar magnesium-fluoride layer was replaced
with a periodically corrugated magnesium-fluoride layer. This required the deposition of the
zinc-selenide chiral sculptured thin film on a non-planar substrate while maintaining the proper

structure to allow for the propagation of the Dyakonov-Tamm wave.

1.4.4 Differences Between the Selected Settings

Each setting demonstrates a morphology produced to allow for a specific application. A dense

conformal thin film is deposited on a highly non-planar biological substrate such as a beetle to
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enable a method of mass producing replicas of the biotemplate. A conformal thin film with
columnar morphology is deposited on a planar substrate with undulating features composed of
a radically different material (i.e., a fingermark) than the substrate to reproduce the topology of
the substrate with high fidelity. A film with a well engineered helical morphology is deposited on
a periodically decorated substrate to enable the launch of a electromagnetic surface wave that
had not been previously observed experimentally.

These settings also highlight the use of thermally evaporated conformal thin films to coat
features of varying length scales. In conformally coating a beetle for bioreplication, the abil-
ity to capture the overall macroscopic shape of the beetle on the centimeter scale as well as
reproducing the micrometer-scale surface features that pattern the entire beetle was necessary.
While not necessary in this setting, the modified-CEFR, technique adopted had previously been
demonstrated as capable of capturing features which were ~ 200-nm in diameter [48]. In de-
veloping fingermarks with CTF's, the ability to conformally coat micro-scale features which are
found over substrates that are several centimeters in size was necessary. The observation of the
Dyakonov—Tamm waves required the coating of periodic features which are ~ 100-nm in size.

The three settings are vastly different in the materials utilized both as substrates and thin
films. In the first setting, a metal was deposited upon a relatively hard substrate of biological ori-
gin. In the second setting, several metals, semiconductors, insulators, and organic materials were
deposited upon both solid substrates of various materials and the oily emulsions of which seba-
ceous fingermarks are composed. In the third setting, more traditional substrates and evaporants
were utilized.

The final way in which the settings differed was in the critical features of the thin films
produced. In the first setting, it was critical that the overall shape and micro-scale structure of
the beetle be closely reproduced. In the second setting, the thin film was required to produce
a visual contrast between the substrate and the fingermark. In the third setting, the nanoscale

morphologies of the thin films had to be precisely maintained to produce the desired optical
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properties.

1.5 Objectives of Dissertation

The objectives of the research conducted for this dissertation were to:

(a) demonstrate that some of the limitations of thermal evaporation for depositing conformal

thin films on non-planar substrates can be overcome;

(b) demonstrate that conformal thin films can be deposited on non-planar/non-traditional sub-

strates without damaging the substrates; and

(c) evaluate the adequacy and the efficacy of conformal thin films of diverse morphologies in

three distinct settings.

1.6 Organization of Dissertation

In Ch. 2 a process for fabricating artificial decoys for an invasive species known as the emerald ash
borer is presented. Several steps in this process rely on the deposition of a dense conformal thin
film directly onto the surface of a specimen of the emerald ash borer. Because of the sensitivity
of such a substrate to heat and chemicals, a thermally evaporated conformal thin film presents a
suitable thin-film-deposition technique.

Chapter 3 describes the development, refinement, and evaluation of a new method for devel-
oping fingermarks for forensic identification. In this setting, the advantage of developing finger-
marks with thin films having vertical-columnar morphology is shown by comparing fingermarks
developed with (i) dense-thin-film morphology, (ii) slanted-columnar thin-film morphology, and
(iil) vertical-columnar thin-film morphology.

Before taking on the task of experimentally observing a new class of surface electromagnetic

waves known as Dyakonov-Tamm waves, it was necessary to familiarize myself with the mod-
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eling of electromagnetic surface waves. This task was initiated by modeling a simpler surface
wave known as a Tamm wave. In Ch. 4 the excitation of Tamm waves in the grating-coupled
configuration is theoretically investigated as a warm-up problem before beginning work on the
Dyakonov—Tamm wave.

After gaining experience in modeling electromagnetic surface waves, I set out to model the
excitation of a Dyakonov—Tamm wave in the prism-coupled configuration. This work is presented
in Ch. 5. Various parameters of the pairing of materials that constitute the interface along which
the Dyakonov—Tamm wave can propagate were varied in order to determine their effects on
the excitation of the Dyakonov-Tamm wave. By establishing trends and acceptable ranges for
each parameter, a more detailed picture of what would be the constitutive and morphological
requirements of the partnering materials that would support the propagation of the Dyakonov—
Tamm wave was brought into focus.

Having a solid theoretical model from which to design the interface which would support
the propagation of the Dyakonov—-Tamm wave, potential partnering materials were selected and
efforts to make an experimental observation of the Dyakonov—Tamm wave initiated. In Ch. 6 the
process for fabricating an interface which will support the Dyakonov—Tamm wave is described
along with the experiment and corresponding results which represent the first experimental ob-
servation of the Dyakonov—Tamm wave.

The interface which was found to support the propagation of the Dyakonov—Tamm wave
in Ch. 6 was subsequently modified to allow for the Dyakonov—Tamm wave to be excited in a
grating-coupled configuration. In Ch. 7 the process for fabricating the interface which allows for
the grating-coupled excitation of the Dyakonov—Tamm wave is given along with the experiment
to observe the wave in this configuration.

Finally, Ch. 8 concludes this dissertation and presents potential future work. If the reader is
only interested in portions of this dissertation, Chapters 2 and 3 can be read on an individual

basis, while Chapters 5, 6, and 7 would be best read in sequence together.
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Chapter

Fabrication of Artificial Beetle

Decoysi

In order to test the efficacy of the modified-CEFR process described in Sec. 1.3.2, the setting
of fabricating a beetle decoy through a bioreplication process was developed. In this setting,
a dense conformal thin film of nickel was used as the working surface of a negative die which
was used to impart the surface features found on the elytra of the beetle to a colored polymer
sheet. Through the modified-CEFR process, the fine features found on the beetle along with its
centimeter-scale shape were captured in the negative die. This die was used to fabricate nearly
100 artificial decoys of the selected beetle. Thereby, it was demonstrated that a dense and robust
conformal thin film can be deposited on a non-traditional /non-planar substrate to produce useful

devices.

2.1 Chapter Summary

Artificial visual decoys for the invasive species commonly known as the emerald ash borer (EAB)
were fabricated through a bioreplication process which makes use of thermally evaporated con-
formal thin films, electroforming, and repeated castings to produce a pair of dies that can be

used to pattern a polymer sheet upon which a Bragg reflector was deposited to provide iridescent

IThis chapter is partially based on: Pulsifer, D. P., Lakhtakia A., Narkhede, M. S., Domingue, M. J.,
Post, B. G., Kumar, J., Martin-Palma, R. J., and Baker, T. C., “Fabrication of polymeric visual decoys for
the male emerald ash borer (Agrilus planipennis),” Journal of Bionic Engineering 10, 129-138 (2013).
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color which matches the targeted species. The decoys for the EAB exploit the mating behavior
of this species, wherein an overflying male EAB will first visually spot a female at rest in the ash
canopy, and then execute a pouncing maneuver to land directly upon the female. By cuing this
behavior with an artificial decoy which can be mass produced, the possibility arises for a more

effective trap to monitor and control the spread of this destructive invasive species.

2.2 Introduction

The invasive species, Agrilus planipennis is an iridescent wood-boring beetle native to Asia. In
North America this pest species is commonly known as the emerald ash borer (EAB). The EAB
was accidentally introduced to Michigan in the late 1990s [37,38] and has since spread through
many forests with ash trees in both the United States and Canada. The developmental stages
of the EAB take place in ash trees during which time they bore along the nutrient transporting
layers of the host trunk [38]. Within three years of the initial infestation, this disruption of
nutrient flow results in the death of the infected tree [37,38].

Entomologists found that the male EAB locates a potential mate visually while flying over the
ash canopy. Once a female is spotted, the male executes a pouncing maneuver whereby he rapidly
descends on to the female at rest of an ash leaf. [40,41]. It is thought that the male recognizes
the iridescent green coloration [49] of its potential mate’s hard wing coverings, known as elytra,
as they contrast with ash-leaf background. This behavior has been cued by entomologists using
dead EAB pinned to ash leaves to lure the males. The dead EAB were first washed to remove
any semiochemicals to ensure that the behavior was being cued visually. When the decoy was
coated with a spray-on adhesive, the pouncing male could be effectively trapped [41].

In order to exploit this behavior to lure and trap EAB males on a larger scale, I developed
a process by which the upper surface of the EAB could be bioreplicated [14]. The aim of this
bioreplication process was to produce decoys en masse which could be used in place of dead EAB
specimen [50]. This process utilizes a positive die and a negative die which are directly replicated
from a specific EAB to form a polymer sheet into the same shape, and with the same surface
features as the EAB. When a quarter-wave-stack Bragg reflector is present on the polymer sheet,
the iridescent coloration of the original EAB can also be reproduced.

For the fabrication of a negative die, a thermally evaporated nickel film was conformally
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deposited on to the elytra of a dead EAB female. The nickel thin film was then reinforced through
electroforming. This process was selected as it can closely reproduce the non-planar surface of the
beetle without causing undesirable damage. Indeed, it had been established during the replication
of blowfly corneas [48] that a lateral resolution of about 200 nm is achievable. The complementary
positive die was fabricated through successive castings of the negative die to ensure a close match
between the positive and negative dies. As the EAB male’s pouncing behavior is suspected to
be initiated largely by the iridescent green color of the elytra, collaborators provided me with
a quarter-wave-stack Bragg reflector [51] produced by spin coating [52, 53] alternating layers of
poly(vinyl cinnamate) (PVCN) and poly(acrylic acid) (PAA) on a poly(ethylene terephthalate)
(PET) sheet. The Bragg reflector was designed to produce peak reflectance at 550-nm wavelength
with a relatively narrow bandwidth, in order to mimic the coloration of the EAB.

Here I present the entire process to produce multiple decoys from a single EAB female as
well as results from a preliminary field test which demonstrate the effectiveness of the fabricated
decoys. Section 2.3 is focused on the fabrication of the negative die, Sec. 2.4 contains a descrip-
tion of the procedure to fabricate the complementary positive die, and Sec. 2.5 deals with the
production of the quarter-wave-stack Bragg reflector. The scalable production of visual decoys
is discussed in Sec. 2.6, and the results from a preliminary field test are presented in Sec. 2.7.
Additionally, a biomimetic decoy fabricated through an additive manufacturing is discussed in

Sec. 2.8.

2.3 Fabrication of Nickel Negative Die

2.3.1 Substrate Preparation

A biotemplate—a dead EAB female—was mounted in polydimethylsiloxane (PDMS) on a glass
slide which had a layer of kapton tape to serve later as a delamination layer. The mounting was
done by placing the biotemplate on the slide and then pouring PDMS over it. Accordingly, a
smooth transition was produced between the biotemplate and the slide, which is desirable (i) to
eliminate areas that would be shadowed during the deposition of nickel vapor on the biotemplate
(Sec. 2.3.2) and (ii) to reduce overhangs when the resulting conformal coating of nickel would be
reinforced by electroforming (Sec. 2.3.3). After the PDMS was cured, it was peeled away from

the upper surface of the biotemplate’s elytra and head to expose the surface of interest. Finally,
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the slide-mounted EAB specimen was sonicated in ethanol to remove any residue.
Figure 2.1(a) shows a dead EAB female mounted on a glass slide with PDMS. Both elytra
and the head are exposed and will serve together with the PDMS mounting as a non-planar

substrate for the deposition of a conformal coating of nickel.

Figure 2.1: Production of a negative nickel die. (a) Photograph of a non-planar substrate com-
prising a dead EAB female mounted on a glass slide with PDMS. The PDMS mounting allows
for a smooth transition between the biotemplate and the glass slide. (b) Photograph of the slide-
mounted EAB female from (a) after being coated with ~500 nm of nickel in two successive CEFR
runs. (¢) Photograph of the electroformed negative die soldered into a steel ring and mounted to
a stainless steel plate.

2.3.2 Conformal Coating of Nickel

In order to conformally coat the non-planar substrate, the modified-CEFR method was adop-
ted [33]. The CEFR method had originally been developed to produce conformal coatings on
non-planar substrates such as butterfly wings [34] and fingermarks [54], and was modified for
highly lenticular substrates such as the eyes of insects [33]. The modified-CEFR method is
implemented in a vacuum chamber containing both the substrate to be coated and a receptacle
containing the material to be evaporated towards that substrate. A vapor flux generated from
the material is obliquely directed towards the substrate. Two programmable stepper motors
allow a stage holding the substrate to be manipulated in order to produce a uniform coating.
For coating the EAB specimen, nickel was evaporated from a long and narrow receptacle

made of tungsten. During deposition, the pressure in the vacuum chamber was maintained at
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~ 107® Torr and a current of ~ 90 A was passed through the boat to maintain a deposition

rate of 1 nm s 1.

The substrate-holding stage was periodically rocked about a fixed axis in
the stage plane through incident vapor flux angles x, (See Fig. 2.2) between 10 and 90 deg.
Simultaneously, the stage was rotated about a central normal axis at 120 rpm. A ~500-nm-thick
film was deposited in two successive CEFR runs, each run depositing ~250 nm of nickel. The
use of two runs instead of just one run arose from the limited capacity of the tungsten boat. Any

oxidation occurring on the nickel surface between the two runs did not have a deleterious effect

on the second run.
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Figure 2.2: Schematic of the CEFR method. In a vacuum chamber, a collimated vapor flux
is directed towards a substrate mounted on a stage that rotates rapidly about a central normal
axis. The stage may also be made to rock slowly about an axis lying wholly in the stage plane
so that the angle x, between the average direction of the vapor flux and the stage plane varies
periodically, provided the exposed surface of the substrate is significantly lenticular.

Figure 2.1(b) shows the slide-mounted biotemplate after being conformally coated with nickel.
The upper surface of the nickel coating is meant to serve as a seed for the electroforming step, and
the lower surface of the coating is supposed to later function as the active surface for stamping
with the negative nickel die. Based on similar coatings on the eyes of insects [48], the fidelity
of bioreplication should be very good at the ~200-nm length scale, as the nickel coating should

have grains not exceeding ~20 nm in maximum cross-sectional diameter. However, nanoscale
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fidelity is not needed, as the scanning electron microscope (SEM) image in Fig. 2.3(a) shows that
the elytron has small-scale features at ~10-um length scale. The the SEM image in Fig. 2.3(b)

confirms that the negatives of these features are reproduced in the nickel coating,

=N
Figure 2.3: SEM images of (a) the elytron of an EAB at 400x magnification, and (b) the
functional surface of the ~500-nm-thick nickel coating at 500x magnification. As the surface

of the coating is the negative of the elytron surface, the roots of the cilia on the elytron in (a)
appear as elliptical depressions in (b).

2.3.3 Electroforming

Electroforming is necessary to build up the nickel coating on the biotemplate in order to produce
a negative die able to withstand the forces exerted when a polymer sheet is to be stamped [55].

Electroforming of the nickel-coated biotemplate was carried out in three stages of successively
increasing electric current. Three different electroforming stages were implemented to minimize
grain size at the working surface of the die while also allowing acceptable growth rates. During
all three stages, the electroforming bath was maintained at ~ 50 °C for 2 days. The current
was set at 20 mA for the first stage, 40 mA for the second, and 60 mA for the last stage. The
electroformed layer produced was ~100 pm in thickness. After the electroforming step, the

biotemplate was removed to leave behind a negative die of nickel.

2.3.4 Mounting of Negative Die

Although ~100-pum thick, the electroformed nickel die has an irregular shape with the negative
of the biotemplate protruding out of the plane of the majority of the die area. To facilitate the
application of pressure that would be required to stamp polymer sheets, the negative nickel die
was soldered into a steel ring. In this way, the irregular shape of the nickel die was recessed

into a solid fixture. The ring-mounted die was then attached to a stainless-steel sheet with an
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electrically insulating epoxy. The stainless-steel sheet serves later as a heating element for the
negative die when the decoys are stamped (Sec. 2.6). Figure 2.1(c) shows the electroformed

negative die soldered into a steel ring and attached to a stainless-steel sheet.

2.4 Fabrication of Epoxy Positive Die

To produce the epoxy positive die, the nickel negative die was first filled with PDMS. After
it cured, the PDMS positive casting was removed from the nickel negative die, mounted to a
glass slide with kapton tape, and then conformally coated with chalcogenide glass of nominal
composition GesgSbi2Segy using the CEFR method. The resulting structure is presented in
Fig. 2.4(a).

The ~1000-nm-thick coating of chalcogenide glass served simply as a diffusion barrier for the
next step, wherein the structure shown in Fig. 2.4(a) was submerged in PDMS. After curing, the
PDMS negative casting was pulled away from the PDMS positive. This PDMS negative, shown
in Fig. 2.4(b), is a close match of the nickel negative die.

The negative casting made of PDMS was then filled with an epoxy. Once the epoxy was
cured, the PDMS negative casting was peeled away to leave behind a positive epoxy die of the
biotemplate. This strategy was implemented to allow for the closest match possible between the
positive and negative dies. The positive epoxy die was attached to a stainless-steel sheet for easy
handling as well as heating during the stamping process (Sec. 2.6). Figure 2.4(c) shows the epoxy
positive die after removal from the PDMS negative. The epoxy in the positive die thus fabricated
was trimmed to remove excess material and allow clearance for a poly(ethylene terephthalate)
(PET) sheet to be stamped. Figure 2.4(d) shows the positive epoxy die which can be mated with

the negative nickel die of Fig. 2.1(c).

2.5 Fabrication of Quarter-Wave-Stack Bragg Reflector

It had been ascertained earlier [50] that a PET replica can be produced by melting a PET
sheet in a heated negative die and then pressing the positive die into the molten PET by hand.
This process did not produce a satisfactory replica, because it resulted in the destruction of the

Bragg reflector placed on the PET sheet to provide the desired coloration. Equally significantly,
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Figure 2.4: Production of a positive epoxy die. (a) Photograph of the PDMS positive cast
from the negative nickel die. The PDMS positive is coated with a 1000-nm-thick coating of
chalcogenide glass of nominal composition GeagSbiaSego. (b) Photograph of the PDMS negative
produced from the PDMS positive shown in (a). (c) Photograph of the positive epoxy die cast
from the PDMS negative shown in (b). (d) Photograph of the positive epoxy die after mounting
to a stainless-steel sheet and trimming to allow clearance for a PET sheet to be stamped.

the replica had a translucent white appearance, which would not lure any EAB male. This is
because EAB elytra have an iridescent green coloration produced by quarter-wave stacking of
sub-cuticular layers, which is known from many beetle species to produce strong structural colors
without the use of pigments [51, 56]

As is evident in the SEM image shown in Fig. 2.5(a), the outer region of the EAB elytron
contains four ~135-nm-thick layers of alternating refractive indexes. Thus the iridescent green
coloration is produced by a quarter-wave stack Bragg reflector that develops during the pupal
stage, and this coloration is not significantly disturbed by the presence of cilium-supporting ~70-
pm dimples that can be seen in Fig. 2.3(a). Reflectance spectrophotometer measurements show
peak reflectance from EAB elytra to be close to 540-nm wavelength, quite similar to both ash
leaflets and oak leaves and also similar to the elytra of A. biguttatus, an aggressive European
oak-feeding species (Fig. 2.5(b)).

Whether the EAB males are lured simply by the iridescent green coloration of the EAB
females or also by the small-scale structures is an open question that I had also hoped to answer
at the beginning of this project.

To mimic the natural Bragg reflector found in the EAB elytra, alternating layers of PVCN
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Figure 2.5: (a) Transmission electron micrograph of a cross-section of a female EAB elytron,
showing four alternating layers of differing refractive indexes ~ 135-nm thickness. (b) Reflectance
spectrophotometer measurements of the elytra of a female EAB, A. planipennis (solid green line),
and an aggressive European oak-feeding species in the same genus, A. biguttatus (dotted-and-
dashed black line), compared to the reflectance profiles of an ash leaflet (dotted red line) and an
oak leaf (dashed blue line). [Courtesy of Dr. Thomas Baker and Dr. Michael Domingue]

and PAA were spin-coated on one side of a 3 x 3 cm? PET sheet. These polymers were chosen
as their refractive indexes differ by 0.19, which is quite large. Furthermore, the solubilities of
both polymers in orthogonal solvents are very different. PVCN (0.9 wt %) and PAA (1.2 wt %)
solutions in chloroform and methanol, respectively, were used for spin coating. Bragg stacks were
fabricated by consecutively coating 15 bilayers of PAA and PVCN at 1500 rpm. Since PAA and
PVCN are insoluble in chloroform and methanol, respectively, the addition of a new layer via
spin coating did not damage prior layers. The transmission spectrum of the resulting PET sheet
with a quarter-wave-stack Bragg reflector is shown in Fig. 2.6(a). These measurements were
performed using a Perkin—-Elmer Lambda-9 spectrophotometer, with an uncoated PET sheet as
a reference.

Thereafter, the other side of the PET sheet was coated with black ink as an absorber layer

in order to enhance the spectrally selective reflection. The resulting PET sheet with a quarter-
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wave-stack Bragg reflector on one side and black absorber layer on the other side is shown in
Fig. 2.6(b). The reflectance of the doubly coated PET sheet as a function of wavelength is shown

in Fig. 2.6(c). These figures confirm the desired green coloration.
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Figure 2.6: (a) Measured transmittance spectrum of an unstamped PET sheet with a quarter-
wave-stack Bragg reflector on one side and without a black absorber. (b) Photograph of an
unstamped PET sheet with a quarter-wave-stack Bragg reflector on one side and a black absorber
layer on the other. (c¢) Measured reflectance spectrum of an unstamped PET sheet with a quarter-
wave-stack Bragg reflector on one side and a black absorber on the other side. [Courtesy of Dr.
Jayant Kumar and Mahesh Narkhede]

2.6 Fabrication of Visual Decoys

Four decoy types were fabricated to be tested against dead EAB females. An EAB female is
shown in Fig. 2.7(a). The first type was simply the quarter-wave-stack Bragg reflector trimmed
to resemble the silhouette of an EAB as shown in Fig. 2.7(b). The remaining three decoy
types were fabricated by hot stamping PET sheets, each coated with a quarter-wave-stack Bragg
reflector on the upper side and a black absorber layer on the lower side, as described in Sec. 2.5.
The PET sheet was pressed between the electrically heated positive and negative dies and allowed
to cool under pressure. Once cooled, the now patterned sheet was removed from the dies and
the excess material trimmed away.

Figures 2.7(c-e) show decoys prepared in this way with some variation. The decoy shown in
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Fig. 2.7(c) was stamped with enough force to leave the general shape of the beetle and some
surface details but do minimal damage to the quarter-wave-stack Bragg reflector. The decoy
shown in Fig. 2.7(d) was stamped more heavily in order to impart the decoy with the surface
features of the EAB at the sacrifice of a portion of the Bragg reflector. Finally, the decoy shown
in Fig. 2.7(e) was stamped heavily from a PET sheet which had a quarter-wave-stack Bragg
reflector on its upper side prior to stamping, but without a black absorber layer on its lower
side. Following the heavy stamping, decoys of this type had their lower sides painted first with

a commercially available metallic emerald green paint and then a black absorber layer.

@ (B () @ ()

12 mm
]

Figure 2.7: (a) A dead EAB female is shown for reference. (b) A quarter-wave-stack Bragg
reflector cut into a rough silhouette of an EAB. (¢) A visual decoy produced by lightly stamping
a PET sheet coated with a quarter-wave-stack Bragg reflector on the upper side and a black
absorber layer on the lower side. Note that the quarter-wave-stack Bragg reflector is intact over
much of the decoy. (d) A visual decoy produced similarly to the one shown in (c¢) but it was
stamped more heavily. This yielded more fine features at the expense of area where the quarter-
wave-stack Bragg reflector survived. (e) A visual decoy produced by heavily stamping a PET
sheet, then painting the lower side first with emerald metallic paint and then a black absorber
layer.

2.7 Field Tests

Visual decoys of five types—(a) dead EAB females, (b) unstamped Bragg reflectors trimmed to
have a silhouette similar to an EAB, (c) lightly stamped Bragg reflectors, (d) heavily stamped

Bragg reflectors, and (e) heavily stamped and painted metalic emerald on the backside—were
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Table 2.1: Result of an experiment designed to compare the effectiveness of decoys of type (c—e)
against control decoys of type (a-b). This experiment was carried out with decoys pinned to
sticky traps which were checked each day for captured EAB. [Courtesy of Dr. Thomas Baker
and Dr. Michael Domingue]

Decoy Type Number Number of
of Traps Target Beetles
Deployed Captured

(a) Dead EAB 6 4

(b) Unstamped Bragg 6 1

(¢) Lightly Stamped Bragg 6 6

(d) Heavily Stamped Bragg 6 5

(e) Heavily Stamped and Painted 6 11

mounted on green plastic surfaces and sprayed with an adhesive. In this manner, several test
traps of types (c—e) were made, all originating from the same dead EAB female. Control traps
were made using decoys of types (a—b).

All of these traps were deployed in a preliminary field test conducted in June and July 2012.
As the emergence of adult EAB in North America was premature in 2012 and because dead EAB
females have been shown to work just as reliably in attracting a potentially destructive oak-feeding
invasive pest species, A. bigutattus, as they do against EAB themselves [57], A. biguttatus field
trapping tests of the visual decoys were conducted in Hungary. The results showed that traps of
types (c—e) performed as well or better than the dead EAB female control decoy at attracting A.
biguttatus. That the stamped visual decoys of all three types were much more successful in luring
overflying Agrilus males than unstamped Bragg reflector traps provides evidence that not only
should a decoy have the same silhouette, size, and color as an EAB female, but must also have
the 3-dimensional shape and small-scale surface texture found on the elytra. Table 2.1 presents
the result of one in a series of experiments designed to compare the effectiveness of decoys of
types (c—e) against the control decoys of types (a—b), and Fig. 2.8 shows a photograph of an
adhesive trap which had captured a male A. biguttatus.

A second experiment was conducted at a nearby site. In this experiment only decoys of types

(a) and (c) were compared. The results of this experiment are summarized in Table 2.2.



30

Table 2.2: Result of an experiment designed to compare the effectiveness of decoys of type (c)
against control decoys of type (a). This experiment was conducted in a location near the site of
the results reported in Table 2.1. This experiment was carried out with decoys pinned to sticky
traps which were checked each day for captured EAB. [Courtesy of Dr. Thomas Baker and Dr.
Michael Domingue]

Decoy Type Number Number of
of Traps Target Beetles
Deployed Captured

(a) Dead EAB 6 17

(c) Lightly Stamped Bragg 6 19

Figure 2.8: Photograph of a test trap with an Agrilus male stuck to a visual decoy, thereby
demonstrating that the visual decoys produced by us can initiate pouncing behavior. Field tests
were conducted in Hungary. [Courtesy of Dr. Thomas Baker and Dr. Michael Domingue]

2.8 Fabrication of Emerald Ash Borer Decoys by Additive
Manufacturing

The preliminary testing of bioreplicated decoys left open a question as to the need for an exact
replica. It was found that the use of a metallic-emerald paint rather than a Bragg reflector could
be used to attract EAB. One major issue left unresolved was if green coloration and overall shape
were sufficient, or if fine-scale features on the elytra surface require reproduction for success. In
order to resolve this issue, I fabricated a simplified biomimetic, not bioreplicated, EAB decoy

through an additive manufacturing process. If successful decoys fabricated through additive
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manufacturing would be attractive as they could be produced at a lower cost than bioreplicated

decoys.

2.8.1 3D model of EAB

The production of a biomimetic EAB decoy began with a 3D rendering of the decoy. Figure 2.9
shows a profile drawing that was produced to roughly match that of the EAB. Features that
were captured in the profile were the overall length, shape of the elytral region, and a slight
dip between the beetle’s head and the elytral region. The 2D profile was then rotated through
180 deg to produce a 3D model which roughly matched the shape and size of the original EAB.

Figure 2.10 shows this 3D model which was produced using Solidworks® drafting software.

Figure 2.9: Profile of EAB.

2.8.2 3D Printing of Decoys

The 3D EAB model was then uploaded into the control software for a Dimension 1200es-SST
(Stratasys, Edina, MN) 3D printer for additive manufacturing. In this process, the model was
arrayed to allow the printing of 300 decoys. Each decoy was printed as 11 discrete layers, each
~ 0.254 mm in thickness. Figure 2.11 shows a photograph of the decoy as it was produced by

the additive manufacturing process.
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Figure 2.10: 180 deg solid rotation of the profile in Fig. 2.9 about its longitudinal axis

Figure 2.11: Unpainted decoy as it comes from the additive manufacturing equipment.

2.8.3 Painting of Decoys

One half of the decoys produced by the additive manufacturing equipment had their step structure
smoothened prior to being painted. This was done by hand-rubbing each decoy with acetone.
The acetone partially dissolved the ABS, which when combined with the rubbing, smoothed the

step structure. All decoys were then painted with Testor’s® Mystic Emerald spray paint. In
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Fig. 2.12 a painted decoy with the stepped structure is shown, and in Fig. 2.13 a painted decoy
with the smoothed structure is shown. Figure 2.14 shows a photograph of the 300 biomimetic

decoys produced by additive manufacturing after they had been painted

Figure 2.12: The unpainted decoy after being painted with a metallic emerald paint.

2.8.4 Field Testing of Additively Manufactured Decoys

In the summer of 2013 the additive manufactured biomimetic decoys underwent field testing on
the Penn State campus to be compared with earlier bioreplicated and natural decoys. In this
study, the decoys were pinned to ash leaves and video filmed. The video filming allowed for the
observation of the pouncing behavior of the EAB. Once the pouncing behavior was initiated, one
of four events would take place: (i) the beetle would divert without landing on either the decoy
or the leaf, (ii) the beetle would divert from landing on the decoy and land somewhere nearby,
(iii) the beetle would land directly on the decoy then leave, or (iv) the beetle would land on the
decoy then attempt to copulate. Events of types (i) and (ii) were considered as failures while
events of types (iii) and (iv) were considered as successes.

Table 2.3 summarizes the results of this experiment for decoys consisting of: dead EAB (a),

dead European oak beetles, lightly stamped Bragg reflector decoys (c), heavily stamped and
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Figure 2.13: The unpainted decoy after being smoothed with acetone and then painted with
metallic emerald paint.

Figure 2.14: Photograph of 300 decoys produced by additive manufacturing after being painted.

painted decoys (e), and the additively manufactured decoys. Note that the decoys of types (c)

and (e) were reused from previous years and may have undergone some degree of degradation.
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Table 2.3: Result of an experiment designed to compare the effectiveness of dead EAB, dead
FEuropean oak beetles, lightly stamped decoys with Bragg reflector, heavily stamped and painted
decoys, and additive manufactured decoys. In this experiment the decoys were pinned directly
to an ash leaf and filmed to observe the approach of an EAB. [Courtesy of Dr. Thomas Baker
and Dr. Michael Domingue]

Decoy Type Number of Number of Ap- Ratio
Approaches proaches Resulting
Observed in Direct Contact
with Decoy
Dead EAB (a) 32 31 0.97
Dead Oak Beetle 24 22 0.92
Lightly =~ Stamped 21 15 0.71
Bragg (c)
Heavily ~ Stamped 18 14 0.78
and Painted (e)
Additive Manufac- 15 1 0.07
tured

In this experiment, the bioreplicated decoys performed much more closely to the dead beetle
decoys than did the additively manufactured biomimetic decoys. This suggests that maintaining

fine-scale elytral features is essential to a successful decoy for the EAB.

2.9 Concluding Remarks

Here I have presented a bioreplication procedure to make visual decoys to lure male emerald ash
borers and other invasive pest species in genus Agrilus. This procedure involves the stamping
of a polymer sheet with two dies directly replicated from a dead EAB female. The procedure is
industrially scalable as nearly 100 decoys were produced from a single biotemplate.

Field testing of the visual decoys was carried out and preliminary results show them to be
effective at cuing the aerial pouncing behavior from overflying males. The ineffectiveness of
unstamped Bragg reflector control traps demonstrated that the visual decoys must have not only
the iridescent green coloration but also the structure of the EAB elytra. The ineffectiveness of
the additive manufactured decoys demonstrates that some quantity of the fine-surface features

found on the EAB must also be maintained.
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In this setting the efficacy of the modified-CEFR process described in Sec. 1.3.2 was demon-
strated through the successful replication of the fine-scale surface features found on the elytra of
the EAB while simultaneously capturing the overall shape of the EAB. This demonstrates that
thermal evaporation can produce accurate and robust conformal thin films with dense morphol-
ogy on non-traditional /non-planar substrates without damage. The die which integrated this

conformal thin film was used to produce nearly 100 artificial decoys to lure the EAB.



Chapter

Columnar-Thin-Film Development of

Fingermarks as Forensic Evidence?

In the second setting for testing the efficacy of thermally evaporated conformal thin films on
non-traditional /non-planar substrates, the development of sebaceous fingermarks placed forensi-
cally relevant substrates was selected. This setting demonstrates three key features of thermal
evaporations: (i) compatibility with very temperature-sensitive substrates, (ii) capability of si-
multaneously coating substrates of vastly different chemical and physical properties, and (iii) an

ability to conformally deposit films with a specific morphology which improves functionality.

3.1 Chapter Summary

Fingermarks have long been used to identify the individual who left them behind when they
touched an object with the friction ridges of their hands. In many cases the fingermark which
is left behind consists of sebaceous secretions which are not visible under normal conditions. In
order to make the fingermarks visible and identifiable, they are traditionally developed by either
a physical technique which relies on a material preferentially sticking to sebaceous materials or a
chemical technique which relies on a reaction with material within the fingermark. I have opti-

mized a new technique [46] which relies on the topology of the fingermark to make it more easily

fThis chapter is partially based on: Muhlberger, S. A., Pulsifer, D. P., Lakhtakia, A., Martin-Palma, R. J.,
and Shaler, R. C., “Optimized development of fingermarks on non-porous forensically relevant substrates with
conformal thin films,” Journal of Forensic Sciences, doi: 10.1111/1556-4029.12307.
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visible. This technique utilizes a columnar thin film (CTF) deposited over both the fingermark
and underlying substrate. The CTF is produced by the conformal-evaporated-film-by-rotation
method, wherein the substrate with the fingermark upon it is held obliquely with respect to a
vapor flux in a vacuum chamber. The substrate is then rapidly rotated about its surface nor-
mal resulting in a conformal film with columnar morphology. This technique was optimized for
sebaceous fingermarks on several forensically relevant substrates and compared with traditional
development techniques. CTF development was found to be superior to traditional techniques in
several cases. Use of the CTF technique was investigated for several types of particularly difficult
to develop fingermarks such as those which consist of both bloody and non-bloody areas, and
fingermarks on fired cartridge casings. Additional experiments were conducted to compare the
sensitivity of conventional techniques with the CTF technique. Finally, The CTF technique was
compared to another technique which utilizes thin films called vacuum-metal deposition (VMD).

This chapter demonstrates the use of a thermally evaporated film to produce a conformal
thin film with a specific morphology on a non-planar/non-traditional substrate. As fingermarks
are fragile, the use of thermal evaporation allows them to be coated without damaging either the
substrate or the fingermark. It is also demonstrated that vertical columnar morphology results
in improved development when compared to either a dense film or a film comprising slanted

columns.

3.2 Introduction

Fingermarks are the invisible impressions of the friction ridge patterns found on the hands that are
left behind when an individual touches a surface. On contact with a surface, any material found
on the friction ridges can be transfered to the substrate. Fingermarks are often a combination of
secretions from sebaceous and eccrine glands found in human skin [43]. The eccrine secretion is
99% water which either evaporates or is absorbed in the sebaceous sectretion within a few hours.
Fingermarks are of interest to forensic scientists and criminalists because they can be used to
identify the perpetrator of a crime. The identification of an individual by their fingermarks is
possible due to the fact that the pattern of the friction ridges is unique to each individual and
does not change over an individual’s lifetime [42].

Because they are not visible, fingermarks require some type of development process to be car-
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ried out to enable visualization. Development techniques often rely on some type of physical or
chemical reaction to make the fingermark visible. The most well known development technique
relies on a powder adhering to the oily residue in the fingermark preferentially over the sub-
strate [44]. Chemical techniques rely on a reaction between specific chemicals in the fingermark
and the development agent [45]. If substrates can be returned to a laboratory for development,
advanced techniques can be utilized. Such techniques include: chemical imaging [58,59], vacuum
metal deposition (VMD) [60], vacuum cyanoacrylate fuming [61], and corrosion analysis [62,63].
A problem that forensic scientists often face is that multiple development techniques are needed
to visualize a specific fingermark. Furthermore, traditional techniques are sometimes not ideal
and may even be inapplicable. This is particularly true for fingermarks on common but dif-
ficult substrates such as adhesive tapes, woods, and plastics; partial bloody fingermarks, and
discharged cartrige casings.

A new type of fingermark development technique which relies on the topology of the finger-
mark to produce contrast with the substrate was recently developed [46,54]. This technique
deposits a columnar thin film (CTF) conformally over both the fingermark and the underly-
ing substrate. The CTF is produced using the conformal-evaporated-film-by-rotation (CEFR)
method, which was originally developed to replicate the surface features of biological templates
such as butterfly wings and fly eyes [34,35]. CEFR is a variation on thermal evaporation.

As in thermal evaporation, an electric current is passed through a metal receptacle which
contains a source material. The receptacle is heated by passing a large current through it until
the source material begins to transition to the vapor phase. Both the source and the substrate are
contained within a vacuum chamber which allows the generated vapor flux to ballistically travel
from the source to the substrate. This line-of-sight path of the vapor flux can lead to shadowed
regions of the substrate receiving very little or no incident vapor and demonstrating no film growth
as a result. The CEFR method is shown schematically in Fig. 2.2. This shadowing can be utilized
to produce a CTF. When the angle x, between impinging vapor flux and substrate’s surface is
sufficiently small the initial nucleation sights will shadow each other. This self-shadowing leads to
competitive growth amongst the nucleation sights wherein the tallest sights receive the greatest
amount of vapor and grow faster as a result. Because each site receives vapor flux on their upper
surfaces, a columnar morphology results, where each column is tilted approximately toward the

vapor source [31]. If the substrate is rapidly rotated about its surface normal during this process



40

the columns will grow normal to the substrate surface as can be seen in Fig. 3.1 [34-36].

10,0 kV x30k 1 pm

Figure 3.1: Cross-sectional SEM image of a CTF of chalcogenide glass grown on a planar glass
substrate using the CEFR method with constant rotation at 120 rpm while x, = 10°. The
columns of the CTF grew upright.

The rapid rotation of the substrate leads to the resulting CTF conformally coating both the
substrate and the fingermark. The topology of the fingermark is reproduced by a mechanism
similar to a child’s pinpoint impression toy [46]. When the toy is placed on an undulating
surface, the surface is reproduced at the surface consisting of the heads of the parallel pins. As
the diameter of the pins is decreased the fidelity of the replication is increased. As the column
diameter of a CTF can be 30-to-100-nm, the topology of a fingermark can be reproduced at the
nanoscale.

Here I present in detail a systematic study carried out in order to optimize the deposition
parameters affecting the CTF development of fingermarks. Once optimal values of deposition
parameters had been determined to develop fingermarks with the highest quality, clarity, and
contrast, several forensically relevant non-porous substrates upon which fingermarks are com-
monly found at a crime scene were developed with various evaporant materials. Fingermarks
found on non-porous substrates upon which fingermarks are commonly found at a crime scene

were developed with various evaporant materials. Fingermarks found on non-porous substrates
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are typically very fragile as they do no adsorb onto the substrate but merely lie atop the sub-
strate [31]. Fingermarks on these types of substrates are normally developed using cyanoacrylate
fuming, powders, dyes, and VMD, and are also candidates for CTF development. Optimal com-
binations of forensically relevant substrates and evaporant materials were found, along with the
identification of those substrates for which CTF development was found to be superior to the
results from traditional development techniques. A hybrid technique comprising two steps —
conventional fuming in a cyanoacrylate chamber followed by the deposition of a CTF— also
emerged as a successful technique in some instances.

The plan for this chapter is as follows: In Secs. 3.3 and 3.4, the process and results of the
optimization of the CTF technique are described. The investigation of the development of partial
bloody fingermarks is covered in Sec. 3.5. A comparison of the sensitivity of the CTF technique
and traditional fingermark development techniques is made in Sec. 3.6. In Sec. 3.7 the CTF and

vacuum-metal deposition are compared. Finally, concluding remarks are made in Sec. 3.8.

3.3 Materials and Methods

3.3.1 Fingermark Collection

All fingermarks were collected using a specific grooming procedure to ensure as much consistency
as possible — first, throughout the optimization of the deposition parameters for CTF devel-
opment, and then during comparative studies against traditional development techniques. The
grooming procedure used the same finger of the same person at all times to limit variability. The
finger was first cleansed with ethanol and allowed to dry. The fingertip was then swiped across
the forehead, nose, and chin of the donor 20 times. Two fingermarks were laid down on a glass
slide to remove excess sebaceous secretions, and then two fingermarks were laid down on the
substrate of interest for processing. This procedure was then repeated until the desired number
of samples was reached. In this study, the services of one fingermark donor, unless otherwise
noted, were utilized to minimize variability and maximize consistency between experiments. For
each experiment, four duplicate fingermarks were collected. Fingermarks were allowed to age 24

hrs prior to development.
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3.3.2 Grading System

All fingermarks were graded based on visual observation and comparison. Clarity, contrast,
and visualization of observable detail of level one/two/three were all considered as developed

fingermarks were compared side by side [64-69].

3.3.3 Optimization of CTF Developemt

Prior to comparing the CTF development technique to the traditional development techniques, a
systematic series of experiments was carried out in order to determine the optimal CTF-deposition
conditions necessary to achieve the highest quality of fingermark development. The following
parameters were varied within the limitations of a custom-made CEFR apparatus [46, 54] in
order to find their optimal values: (i) base pressure in the vacuum chamber prior to deposition,
(ii) angle y, of the collimated vapor flux relative to the stage plane, (iii) stage rotation rate, (iv)
deposition rate of the CTF, and (v) thickness (as measured by a quartz crystal monitor within
the vacuum chamber) of the CTF. The base pressure was controlled using a turbo pump, the
stage rotation rate by the rotation motor, the deposition rate of the CTF through the electric
current passed through a tungsten boat holding the evaporant material, and the CTF thickness
by a quartz crystal monitor (QCM) located close to the substrate inside the vacuum chamber.
The QCM also provides feedback for deposition control. The rocking motor was not used and
the angle x, was held fixed during deposition. The evaporant material used for the optimization
study was chalcogenide glass of nominal composition GesgSbi2Segy and the underlying substrates

were standard glass microscope slides.

3.3.4 Forensically Relevant Substrates

The chosen substrates included: (i) brass (Alloy 260), (ii) stainless steel (Grade 420), (iii)
the sticky and smooth sides of various adhesive tapes (Scotch Duct®, Gloss Finish Scotch
Multitask®, Scotch Masking®, and Gorilla®), (iv) hard plastics (black and white nylon, black
and white acrylonitrile butadiene styrene (ABS)),(v) soft plastics (clear sandwich bags, white gro-
cery bags, black garbage bags), (vi) woods (stained, and stained and sealed with polyurethane),
(vii) anodized aluminum (Alloy 5005), and (viii) discharged cartridge casing (9 mm Luger).

All substrates—except discharged cartridge casings—were cut into 25 mm x 25 mm squares for
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deposition of a fingermark per square.

3.3.5 Evaporant Materials

The evaporant materials utilized were selected because of their compatibility with thermal evap-
oration [70]. Easily evaporated materials are desirable because they allow for high deposition
rates to be achieved without producing unnecessary heat that could damage both the substrate
under investigation and the fingermark thereon. The evaporant materials chosen were: (i) chalco-
genide glass of nominal composition GeagSbi2Seq, (ii) gold, (iii) nickel, (iv) magnesium fluoride,
(v) germanium oxide, and (vi) Tris(8-hydroxyquinolinato) aluminum, more commonly known as
Algs.

Alqs is an organometallic chelate that is typically used in organic light-emitting diodes, where
variations of the quinoline structure can affect its luminescent properties [71]. Deposition of
Alqs produces a developed fingermark that is visible when exposed to short-wave ultraviolet
radiation. Germanium oxide is a high-refractive-index material often used to make wide-angle
lenses, magnesium fluoride is a low-refractive index material often used for anti-reflective coatings,
gold and nickel are commonly used metals, and chalcogenide glass is an infrared transparent
material often used for infrared applications. This diversity of materials was chosen in order to

best optimize deposition parameters on various substrates for the best contrast possible.

3.3.6 Selected Traditional Development Techniques

The CTF development technique was compared to traditional development techniques by follow-
ing a split-fingermark protocol. A fingermark was deposited onto two 25 mmx12.5 mm pieces of
the selected substrate that were laid side by side, so that half of each fingermark was placed on
each piece. Each half was subsequently developed with either the CTF development technique
or a traditional technique relevant to the specific substrate. Traditional development techniques
utilized included: (i) dusting with regular black powder, regular white powder, magnetic black
powder, magnetic white powder, or a fluorescent powder (red, green, yellow, orange, gold) and (ii)
cyanoacrylate fuming (with cyanoblue dye when applicable) in a commercial chamber (Arrowhead
Forensics, Lenexa, KS). The third traditional technique involved the use of either a pre-mixed

liquid sold as Wetwop®, sticky-side powder (SSP), a small-particle reagent (SPR), leucocrystal
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violet (LCV), or a protein dye called amido black, as appropriate for the substrate of interest.
Following separate development of both halves of each fingermark, the two halves were recon-
nected and photographed for grading using the aforementioned grading scheme. Table 3.1 shows
all forensically relevant substrates investigated along with all traditional development techniques
employed for each chosen substrate.

The performance of the CTF development technique is compared with that of VMD [60]
in Sec. 3.7. Both techniques are similar in that they are based on evaporating a material in
a vacuum chamber. In the usual implementation of VMD, first gold is evaporated to form a
thin layer that penetrates the fingermark residue, and then a second layer of zinc or cadmium
is similarly deposited. However as the second layer does not penetrate the fingermark residue
but lies atop the gold layer wherever it can, the fingermark ridges appear transparent on a dark
zinc/cadmium background [72]. In contrast, the CTF is a conformal coating on the fingermark

ridges (see Fig. 3.2e).

3.3.7 Imaging of Fingermarks

Both undeveloped and developed fingermarks were photographed with a Nikon D3000 10.2
megapixel camera with a Nikon 60 mm macro lens capable of 1:1 reproduction. The camera
was attached to a custom stand that allowed photographs to be take from the same viewing
angle and under the same lighting conditions. High-magnification (10 x to 40x) optical images
of the fingermarks were acquired on a National stereo microscope partnered with a Moticam
1000 1.3 megapixel microscope camera.

A Hitachi S-3500N backscattered scanning electron microscope (SEM), capable of resolving
4 nm at 25 kV and with magnification ranging from 15x to 100K x, was used to make images

on which the columnar morphology of CTFs deposited on fingermarks could be resolved.

3.4 Results and Discussion

In a comprehensive study for the optimization of CTF development with chalcogenide glass as the
evaporant material and a glass slide as the substrate, the following five parameters were varied:
base pressure, the fixed vapor flux angle x,, CTF deposition rate, stage rotation rate, and CTF

thickness. The values of these parameters specifically used for optimization are presented in
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Table 3.1: Combinations of forensically relevant substrates and traditional development tech-
niques (excluding VMD) investigated

Forensically Specifically Traditional
Relevant Development
Substrate Techniques
Brass' Alloy 260 Regular powder,

Magnetic powder,
Fluorescent powders,
Cyanoacrylate fuming

Stainless Steel® 420 Grade Regular powder,
Magnetic powder,
Fluorescent powders,
Cyanoacrylate fuming

Anodized Aluminum'! Alloy 5005 Regular powder,
Magnetic powder,
Fluorescent powders,
Cyanoacrylate fuming

Adhesive Tapes Scotch Duct®,  Wetwop®, SSP, SPR,
(sticky and smooth Gloss Finish Scotch ~ Cyanoacrylate fuming,
sides)? Multitask®, Mask- Cyanoblue, Powders

ing, Gorilla®

Hard Plastics! Nylon, ABS Regular powder,
Magnetic powder,
Fluorescent powder,s
Cyanoacrylate fuming

Soft Plastics® Black garbage bag, Regular powder,
White grocery bag, Magnetic powder,
Clear Sandwich bag Fluorescent powders,
Cyanoacrylate fuming

Stained and Sealed Woods*  Pine, Walnut Regular powder,
Magnetic powder,
Fluorescent powders,
Cyanoacrylate fuming

Discharged 9 mm Luger NA
Cartridge
Casings®

I Purchased from McMaster—Carr Supply Co., Inc.

2 Purchased from Staples, Inc.

3 Purchased from Weis Markets, Inc.

4 Wood donated by Spectra Wood, Inc. and stains/seals purchased from Lowe’s Companies,
Inc.

5 Purchased from Walmart, Inc. and discharged at the Pennsylvania Game Commission’s Scotia
range.
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Table 3.2: Deposition parameters influencing CTF development and their optimal values, the
evaporant material being chalcogenide glass and the substrates being microscope glass slides.
Note that the rocking motor was not used so that the direction of the vapor flux was held fixed
during every deposition.

Parameter Values Investigated for Optimal Value
Optimization
Base Pressure 0.028, 0.13, 1.0, 400 1

(x10~* Torr)

Average Vapor 5, 10, 15, 20, 30, 60, 90 20
Flux  Angle x,

(deg)

CTF  Deposition
Rate (nm s~ 1)
0.5, 1.0, 2.0, 5.0 1

Stage Rotation 4.5, 15, 60, 180 180
Rate (rpm)

CTF Thickness 200, 500, 800, 1000, 1500, 1000
(nm) 2000

Table 3.2, along with the optimal value of each parameter determined by visual observation of
clarity, contrast, and level one/two/three detail of the developed fingermarks.

The optimal values of four of the five parameters turned out to be quite similar to those used
in the initial proof-of-principle experiments [46,54], the sole exception being the base pressure
prior to the beginning of the CTF deposition. Whereas the base pressure was 4.0 x 10~% Torr
or lower in the predecessor studies [46,54], it was determined that just 1.0 x 10~* Torr would
suffice for fingermark development. The adequate base pressure thus determined is moderately
low, which greatly reduces the requirements on CEFR apparatus for fingermark development.
This finding also allows for increased fieldability of the CTF development technique for on-scene
development of fingermarks, because the vacuum pump needed is going to be much smaller and
less expensive than originally thought. Furthermore, the time needed to pump down to the base
pressure is reduced. The smaller size and lower price would allow for crime laboratories of even

small or medium size to budget for and operate the CEFR apparatus comfortably.
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Figure 3.2: (a) Photograph of a fingermark on a glass slide before CTF development; (b)
photograph of the developed fingermark after a 1000-nm-thick CTF of chalcogenide glass had
been deposited thereon under the optimal conditions identified in Table 3.2; (¢) a 30X magnified
image on an optical microscope of the developed fingermark, showing level-three pore detail very
clearly; (d) top-view SEM image of the developed fingermark at 5000x magnification; and (e)
cross-sectional SEM image of a ridge in the developed fingermark at 6000x magnification.

The efficacy of the CTF development technique is brought out by the five images presented
in Fig. 3.2. Photographs of a fingermark on a glass slide are shown in Figs. 3.2(a) and 3.2(b),
respectively, before and after development using the optimal conditions identified in Table 3.2.
The fingermark is invisible (Fig. 3.2(a)) but the optimal deposition of a chalcogenide-glass CTF
on it makes it clearly visible (Fig. 3.2(b)). The 30x magnified image in Fig. 3.2(c), obtained on
an optical microscope that should be easily affordable to a crime laboratory, shows level-three
pore detail. The top-view SEM image at 5000x magnification in Fig. 3.1(e) shows not only a
generally upward columnar morphology but also the conformal shape of the deposited CTF.

The optimal deposition parameters presented in Table 3.2 were obtained for just one com-
bination of the evaporant material (chalcogenide glass) and the substrate (glass slide). Except
for the CTF thickness, all other optimal parameters in Table 3.2 were found to also deliver the
best fingermark development for all other combinations of the evaporant material and substrate.
However, the optimal CTF thickness did depend on the evaporant material. For instance, 50-
nm-thick CTFs of gold provided optimal contrast, whereas the optimal thickness of a CTF of
chalcogenide glass turned out to be 20 times higher. For all other combinations of the evaproant

material and substrate tested, the optimal CTF thickness was fount to lie between 50 and 1000
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Meta-analysis of the data collected resulted in the identification of the best evaporant material

for the CTF development technique as well as the best traditional development technique for

a wide range of non-porous substrates upon which fingermarks are commonly found at crime

scenes [73]. The best evaporant material and the optimal CTF thickness—along with the best

traditional technique for all substrates investigated are available in Table 3.3.

For several of the substrates investigated, the CTF development technique provided results

superior to those of all traditional development techniques investigated. For some others, the

CTF-developed fingermark and the best traditionally developed fingermarks were of the same

quality. Both groups of substrates are listed in Table 3.4, as are the substrates for which the best

traditional development technique outperformed the CTF development technique.

Table 3.3: The best evaporant material for the CTF development technique, the optimal CTF
thickness, and the best traditional technique (excluding VMD) for all substrates investigated.
The asterisk indicates that the substrate was subjected to cyanoacrylate fuming before being
subjected to the CEFR method, in order to obtain the best CTF development.

Substrate Best Evaporant CTF Thick- Best Traditional Develop-
Material ness (nm) ment Technique

Brass Chalcogenide Glass 1000 Black powder or
cyanoacrylate

Stainless Steel Chalcogenide Glass 1000 Cyanoacrylate and
cyanoblue

Stainless Steel Nickel 100 Cyanoacrylate and
cyanoblue

Anodized Alu- Alqgs 100 Black magnetic powder

minum

Stained and sealed Algs 100 White magnetic powder

walnut

Stained and Sealed Algs 100 Black magnetic powder

Cherry

ABS-black Alqs 100 Red fluorescent powder

Continued on next page




Table 3.3 — continued from previous page

Substrate Best Evaporant CTF Thick- Best Traditional Develop-
Material ness (nm) ment Technique

ABS-white Alqgs 100 Black magnetic powder

Nylon-black Alqgs 100 Red fluorescent powder

Nylon-white Alqs 100 Black magnetic powder

Soft  Plastic-black Nickel 100 White magnetic powder

(Garbage bag)

Soft  Plastic-white Nickel 100 Black magnetic powder

(Grocery bag)

Soft  Plastic-clear Gold 50 Cyanoacrylate

(Sandwich bag)

Scotch Duct® Nickel 100 Wetwop®

Tape-sticky side

Scotch Duct® Gold 50 Wetwop®

Tape-sticky side

Scotch Duct® Gold 50 Cyanoacrylate and

Tape-smooth sidex cyanoblue

Masking Tape- Nickel 100 Cyanoacrylate and

sticky side cyanoblue

Masking Tape- Gold 50 Cyanoacrylate and

sticky side cyanoblue

Masking Tape- N/A N/A N/A

smooth side

Gorilla® Tape- Gold 50 Wetwop®

sticky sidex

Gorilla® Tape- Gold 50 Cyanoacrylate

smooth side

Scotch Tape-sticky Gold 50 Wetwop®

side

Scotch Tape- Gold 50 Cyanoacrylate

smooth side

Continued on next page
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Table 3.3 — continued from previous page

Substrate Best Evaporant CTF Thick- Best Traditional Develop-
Material ness (nm) ment Technique
Discharged  Car- Alqs 100 N/A

tridge Casings*

Thus, the CTF development technique is not universally applicable, as can be expected from
any technique to develop fingermarks. Development by the deposition of a CTF is suitable
typically only for non-porous substrates, and the fragility of some substrates poses development
difficulties. Fingermarks on some of the substrates investigated were difficult to develop as the
temperature within the vacuum chamber can sometimes reach 40 °C. Some substrates—such
as soft black plastic sheets (black garbage bags)-curled up upon development. In the case of
Scotch Duct® tape, the cords within the adhesive started pulling out of the surface of the tape.
The deformation of some substrates (such as soft plastics and adhesive tapes) inside the vacuum
chamber limited the types of evaporant materials that could be used for the CTF development of
fingermarks. In many cases, however, this deformation could be minimized by carefully shuttering
the source of the thermal energy and minimizing the time that the substrate was unnecessarily
exposed.

Some substrates in Table 3.3 are marked with an asterisk. Whereas the CTF development
technique did not produce satisfactory results with these substrates, pretreating the fingermark on
these substrates with cyanoacrylate fuming followed by the application of the CTF development
technique produced the best outcomes. Thus, fingermarks on the smooth sides of Scotch Duct®
tape (Fig. 3.3) and Gorilla® tape (Fig. 3.4) developed very well on cyanoacrylate fuming followed
by the deposition of a 50-nm-thick CTF of gold. Quite possibly, successful development was
facilitated by the layer of cyanoacrylate providing better definition to the fingermark topology,
which was then revealed by the CTF deposited on top of the enhanced topology. The hybrid
cyanoacrylate-CTF technique appears promising and requires further research.

All adhesive tapes were able to withstand the higher than room temperature in the vacuum
chamber very well. CTF development with gold as the evaporant material worked very well-and

better than any traditional development—with fingermarks laid on the smooth sides of three of
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Table 3.4: Comparison of the performance of the CTF development technique and the best
traditional development technique (excluding VMD). The asterisk indicates that the substrate
was subjected to cyanoacrylate fuming before being subjected to the CEFR method, in order to
obtain the best CTF development.

Substrate CTF Best Equal
Development Traditional Quality
is Superior Development

is Superior

Brass - - Yes
Stainless Steel - Yes -
Anodized Aluminum Yes - -
Stained and sealed walnut Yes - -
Stained and Sealed Cherry Yes - -
ABS-black - - Yes
ABS-white - Yes -
Nylon-black - Yes -
Nylon-white — — Yes
Soft Plastic-black (Garbage bag) Yes - -
Soft Plastic-white (Grocery bag) - - Yes

Soft  Plastic-clear  (Sandwich Yes - -
bag)

Scotch Duct® Tape-sticky side - - Yes

Scotch  Duct®  Tape-smooth Yesx - —
sidex

Masking Tape-sticky side - Yes -
Masking Tape-smooth side N/A N/A N/A
Gorilla® Tape-sticky side - - Yes
Gorilla® Tape-smooth sidex Yesx - -
Scotch Tape-sticky side — - Yes
Scotch Tape-smooth side Yes - -

Discharged Cartridge Casingsx Yes N/A -
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Figure 3.3: Fingermark on the smooth side of Scotch Duct® tape developed by a hybrid tech-
nique involving pretreatment of the fingermark by cyanoacrylate fuming followed by the deposi-
tion of a 50-nm-thick CTF of gold. [Courtesy of Sarah Muhlberger]

Figure 3.4: Same as Fig. 3.3, but for the smooth side of Gorilla® tape. [Courtesy of Sarah
Muhlberger]
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Figure 3.5: Fingermark on the smooth side of Gloss Finish Scotch Multitask tape developed
by the deposition of a 50-nm-thick CTF of gold. Level-three detail is clearly observable in the
developed fingermark. [Courtesy of Sarah Muhlberger]

the four adhesive tapes investigated. As an example, level-three detail is clearly observable in
Fig. 3.5, showing a fingermark on the smooth side of Gloss Finish Scotch Multitask® tape which
was developed with a 50-nm-thick CTF of gold. Other substrates, such as the smooth sides of
Scotch Duct® tape (Fig. 3.3) and Gorilla® tape (Fig. 3.4), did require application of the hybrid
cyanoacrylate-CTF development technique. The sole exception was the smooth side of Scotch
Masking® tape, for which no development technique delivered a satisfactory outcome.

The CTF development technique also performed well on fingermarks on the sticky sides
of Scotch Duct® tape, Gorilla® tape, and Gloss Finish Scotch Multitask® tape. However
equally satisfactory performance was delivered by the traditional development technique of the
application of Wetwop®, as exemplified in Figs. 3.6-3.8. Figure 3.9 shows that the cyanoacrylate
fuming (with cyanoblue dye) yielded a superior result on the sticky side of Scotch Masking® tape
than the CTF development technique.

The CTF development technique worked very well with fingermarks deposited on all three
types of soft plastics: black garbage bags, white grocery bags, and clear sandwich bags. For black

garbage bags (Fig. 3.10) and clear sandwich bags (Fig. 3.11), the CTF development technique
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Figure 3.6: Fingermark on the sticky side of Scotch Duct® tape developed either (left) by the
use of Wetwop® or (right) by the deposition of a 100-nm-thick CTF of nickel. [Courtesy of Sarah
Muhlberger]

Figure 3.7: Fingermark on the sticky side of Gorilla® tape developed either (left) by the use
of Wetwop® or (right) by the deposition of a 50-nm-thick CTF of gold. [Courtesy of Sarah
Muhlberger]
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Figure 3.8: Same as Fig. 3.7, except for the sticky side of gloss finish Scotch Multitask® tape.
[Courtesy of Sarah Muhlberger]

Figure 3.9: Fingermark on the sticky side of Scotch Masking® tape developed either (left) by
the use of Wetwop® or (right) by the deposition of a 100-nm-thick CTF of nickel. [Courtesy of
Sarah Muhlberger]
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provided much better contrast for visualization than any traditional development techniques.
Even on white grocery bags (Fig. 3.11), the CTF development technique performed as well as
dusting with black magnetic powder, the best traditional development technique for the specific

substrate.

Figure 3.10: Fingermark on a black garbage bag (soft plastic) developed either (left) by the use
of white magnetic power or (right) by the deposition of a 100-nm-thick CTF of nickel. Level
three detail is clearly seen in the CTF-developed fingermark. [Courtesy of Sarah Muhlberger]

The CTF development technique did not show superior performance for fingermarks on hard
plastics. The best results were obtained with 100-nm-thick CTF's of Alqs. As may be gathered
from Figs. 3.13-3.16, the CTF development technique performed as well as dusting with red
fluorescent powder for fingermarks on black ABS (Fig. 3.13) and white nylon (Fig. 3.16). On
white ABS (Fig. 3.14) and black nylon (Fig. 3.15), respectively, the CTF development technique
was outperformed by dusting with black magnetic powder and red fluorescent powder.

Wood substrates are typically porous in nature, except when sealed with a polyurethane or
equivalent coating. Fingermarks were deposited on smooth surfaces of commercial samples of
cherry and walnut woods that had been stained and sealed. None of the selected evaporant mate-
rials worked well, with the exception of Alqs. When exposed to short-wave ultraviolet radiation,

the Alqgs-developed fingermarks possessed suitable contrast for identification of fingermark ridge
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Figure 3.11: Fingermark on a clear sandwich bag (soft plastic) developed either (left) by the use
of cyanoacrylate fuming or (right) by the deposition of a 50-nm-thick CTF of gold. Level three
detail is clearly seen in the CTF-developed fingermark. [Courtesy of Sarah Muhlberger]

Figure 3.12: Fingermark on a white grocery bag (soft plastic) developed either (left) by the use
of black magnetic power or (right) by the deposition of a 100-nm-thick CTF of nickel. [Courtesy
of Sarah Muhlberger]
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Figure 3.13: Fingermark on black ABS developed either (left) by the use of red fluorescent
powder or (right) by the deposition of a 100-nm-thick CTF of Algs. Short-wave ultraviolet
illumination is needed to see the detail in the CTF-developed part of the fingermark. [Courtesy
of Sarah Muhlberger]

detail. None of the chosen traditional methods performed satisfactorily.

Discharged cartridge casings have no traditionally accepted method for development of finger-
marks on them, and many of the previously discussed methods have been applied in order to find
a method with acceptable performance [74]. In this study, fingermarks placed on cartridge casings
before the discharge of a 9 mm firearm were developed by the hybrid cyanoacrylate-CTF tech-
nique used also for developing fingermarks on adhesive tapes. A special fixture for mounting the
discharged cartridge casing to the stage in the vacuum chamber had to be devised and fabricated.
Furthermore, as the substrate (cartridge casing) is not flat but possesses a convex cross section
at the macroscopic length scale, the rocking motor was used to continually change the angle x,
between 10 and 90 deg with a temporal period of ~ 9 s during deposition [33]. Also for this case,
the fingermark donor was different from the one for all other cases reported in this paper. Alqs
was evaporated to deposit 100-nm-thick CTF. As can be observed in Fig. 3.19, under short-wave
ultraviolet illumination, the developed fingermark has sufficient detail for identification.

The foregoing examples have shown that the CTF development technique is superior to tra-

ditional development techniques in some instances. In other instances, a traditional development
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Figure 3.14: Fingermark on white ABS developed either (left) by the use of black magnetic
powder or (right) by the deposition of a 100-nm-thick CTF of Algs. Short-wave ultraviolet
illumination is needed to see the detail in the CTF-developed part of the fingermark. [Courtesy
of Sarah Muhlberger]

technique produces better outcomes than the CTF development technique. But there are also
substrates for which the CTF development technique and the best traditional development tech-
nique deliver equally good results: contrast as well as the visibility of identifiable details, including
level-three details, are equivalent between the two techniques. These substrates are significant
for ongoing research on the sensitivity of the CTF development technique compared to that of
traditional development techniques through depletion studies. It is possible that future research
will show that the CTF development of fingermarks is superior to traditional development of
fingermarks that are aged, degraded, or exposed to environmentally insulting conditions. Such
outcomes may emerge, particularly when only a small amount of fingermark residue is present,
because CTF development relies on the topology of the fingermark rather than on some physical

or chemical reaction with the fingermark residue.
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Figure 3.15: Fingermark on black nylon developed either (left) by the use of red fluorescent
powder or (right) by the deposition of a 100-nm-thick CTF of Algs. Short-wave ultraviolet
illumination is needed to see the detail in the CTF-developed part of the fingermark. [Courtesy
of Sarah Muhlberger]

Figure 3.16: Same as Fig. 3.15 except that the substrate is white nylon. [Courtesy of Sarah
Muhlberger]
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Figure 3.17: Fingermark on stained and sealed cherry wood, developed by the deposition of
a 100-nm-thick CTF of Alqs, fluoresces under illumination by a short-wave ultraviolet source.
[Courtesy of Sarah Muhlberger]

Figure 3.18: Same as Fig. 3.17 except that the substrate is stained and sealed walnut wood.
[Courtesy of Sarah Muhlberger]
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Figure 3.19: Fingermark on a cartridge casing developed after discharge by a hybrid technique
involving pretreatment of the fingermark by cyanoacrylate fuming followed by the deposition of
a 100-nm-thick CTF of Alqgs. Short-wave ultraviolet illumination is needed to see the detail.

3.4.1 Comparison of CEFR with Slanted-CTFs and Normal Deposition

for the Development of Fingermarks

When introducing a development technique that utilizes more complicated apparatus or process-
ing, the question of what is being gained from this added complexity naturally arises. To address
this, I conducted a series of experiments which compare the CEFR development described earlier
in Sec. 3.2 with the more simplified deposition of slanted-CTFs and the normal deposition of
a dense thin film. As described in Sec. 1.3, the combination of a tilted and rapidly rotating
substrate produces film morphology characterized by columns oriented normal to the substrate
surface. If the substrate is tilted but not rotated during the deposition, the film morphology will
be characterized by columns which grow roughly in the direction from which the incident vapor
flux was arriving. In the case where the substrate is held normal to the direction from which the
incident vapor flux is arriving, a relatively dense thin film is deposited.

In order to compare these three deposition methods, a split-fingermark protocol was im-
plemented to allow for the side-by-side comparison between the CEFR development and the

slanted-CTF development without substrate rotation, and the normal thin film development
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without substrate tilting or rotation, respectively.

Details of the fingermark grading scheme using a clarity map used here can be found in
Appendix A. A clarity map visually identifies the regions of different clarity ratings of a pho-
tographed fingermark. Regions which contain definitive minutiae are given the highest clarity
rating and assigned the color green, regions containing debatable minutiae are given the second
highest clarity rating and assigned the color yellow, regions containing debatable ridge flow are
given the second lowest rating and assigned the color yellow, and finally regions identified as
background are given the lowest clarity rating and assigned the color black. From this clarity
map, the fraction of a fingermark area classified as being of the highest clarity can be calculated
and used to quantitatively compare the results of two development techniques.

In this way, it was found that the half of the fingermark developed by CEFR demonstrated
greater clarity when compared to either of the other two development techniques. In Fig. 3.20
a clarity map is shown overlaying a photograph of a split fingermark of which the left side was
developed by CEFR while the right side was developed with a slanted-CTF (without substrate
rotation). From this clarity map it is apparent that CEFR development performs substantially
better than development with a slanted-CTF. This experiment was repeated 3 times and resulted
in a mean area identified as having the highest clarity of 25% for the CEFR developed half of
the fingermark and 2.3% for the slanted-CTF developed half.

Figure 3.21 shows another clarity map, this time with CEFR developed on the left half and
a normally developed half on the right. In this case, the mean area identified as having the
highest clarity over 3 experiments is 22% for the CEFR developed half and 6.3% for the normally
developed (without substrate tilt or rotation) half. This result justifies the use of the slightly
more complicated to produce vertical-CTF's over both slanted-CTFs and normally deposited film

for the development of fingermarks.

3.5 Partial Bloody Fingermarks

A partial bloody fingermark has both a bloody part and a non-bloody part. A combination of two
development techniques has to be used to develop partial bloody fingermarks. The bloody part is
often developed by causing a protein stain to react with proteins in the blood. Solutions of acid

violet 17 or amido black are examples of protein stains. Alternatively, a chemical solution that
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Figure 3.20: Clarity map of the CEFR developed portion is on the left and the slanted-CTF
developed portion is on the right.

Figure 3.21: Clarity map of the CEFR developed portion is on the left and normally developed
is on the right.

causes a peroxidase-activity color change when exposed to blood is used. Solutions of fluorescein

or hemascein are examples. Dusting with a powder is commonly used to develop the non-bloody
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part of the fingermark either before or after the bloody portion is developed.

The use of two development techniques on one fingermark may cause problems. Many of the
techniques used to develop the bloody part involve the reaction of a solution with the fingermark
and subsequent rinsing with another solution or water. The use of solutions and/or water often
distorts the non-bloody part. Even if the non-bloody part is dusted prior to the solution treatment
of the bloody part, the powder is removed during the rinsing phase. Extreme care must be
exercised, often to little avail because of the delicate nature of fingermarks. Furthermore, repeated
handling enhances the possibility of damaging the fingermark. Finally, the chemicals used to
develop the bloody part can hinder the ability to collect DNA samples from the residual blood.

Clearly, a technique that does not rely on chemical interactions and which can simultaneously
develop both the bloody and the non-bloody parts is needed. With the aim of exploiting the
topology of both parts for simultaneous development, the deposition of a CTF on a partial
bloody fingermark appears promising. The differential reflection of light from the various facets
of the undulating CTF allow visualization. A detailed investigation was undertaken to assess
the efficacy of the CEFR technique to develop partial bloody fingermarks on a representative
set of non-porous substrates. Additionally, as the chemicals in the sebaceous secretion and the
blood are preserved on entombment by the CTF, the possible collection of DNA samples at a
later time is enticing. CTF's of several evaporant materials were deposited in order to decide on
the optimal material for a specific substrate, and comparison was made with several traditional
development techniques.

Substrates used for the optimization of CTF development on partial bloody fingermarks
included: (i) brass, (i) anodized aluminum, (iii) black ABS, (iv) white ABS, (v) black garbage
bags, (vi) clear sandwich bags, (vii) black nylon, (viii) white nylon, (xi) white grocery bags, and
(x) stainless steel. The results of this optimization study are given in Table 3.5 along with the
best traditional development technique. The CTF and traditional technique were then compared
using a split fingermark protocol; the technique which was found to perform better is in bold in
Table 3.5. In Fig. 3.22 a partial bloody fingermark on stainless steel is shown. A 100-nm-thick
CTF of nickel was used to develop both the bloody and non-bloody portion of the right side of
the fingermark simultaneously. The left part of the same figure shows the development resulting
from cyanoacrylate fuming followed by dusting with regular black powder.

It was found that CTF development was superior to traditional development methods for
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Figure 3.22: Partial bloody fingermark on 420-grade stainless steel developed either (left) by
the use of cyanoacrylate fuming followed by dusting with regular black powder or (right) by the
deposition of a 100-nm-thick CTF of nickel. [Courtesy of Sarah Muhlberger]

partial bloody fingermarks on: brass, stainless steel, anodized aluminum, black and white ABS,
white nylon, and clear soft plastic. CTF development was shown to be capable of simultane-
ously developing both the non-bloody and bloody portion of a partial bloody fingermark. This
presents a significant advantage over traditional development techniques where multiple develop-
ment techniques are used in sequence. In some cases the method used to develop one portion of a
fingermark may damage the other portion. By developing both portions simultaneously the CTF
technique minimizes the potential for this type of damage as well as damage cause in the general
handling of the substrate. Additionally the CTF technique produces superior development for

several forensically relevant substrates.

3.6 Sensitivity of CTF Development vs Traditional Tech-
niques

In this section, I report on the ability of the CTF technique to develop fingermarks that are

depleted in sebaceous secretions. Although on-scene fingermarks contain both eccrine and seba-



67

Table 3.5: Summary of the results of CTF optimization and comparison with the best traditional
development technique (excluding VMD) for partial bloody fingermarks. The best performing
technique is shown in bold. If neither technique is in bold, no suitable development was achieved.
Note: Eu(tta)sphen is an organic fluorescent material similar to Alqs.

Substrate Best Evaporant CTF Thick- Best Traditional Develop-
Material ness (nm) ment Technique
Brass Alqgs 100 Amido black and Black
magnetic powder
Stainless Steel Nickel 100 Cyanoacrylate and
cyanoblue
Anodized Alqgs 100 Amido black and Black
Aluminum magnetic powder
ABS-black Chalcogenide 1000 Amido black and White
glass magnetic powder
ABS-white Chalcogenide 1000 Amido black and Black
glass magnetic powder
Nylon-black Gold 50 Amido black and White
magnetic powder
Nylon-white Chalcogenide 1000 Amido black and Black
glass magnetic powder
Soft  Plastic-black Eu(tta)sphen 100 White magnetic powder
(Garbage bag)
Soft  Plastic-white Eu(tta)sphen 100 Black magnetic powder
(Grocery bag)
Soft  Plastic-clear Gold 50 Amido black and Black

(Sandwich bag)

magnetic powder

ceous secretions, sebaceous secretions were chosen partly to limit the variability and complexity in

the experimental protocol-to address that fraction of the fingermark residue which is accounted

for in many commonly used on-scene development techniques and forms the bulk of the residue

that gives the fingermark its topology. Eccrine secretions contain about 99% water that readily

evaporates in many environmental conditions or becomes part of the sebaceous emulsion.

This investigation is important to ascertain the range of clarity of sebaceous fingermarks
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that the CTF technique can develop. If this technique can develop a fingermark of low quality
because it contains a low amount of secretions, then it is sensitive enough to be used in difficult
cases. The clarity, details, and contrast of the fingermarks developed with the CTF technique
were compared with those developed with selected traditional development techniques—which
exploit physical and/or chemical interactions with the secretions to develop a fingermark. If
the amount of reactants in the secretions is insufficient for the interaction(s) to occur, then the
chosen traditional development technique would be ineffective. It was hypothesized that the CTF
technique would be less affected by this problem because the CTF technique should not directly
depend on the amount of reactants in the secretions but on the fingermark topology.

In order to prevent interference from eccrine secretions, the grooming process began by tightly
wrapping clear thin plastic wrap around the fingertip. The fingertip was then wiped across the
donor’s forehead, nose, and chin for 10 seconds to collect secretions. Every second fingermark
was placed on the substrate of interest until the 12th fingermark was made. The odd numbered
fingermarks in every series were place onto a glass slide.

The substrates used in this study included: (i) brass, (ii) anodized aluminum, (iii) stainless
steel, (iv) black nylon, (v) white nylon, (vi) black ABS, and (vii) white ABS. As before, a
spit-print protocol was used to compare development methods. For each substrate investigated,
the traditional development technique that gave the best results in our laboratory had been
identified in Table 3.3. Accordingly, the following traditional techniques were used: (i) dusting
with red fluorescent powder, (ii) dusting with black powder, (iii) dusting with white powder, (iv)
cyanoacrylate fuming, and (v) cyanoacrylate fuming with cyanoblue dye. The result of these
experiments are summarized in Table 3.6.

It was found that development with the CTF technique was more sensitive when compared
to selected traditional techniques on: brass and anodized aluminum. Additionally, the CTF
technique exhibited similar sensitivity when compared to the selected traditional techniques on:

stainless steel black and white ABS, and black and white nylon.
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Table 3.6: Summary of the result of experiments to compare the sensitivity of the CTF technique
with traditional techniques (excluding VMD). The table lists the best evaporant material and
the best traditional development technique, with the better performing of the two in bold. If
neither technique is in bold neither technique was found to be superior.

Substrate Best Evaporant CTF Thick- Best Traditional Develop-
Material ness (nm) ment Technique

Brass Chalcogenide 1000 Cyanoacrylate fuming and
glass Black powder

Stainless Steel Chalcogenide glass 1000 Cyanoacrylate fuming and

Cyanoblue

Anodized Alqgs 100 Black magnetic powder

Aluminum

ABS-black Gold 50 White magnetic powder

ABS-white Alqs 100 Black magnetic powder

Nylon-black Alqgs 100 Red flourescent powder

Nylon-white Chalcogenide glass 1000 Black powder

3.7 CTF Development vs. Vapor-Metal-Deposition Tech-
nique

In this section I report on the comparison between the CTF technique and another fingermark
development technique that utilizes thermal evaporation termed vapor-metal deposition (VMD).
Beyond this similarity, there are many differences between the two techniques including: (i)
the morphology of the deposited thin film and (ii) the mechanism by which each techniques
makes fingermarks visible and identifiable. These differences are discussed in Sec. 3.7.1 and 3.7.2
respectively.

The substrates used in this study included: (i) glass, (ii) clear sandwich bags, (iii) white
grocery bags, (iv) the smooth side of Scotch Multitask® tape, (v) black garbage bags, (vi) and
partial bloody fingermarks on stainless steel. As before, a spit-print protocol was used to compare
development methods. For each substrate investigated, the evaporant material that gave the best

result as identified in Table 3.3 was used. Accordingly, the following evaporants were used: (i)
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chalcogenide glass, (ii) gold, (iii) nickel, (iv) gold, (v) nickel, (vi) and chalcogenide glass. The

result of these experiments are summarized in Table 3.7.

3.7.1 Thin-Film Morphology

Before I present the results of our comparison between the CTF and VMD techniques for finger-
mark development, a brief discussion on relevant aspects of thin-film growth and morphology is

appropriate.

(a) ‘ (b) ; ©) /
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Figure 3.23: Top to bottom: schematics of three main stages of (a) thermal evaporation with
the vapor flux normally incident on a planar substrate, (b) the VMD technique implemented on
a substrate with a fingermark, and (c¢) the CEFR technique implemented on a substrate with a
fingermark.

As shown in Fig. 3.23(a), several stages occur during the conventional deposition of a thin
film on a flat surface by a thermal evaporation method. During the first stage illustrated in
the top panel of Fig. 3.23(a), the vapor arriving normally at the substrate initially condenses
onto the surface as discrete clusters of atoms. These discrete clusters of atoms then serve as
nucleation sites on which the adatoms in the subsequently arriving vapor collect. In this way
the initial nucleation sites grow as discrete islands until they reach such a size that they begin to
coalesce, as shown in the middle panel of Fig. 3.23(a). Nanoscale structures are formed thereby,

their morphology depending on the deposition conditions. The film then begins to grow at a
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relatively uniform rate with a density of between 80 and 100% of its bulk value depending on
deposition parameters, as shown in the bottom panel of Fig. 3.23(a). The morphology of the thin
film depends on the morphology of the constituent nanoscale structures created by coalescence
of the islands formed during the very early stages of growth.

With the VMD technique, the inability of zinc to form nucleation sites on many materials
while readily clustering on gold nucleation sites, is exploited to create selective deposition that
gives rise to visual contrast. The VMD process is schematically depicted in Fig. 3.23(b). A very
small amount of gold is deposited onto the sample prior to evaporation of zinc. Gold readily
condenses onto many materials. In the typical case of a fingermark, gold forms nucleation sites
on the non-fingermarked portion of the substrate, whereas it slightly penetrates the sebaceous
material composing the fingermark. This is shown in the top panel of Fig. 3.23(b). Zinc is
evaporated next. Gold nucleation sites being available for zinc condensation on the background
but not on the sebaceous material, zinc envelops the gold nucleation sites on the background
only, as depicted in the middle panel of Fig. 3.23(b). As zinc continues to be deposited, the
zinc islands continue to expand. However, as deposition is stopped when the film is still in the
island-growth stage, the film may be characterized as an assembly of somewhat hemispherical
islands of radius of about 25 nm, as shown in the bottom panel of Fig. 3.23(b).

For the CTF (CEFR) technique, as shown schematically in the top panel of Fig. 3.23(c),
the substrate’s surface is positioned obliquely with respect to the direction of the incident vapor.
This results in self-shadowing as well as competition among the initial nucleation sites for growth,
with the assumption that the substrate is stationary during deposition. The taller nucleation
sites preferentially receive the incoming vapor, while the shorter nucleation sites receive a lesser
amount of the vapor. This competitive growth continues from the initial nucleation sites as they
grow into islands. By the time the islands have reached a height of about 25 nm, depending
on the material being deposited, the taller amongst them have been established as the ones
to receive a greater quantity of the arriving vapor. The vapor that is now reaching the taller
islands will only arrive at their uppermost tips, and the islands grow roughly towards the vapor
source without substantially increasing in diameter, thereby giving rise to a slanted-columnar
morphology. Because the substrate is rotated rapidly about the central normal axis, the columns
grow along the substrate’s surface normally rather than tilted toward the vapor source. The

materials which have been selected for the CTF technique are able to condense on both the
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substrate and sebaceous materials. As a result, the columns are able to grow conformally over
the entire surface, covering both the fingermark and substrate, as shown in the middle panel
of Fig. 3.23(c¢). The topography of a non-planar fingermarked substrate is translated along the
columns to produce a replicate surface constituted by the upper surface of the columns. This is

exemplified by the bottom panel of Fig. 3.23(c).

3.7.2 Mechanism by Which Fingermark Visibility is Improved

In both the CTF and the VMD techniques, the fingermark is developed by producing contrast
between the substrate/background and the sebaceous material. A VMD-treated substrate offers
the needed information as a visual contrast: the non-fingermarked portion of the substrate ap-
pears dark because it is coated with zinc (or zinc suboxide), while the fingermarked portion has
the color of the substrate because the fingermark is highly transparent.

For fingermarks developed with the CTF technique, the substrate appears dark (resp., bright)
while the fingermark appear bright (resp., dark) in comparison, when a dark (resp., bright)
evaporant material is used. This visual contrast is produced by the way in which the conformally
coated, non-planar fingermark scatters incoming light quite differently from the relatively planar
coated non-fingermarked portion of the substrate. Since the CTF thickness over both parts of
the substrate is uniform, light incident at a higher elevation differs in phase from light incident
at a lower elevation. Therefore, light reflected from a higher elevation differs in phase from
light reflected from a lower elevation. Additional dependence on elevation arises for a non-
metallic CTF because light can partially penetrate the non-metallic CTF as well as the covered
fingermark, thereby incorporating a dependence on the optical properties and amounts of all

materials involved.

3.7.3 Experimental Details

Fingermarks were collected following the procedure established in Sec. 3.3.1. The selected sub-
strates use for comparison included: (i) stainless steel, (ii) black garbage bags, (iii) white grocery
bags, (iv) clear sandwich bags, (v) Gloss Finish Scotch Multitask® tape, (vi) glass microscope
slides, and (vii) fingermarks were placed on silicon to aid in obtaining SEM images of the morphol-

ogy of the respective thin film. A split-fingermark protocol was used to allow for the side-by-side
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comparison of the CTF- and VMD-developed fingermarks.

3.7.4 Results and Discussion

It was found that the CTF technique performed better on clear sandwich bags while the VMD
technique was found to be superior on Gloss Finish Scotch Multitask® tape. Both techniques
worked well on glass but there was a greater contrast between the substrate and fingermark when
the CTF technique was used. Neither technique worked well on black garbage bags of a generic
brand. It was found that using the CTF and the VMD techniques can lead to the degradation
of non-bloody fingermarks on stainless steel, but the degradation using the CTF technique is
minimal. These results are shown in Table. 3.7.

To demonstrate the differences in thin-film morphology due to the application of the CTF
and the VMD techniques, cross-sectional SEM images were taken of fingermarks developed with
both techniques. Figure 3.24(a) shows a fingermark developed with with VMD. The islands have
grown just enough as to begin coalescing. The zinc deposit is roughly 25 nm thick and as yet
mostly discontinuous.

This can be contrasted with Figs. 3.24(b-d) in which cross-sectional SEM images of CTFs
are presented. In Fig. 3.24(b), a ~ 50-nm-thick gold film can be seen on a planar substrate
of silicon. Discrete vertical columns growing from the underlying substrate are clearly evident,
thereby underscoring the columnar morphology of even the thinnest films deposited by the CTF
technique for fingermark development.

Figure 3.24(c) depicts a ~ 100-nm-thick CTF of nickel deposited over some sebaceous ma-
terial. Not only the silicon substrate, but the fingermark residue itself is coated by the CTF.
Finally, Fig. 3.24(d) is an image of an ~ 1800-nm-thick chalcogenide-glass CTF deposited over
some sebaceous material on a glass slide. The upright-columnar morphology due to rapid sub-
strate rotation is as evident in this image as in Fig. 3.24(b). Moreover, Fig. 3.24(d) demonstrates
the high level of uniformity found in the thickness of the CTF covering both the non-fingermarked

and fingermarked portions of the substrate.
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Figure 3.24: Cross-sectional SEM images of (a) a zinc film deposited atop a gold film on a
fingermarked silicon substrate by the VMD technique, (b) a gold CTF deposited on a planar
silicon substrate by the CTF technique, (¢) a fingermark ridge on a silicon substrate conformally
coated with a nickel CTF, and (d) a fingermark ridge on a glass slide conformally coated with a
chalcogenide-glass CTF.

3.8 Concluding Remarks

Extensive studies were carried out to ascertain the efficacy of the physical vapor deposition
of a conformal columnar thin film on a fingermark on a non-porous substrate of forensic rel-
evance for fingermark development and visualization. CTF development was attempted in a
vacuum chamber, by implementing the conformal-evaporated-film-by-rotation technique, which
is an adaptation of a basic thin film deposition technique called thermal evaporation for the
conformal coating of non-planar surfaces. On all combinations of the evaporant material and
the surface bearing the fingermark, several traditional development techniques were also imple-
mented. In many but not all instances, the CTF development technique either outperformed the
best traditional development technique or performed equally well.

In some instances, first fuming the fingermark with cyanoacrylate and then depositing a
CTF on it produced significantly superior development, most possibly because the fuming step
enhance the fingermark topology, which was then revealed by the CTF frown on top. This

two-step process is promising as a hybrid development technique.
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Table 3.7: Summary of the result of experiments to compare the CTF technique with the VMD
technique. The table lists the best CTF material for each substrate. Substrates for which the
CTF technique was found to be superior or indicated by bold text, those for which VMD was
found to be superior are italicized, and if neither technique was found to be superior plain text
is used.

Substrate Best Evaporant CTF Thick-
Material ness (nm)

Glass Chalcogenide glass 1000

Stainless Steel (par-  Chalcogenide glass 1000

tial bloody)

Clear Sandwich Gold 50

Bag

White Grocery Bag  Nickel 100

Black Garbage Bag  Nickel 100

Scotch Multitask®  Gold 50

tape

Systematic optimization studies lead to the conclusion that only a moderate vacuum is needed
in the CEFR apparatus to develop fingermarks, whereas the pressures in proof-of-principle stud-
ies [46, 54] were lower by two orders of magnitude. This finding will greatly facilitate the use
of the CTF development technique in crime laboratories, and also buttresses the possibility of
producing fieldable CEFR apparatus capable of developing fingermarks on-scene.

In the second setting for testing the efficacy of thermally evaporated conformal thin films on
non-traditional /non-planar substrates, the development of sebaceous fingermarks placed forensi-
cally relevant substrates was selected. This setting demonstrates three key features of thermal
evaporation: (i) compatibility with very temperature-sensitive substrates, (ii) capability of si-
multaneously coating substrates of vastly different chemical and physical properties, and (iii) an
ability to conformally deposit films with vertical-columnar morphology which improved function-

ality over normally deposited and slanted-CTFs without substrate rotation.



Chapter

A Warm-Up: Modeling the Grating

Coupled Excitation of Tamm Waves*

As the third setting for testing the efficacy of thermally evaporated conformal thin films on
non-traditional /non-planar substrates, the observation of a new class of electromagnetic surface
wave, termed a Dyakonov-Tamm wave, was selected. This setting was selected to demonstrate
the ability to conformally deposit films with a specific and complicated morphology which imparts
certain optical properties to the resulting film. This required preliminary work which is reported
in Ch. 4 and 5. The theoretical results produced in Ch. 5 guide the observation of the Dyakonov—

Tamm wave guided by a planar interface in Ch. 6, and guided by a non-planar interface in Ch. 7.

4.1 Chapter Summary

Here I present a study of multiple Tamm waves whose propagation is guided by the interface of
a periodically corrugated homogeneous dielectric material and a periodically nonhomogeneous
material. I present theory and simulation that supports the claim that multiple Tamm waves of
different linear polarization and phase speed can be supported by the interface. This is done by
comparing results of the canonical boundary-value problem for the interface of two semi-infinite

materials with the angular location of peaks in absorptance while varying the incident angle.

fThis chapter is based on: Pulsifer, D. P., Faryad, M., and Lakhtakia, A., “Grating-coupled excitation of
Tamm waves,” Journal of the Optical Society of America B 29, 2260-2269 (2012).; erratum: 30, 177 (2013).
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Evidence that the Tamm waves are localized to the interface is found, and an approach for
experimental verification is formulated.

This chapter represents a warm-up in which I develop experience in modeling electromagnetic
surface waves. The methods used here to investigate the Tamm wave are extended in Ch. 5 to

model the excitation and propagation of the Dyakonov—Tamm wave.

4.2 Electromagnetic Surface Waves

Electromagnetic surface waves are a class of electromagnetic phenomena which propagate guided
by the interface of two dissimilar materials, and the optical properties of the partnering materials
dictate the type of electromagnetic surface wave which can be supported at the interface [75].
This localization to the interface gives electromagnetic surface waves high sensitivity to changes
in the optical properties of the partnering materials near the interface [76]. Changes in the
optical properties near the interface can cause the wavenumber of the electromagnetic surface
wave to change or the phenomena to disappear entirely [75]. This sensitivity is most often
exploited for sensing applications [77-80], but electromagnetic surface waves also show potential
for applications in microscopy, photovoltaics, and communication [75]. Many of these applications
have been realized for plasmonic electromagnetic surface waves [81-83], but due to the much lower
dissipation of dielectrics when compared to metals, optical electromagnetic surface waves may
find a multitude of new applications.

Historically, the first prediction of an electromagnetic surface wave excited at optical frequen-
cies was made in 1957 by Ritchie, when he presented a plasma oscillation explanation for energy
losses of fast electrons in thin metal films [84]. In the 1960’s surface plasmon waves (SP) were
extensively studied by Turbadar, Raether, Kretschmann, and Otto resulting in the development
of simple methods to optically excite SP waves at the interface between a metal and air [85-87].
In the case where air is replaced by a homogeneous, isotropic, dielectric material the electro-
magnetic surface wave is described as a surface-plasmon-polariton (SPP) wave. In the decades
since, the study of electromagnetic surface waves has primarily centered on SPP waves and their
applications.

A second type of electromagnetic surface wave was predicted in 1977 [88]. This wave was

predicted to occur at the interface of two isotropic dielectric materials, at least one of which was
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periodically non-homogeneous in the direction normal to the interface. These electromagnetic
surface waves were named Tamm waves as they are analogous to the electronic states predicted
to exist at the surface of a crystal by Tamm in 1932 [89]. The experimental observation of Tamm
waves followed shortly thereafter [90] and more recently their application to sensing has been
demonstrated as well [79,80,91].

A third type of electromagnetic surface wave was named for Dyakonov’s 1988 work [92]. This
surface wave was predicted to occur at the interface of two homogenious dielectric materials, at
least one of which was anisotropic [93]. The existence of the Dyakonov wave was verified by
Takayama et al. in 2009 using the interface of a potassium titanyl phosphate biaxial crystal and
an index-matching fluid in a prism-coupled configuration. The sensitivity of the Dyakonov wave
to different index-matching fluids also demonstrated its applicability to sensing [94]. Observation
of the Dyakonov wave was particularly difficult due to its limited angular existence domain [93].

Dyakonov—Tamm waves propagate guided by the interface of two dielectric materials, one
of which must be anisotropic and periodically nonhomogeneous normal to the interface [92,93].
The existence of the Dyakonov—Tamm wave [47] was predicted in 2007 by Polo and Lakhtakia
when the anisotropic material properties that allow for Dyakonov waves, and the periodically
nonhomogeneous material properties that support Tamm waves [89] were considered in combina-
tion. As with other surface waves [76], Dyakonov—Tamm waves are highly sensitive to the optical
properties of the material found near the interface, and could find applications in optical sensing,

waveguiding, and integrated optics [93].

4.3 Introduction

Tamm developed theory to describe the electronic surface states of wide band-gap semiconductors
in 1932 [89]. Analogous to these Tamm states are Tamm waves which are a class of electromag-
netic surface waves (ESWs) that are guided by the interface of a periodically nonhomogeneous
isotropic dielectric material and a homogeneous isotropic dielectric material or a periodically non-
homogeneous isotropic dielectric material [95,96]. Although the existence of Tamm waves had
been inferred experimentally in 1978 [90], these were clearly observed in 1999 when Robertson
and May utilizing a prism coupling configuration. In this experiment, a sapphire prism was used

to couple light into a 1D photonic crystal consisting of alternating layers of TiOy and SiO4 that
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had been deposited on a sapphire substrate. A high-refractive-index substrate such as sapphire
was used to satisfy the conditions for coupling light into the 1D photonic crystal which has a high
average refractive index due to the presence of TiOs. Reflectance of an s-polarized laser beam
was measured at a single near-infrared frequency while the angle of incidence was made more
oblique. Through this experiment they observed a single narrow dip (0.08° wide) in reflectance
corresponding to the launch of a Tamm wave. The observation was confirmed at three different
near-infrared frequencies [97].

Recently, by solving the canonical boundary value problem of a semi-infinite rugate filter
matched with a semi-infinite homogeneous dielectric [96], it has been theoretically shown that
materials can be selected to allow multiple Tamm waves at a single interface to be excited by
both s- and p- polarized incident light of a single frequency. These multiple Tamm waves dif-
fer in their electric and magnetic field profiles. Based on these results, I propose a method for
observing multiple Tamm waves through a grating-coupled configuration. Grating coupling dif-
fers from prism coupling in that a periodically corrugated interface allows ESWs to be launched
from air rather than through the use of a prism [98]. This is advantageous in that it simpli-
fies the experimental set-up by eliminating the selection of an appropriate prism/substrate pair,
thereby giving us greater flexibility in selecting substrate materials and materials for the pe-
riodically nonhomogeneous partnering material [99]. This has the added benefit of removing
prism/index-matching-fluid and index-matching fluid/substrate interfaces which could compli-
cate experimental verification. Additionally, the use of grating coupling would allow for the
measurement of reflectance vs incidence angle, transmittance vs incidence angle, or both. The
periodic patterning of substrates with features on the scale of an optical wavelength has become
commonplace [100] and does not stand as a barrier to the implementation of a grating-coupled
configuration for observing ESWs.

Here I investigate theory and provide calculations for a case where multiple ESWs can be
launched through grating coupling of periodically nonhomogeneous isotropic dielectric layer in
the form of a rugate filter with a periodically corrugated homogeneous isotropic dielectric layer.
These calculations demonstrate that resonant peaks in absorptance are due to waves localized
to the rugate-filter/dielectric interface. I also go on to demonstrate the effect of varying several
parameters of both the rugate filter and the dielectric layer. Finally, I give modeling results

that set the stage for multiple Tamm waves to be experimentally observed through measuring
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transmittance and reflectance vs. incident angle. The material parameters for the rugate filter
are similar to those taken from Maab et al. [96] to allow for easy comparison.

Since the theoretical formulation of the boundary value problem undertaken in this paper is
the same as has been provided elsewhere [101], only a brief description is provided in Sec. 4.4.
Representative numerical results showing the excitation of Tamm waves in grating-coupled con-
figuration are provided in Sec. 4.5. Finally, a few comments on the experimental implementation
of the problem undertaken in this paper are provided in Sec. 4.5.4, and concluding remarks are
presented in Sec. 4.6. An exp(—iwt) time-dependence is implicit, with w denoting the angular
frequency. The free-space wavenumber, the free-space wavelength, and the intrinsic impedance
of free space are denoted by k, = wy/€fio, Ao = 27/k,, and 1, = \/LT/%, respectively, with p,
and €, being the permeability and permittivity of free space. Vectors are in boldface, the asterisk

denotes the complex conjugate, and the Cartesian unit vectors are identified as u,, uy, and u,.

4.4 Theoretical formulation in brief

The boundary-value problem is shown schematically in Fig. 4.1. The regions z < 0 and z > d3

are vacuous, the region 0 < z < dj is occupied by a rugate filter of period 202 and relative

Crug(2) = K"ﬁ”) + (”b;"> sin <7rd29_2>r : (4.1)

and the region do < z < d3 is occupied by an isotropic homogeneous dielectric material with

permittivity

spatially uniform relative permittivity e; = n2.

The region d; < z < do contains a surface-relief grating with period L along the x axis. The
relative permittivity e4(x,2) = €4(x + L, 2) in the reference unit cell 0 < z < L of this region is
taken to be as

(5, 7) = €d— (€4 — €rug (2)]U (d2 — 2z —g(x)), x€(0,L) | (42)

€T'ug(z)7 S (L17L)
with

g(.T) = (d2 - dl)sin (7;) , Li€ (O,L), (43)
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and

1, ¢=0,
Ui = (4.4)
0, (<0.

The thickness of the homogeneous dielectric material is Ly = d3 — ds, the depth of the surface-

relief grating is Ly = do — dy, and the thickness of the rugate filter is d;.

mm waves

Transmitted light

Figure 4.1: Schematic of the boundary-value problem involving the periodically corrugated in-
terface of a homogeneous dielectric material and a periodic multi-layered isotropic dielectric
material. The incident field is a plane wave, whereas both the reflected and transmitted fields
are discrete angular spectrums of plane waves. The label “0” is attached to the specular com-
ponents of the reflected and transmitted plane waves, the nonspecular components being labeled
as “+17, etc.

Let a plane wave propagating in the xz plane be incident on the plane z = 0 at an angle ;.
with respect to the z axis. The incident, reflected, and transmitted electric field phasors can be

written in terms of the Floquet harmonics as follows:

Eine(r) = Z (agn)uy + a;g")p;'{) exp [z (k;")x + kg")zﬂ , 2<0, (4.5)
nez
E,f(r) = Z (rgn)uy + rz(,")p;> exp [z (kg")m - ki")zﬂ , 2<0, (4.6)

nez



E;(r) = T% (tg")uy + Tff”pj) exp {z [k;")x + kM (2 — d3):| } , 2> ds. (4.7

The order of a Floquet harmonic is denoted by n € Z, the wavenumbers

k) = ko sin O, + 270/ L (4.8)
and
2
RO = k2 — (k) (4.9)
and the unit vector
= a4 g 4.1
Py = Tl + -0 (4.10)

Coeflicients for the incident field phasor are denoted by aé’f,} , for the reflected field phasor by
rgf;,), and for the transmitted field phasor by tgfg, where the subscript s identifies the s-polarization
state and the subscript p identifies the p-polarization state. When the incident plane wave is
p polarized, az(,n) = 60 Vm~ ! and a§”) = 0VYn € Z, where d,,,» is the Kronecker delta; when
the incident plane wave is s polarized, a,()n) = 0 and aﬁ") = 60 Vm~! VYn €Z. The Floquet
harmonics of order n = 0 in Eqgs. (4.6) and (4.7) represent specularly reflected and transmitted
plane waves, respectively, whereas nonspecular plane waves—whether of the propagating or the
evanescent type—are represented by the Floquet harmonics of order n # 0.

The relative permittivity in the region 0 < z < d3 can be expanded as a Fourier series with

respect to x as

e(x,z) = Zze(")(z) exp (i2mnx/L) , =z €0,ds], (4.11)
ne
where
€rug(2), z€[0,d4]
e (z) = i/OL eg(x,2)dx, z€(d,da), (4.12)
€d z € [da,d3] ,
and

S

L
/ €g(x,z)exp (—i2mnz/L)dx, =z € (di,d2)
0 VA0, (4.13)

otherwise

o
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The electric field phasor may be written in the region 0 < z < d3 in terms of the Floquet

harmonics as

E(r) = Y B () exp (ik{a) , 2 € [0.ds] (4.14)
neEZ

with E™(z) = B (2), + E{” (2)4, + B (2), unknown. An analogous expression is written
for E(r) in the same region.

Substitution of Egs. (4.11) and (4.14) in the frequency-domain Maxwell curl postulates results
in an infinite system of coupled first-order differential equations which can not be solved on a
digital computer. Therefore, the Floquet modes are restricted to |n| < Ny, and the finite system

of ordinary differential equations can then be expressed compactly as

Tl =i |P()] - ()], 2 € (0.ds) . (4.15)

[£(2)] = [Ea(2)] T, [By()] T, 10 Ha(2)] T, no [Hy ()] 7] T (4.16)

and the 4(2N; + 1) x 4(2N; + 1)-matrix [P(z)] is given by

[0 0 k- || =)7K
[0 ~ky [1] [0
L] ke o [
[0 [0 [0

ERENIE)

5
[=}
I

—

IS

Pt

(4.17)
Whereas [0] is the (2N; + 1) x (2N; + 1) null matrix, [L] is the (2Ny + 1) x (2N; 4 1) identity

matrix, {gw} = diag [kg(c")}, and [e(z)] = [e(”*m)(z)]. Furthermore, the (2N; 4+ 1) column vector
Xo(2)] = (XS (2), XEN(2), oy XP(2), oy XV (2), XV ()T (4.18)

for X e {E,H} and o € {z,y, z}.
The boundary-value problem was formulated using the well-known rigorous coupled-wave ap-

proach(RCWA) [102,103] and was implemented using a stable algorithm [101,104]. The accuracy
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of the solution using RCWA depends on the value of Ny, the number of terms of Floquet harmon-

ics in the representation of field phasors being 2/N; 4+ 1. As the formulation of the boundary-value

problem and the numerical algorithm have been explained elsewhere in detail [101], T skip the

details to go directly to representative numerical results in the next section.

4.5 Numerical Results and Discussion

For p-polarized incidence,

Ny (12 kgn)
R, = Z Iry" " Re 0

n=—N;

is the total reflectance and

ZM WP Re [
_ n z
Tp = |tp | Re W

n=—DN;

is the total transmittance. The corresponding quantities for s-polarized incidence are
N, s ()
J— n
RS = Z ‘7"8 ‘ Re W
n=—N; z

and

T, = Z |ts | Re W ;

n=—N; z

respectively. The quantities of greatest interest are the absorptances

Ay=1-R,—T,

and

Aszl_Rs_TS7

both computed as functions of 6,,,..

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)

(4.24)

All calculations were made for free-space wavelength A\, = 633 nm. In order to study the

excitation of Tamm waves, the constitutive parameters of partnering dielectric materials were

chosen from Ref. [96]. Thus, n, = 1.45, ny = 2.32, and Q = )\, were fixed for the rugate filter,

whereas ng was kept variable. The chosen parameters allowed a comparison of results obtained

for the grating-coupled configuration in this paper and the canonical boundary-value problem in
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Ref. [96]. For the computation of absorptances, Ny = 10 was fixed after ascertaining that the

absorptances for Ny = 10 converged to within +1% when N; = 11.

4.5.1 Canonical boundary-value problem

The corresponding canonical boundary-value problem—when both partnering materials are semi-
infinite in thickness and their interface is planar—has already been solved with the assumption
that a Tamm wave propagates along the z axis with an exp(ikz) variation and is independent
of y [96]. When ng = 1.515, four p-polarized Tamm waves are possible, one each with relative
wavenumber x/k, € {1.5496,1.7553,1.9822,2.2034}; likewise, four s-polarized Tamm waves are
possible with relative wavenumber x/k, € {1.5560, 1.7735, 1.9966, 2.2144}.

4.5.2 Grating-coupled configuration

The way to identify the excitation of a Tamm wave is to first plot the absorptances A, and Ay as
functions of the incidence angle 6;,., and then identify those absorptance peaks whose angular
location depends on neither the thickness d; of the rugate filter nor the thickness L, of the
homogenous partnering material beyond some threshold values of both thicknesses. I set ng =
n/y(1+148) with § = 10~* for all numerical results reported for the grating-coupled configuration,
so that significant values of absorptances would help identify guided-wave propagation.

Accordingly, A, and As were calculated as functions of 6;,. and are presented in Figs. 4.2
and 4.3, respectively, when n), = 1.515, Ly = X\,, L, = 50 nm, and d; € {49, 69,8Q2}. Three
values of d; were chosen to identify and rule out the waveguide modes that can propagate in the
bulk of finitely thick rugate filter [97], because waveguide modes must depend on the thickness
of the dielectric material [105].

In Fig. 4.2, four A,-peaks at 0;,. € {11.976,24.364, 40.130, 60.388} deg are independent of the
thickness d; of the rugate filter beyond some threshold value. The relative wavenumber s /Ko
of the Floquet harmonic of order n = 1 is provided in Table 4.1 for these values of 6;,.. Also
provided in Table 4.1 are values of k/k, predicted by the solution of the canonical boundary-value
problem. The two sets of data agree very well, indicating that all four p-polarized Tamm waves
are very likely excited in the grating-coupled configuration as Floquet harmonics of order n = 1.

The angular location of the Ap,-peak at 6, ~ 12 deg varies slightly in Fig. 4.2 with the
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Table 4.1: Angular location 6;,,. and relative wavenumber kg(gl) / ko of the Floquet harmonic of order
n = 1 for all four Ap,-peaks in Fig. 4.2 and all four A,-peaks in Fig. 4.3 that are independent of
the thickness dy beyond some threshold value. Also shown are matching values of k/k, predicted
by the solution of the canonical boundary-value problem for § = 0.

ginc kél)/ko "{/ko

p polarization

11.976° 1.5408 1.5496

24.364° 1.7459 1.7553

40.130° 1.9779 1.9822

60.388° 2.2027 2.2034
s polarization

12.264° 1.5458 1.5560

25.594° 1.7653 1.7735

41.333° 1.9938 1.9966

64.325° 2.2346 2.2144

thickness d; of the rugate filter; however, this A,-peak was found to be independent for d; > 10£2.
The slight dependence of this A,-peak on low values of d; is due to the fact that the Tamm wave
possibly excited is not strongly localized to the plane z = d; in the rugate filter.

In Fig. 4.3, four A,-peaks at 0;,. € {12.264,25.594, 41.333,64.325} deg are independent of dy
for sufficiently large d;. Again, in Table 4.1 the relative wavenumber |3 [k, of the Floquet
harmonic of order n = 1 agrees very well with a value of k/k, predicted by the canonical
boundary-value problem, for each of these four values of 6;,..

To rule out the possibility that the absorptance peaks identified in Figs. 4.2 and 4.3 represent
the propagation of waveguide modes in the bulk of the homogeneous partnering material [105],
both A, and A, were computed as functions of 6;,. for n; = 1.515, Ly, = 50 nm, d; = 612, and
Lg € {Xo,2),3)\}. Plots are provided in Figs. 4.4 and 4.5. The angular locations of the four
A,-peaks at 0;,, € {11.976,24.364,40.130,60.388} deg in Fig. 4.4 are independent of the value
of Ly for sufficiently high L. The angular locations of these peaks are also very similar to those
found in Fig. 4.2.

Similarly, four A,-peaks are identified in Fig. 4.5 at 6;,. € {12.216,25.598,41.332, 64.297}
deg. These peaks are very weakly dependent on the value of L. The Ay peaks located at ;. €
{25.598,41.332} deg are very close to their counterparts in Fig. 4.3, while the ones located at
Oine € {12.216,64.297} deg are slightly displaced from the angular locations of their counterparts

in Fig. 4.3. T conclude that all eight absorptance peaks are indeed indicative of the excitation of
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Figure 4.2: Absorptance A, vs. the incidence angle 6;,,, when A\, = 633 nm, n, = 1.45, n, = 2.32,
ng = 1.515(1 +id), § = 107%, Q = Ay, Lg = Ao, and Ly =50 nm. The red dashed lines are for
d; = 492, the blue chain-dashed lines for d; = 6£2, and the solid green lines for d; = 8). Panel
(a) shows the plots of A, over a wider angular domain, and panels (b)-(e) show the parts of the
plots in panel (a) around the peaks that represent the excitation of p-polarized Tamm waves.

Tamm waves.

4.5.3 Localization of Tamm waves

The localization of the Tamm waves identified through these eight absorptance peaks in Sec. 4.5.2

was investigated by examining the spatial variation of the xz-component of time-averaged Poynting
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Figure 4.3: Same as Fig. 4.2, except that Ay is plotted vs. 6.

vector

P(z,z) = %Re [E(z, z) x H (x, 2)] . (4.25)

Figure 4.6(a) shows the spatial variation of P,(x,z) when x = 3L/4, n), = 1.515, Ly = 2\,
Ly =50 nm, d; = 652, and 0y, = 11.976 deg, at which angle of incidence a Tamm wave is excited
by an incident p-polarized plane wave. Clearly, the power density is maximal in the vicinity of
the mean grating plane z = (dy + d2)/2 and decays away from that region, not monotonically,
but in accord with the Floquet—Lyapunov theorem [106] because of the periodicity of the matrix
[P(z)]. The spatial profiles at 0;,. € {24.364,40.130,60.388} deg —the angular locations of the

other three A,-peaks in Fig. 4.2 that indicate the excitation of p-polarized Tamm waves—have
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Figure 4.4: Absorptance A, vs. the incidence angle 6;,,, when A\, = 633 nm, n, = 1.45, n;, = 2.32,
ng = 1.515(1 +46), 6 = 1074, Q = Xy, L, = 50 nm, and d; = 6. The red dashed lines are for
Ly = )\, the blue chain-dashed lines for L; = 2)\,, and the solid green lines for Ly = 3\,. Only
those parts of the plots are shown that have A,-peaks representing the excitation of p-polarized
Tamm waves.

the same localization characteristics as in Fig. 4.6(a).

Figure 4.6(b) shows the variation of P,(x,z) with z for the same parameters as Fig. 4.6(b)
except that 6;,. = 41.335 deg and the incident plane wave is s polarized. According to Sec. 4.5.2,
an s-polarized Tamm wave is excited. Again, the power density is maximal in the vicinity of
the mean grating plane z = (d; + d2)/2 and decays away from that region in accord with the
Floquet-Lyapunov theorem [106], showing localization to the mean grating plane. The spatial
profiles (not shown) of P,(x,2) at the other three Ag-peaks identified in Fig. 4.3 as indicative of
the excitation of s-polarized Tamm waves also exhibit similar localization.

The As-peak at 6;,. ~ 17.4 deg in Fig. 4.3 represents the excitation of a waveguide mode
because the angular location is strongly dependent on the thickness d; of the rugate filter. This
is also confirmed by the spatial variation of P, (z,z) provided in Fig. 4.6(c), because the power

density is distributed in both bulk partnering materials, but does not show localization.
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Figure 4.5: Same as Fig. 4.4, except that Ay is plotted vs. 6.

4.5.4 Potential for sensing application

In the foregoing subsections, I have presented the plots of A, and A, vs. the incidence angle
Oine in order to identify the absorptance peaks that represent the excitation of Tamm waves.
Absorptance curves are better than reflectance or transmittance curves to identify the peaks
representing the excitation of surface waves; however, in experimental research, the reflectance
and transmittance data are directly measurable from which the absorptance data have to be
deduced. Accordingly, I have provided the plots of total reflectance and total transmittance vs.
Oinc for p-polarized incidence and s-polarized incidence in Figs. 4.7 and 4.8, respectively, when
ng = 1.515(1 +i107%), Ly = 2),, L, = 50 nm, and d; = 6.

The spikes associated with the four p-polarized Tamm waves in the plots of total reflectance
and total transmittance in Fig. 4.7 have magnitudes between 0.5 and 0.7 and half-widths between
0.005 deg and 0.015 deg, and the counterpart spikes in Fig. 4.8 for the four s-polarized Tamm
waves possess magnitudes between 0.1 and 0.7 and half-widths between 0.02 deg and 0.2 deg. The
large magnitudes of the resonant spikes should give a large signal-to-noise ratio for experimental

measurements, but the narrow half-widths will result in poorly resolved peak profiles.
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Figure 4.6: Variation of P,(z,z) when « = 3L/4, A\, = 633 nm, n, = 145, n, = 2.32, ng =
1.515(1 +46), 6 = 1074, Q = Xy, Lg = 2X\,, Ly, = 50 nm, and d; = 6. (a) The incident
plane wave is p polarized and 6;,. = 11.976 deg (Tamm wave). (b) The incident plane wave is s
polarized and 6;,. = 41.335 deg (Tamm wave). (¢) The incident plane wave is s polarized and
Oine = 17.381 deg (waveguide mode). The solid green vertical line is the interface of the two
partnering materials.

However, the narrowness of the spikes could be advantageous in any type of sensing applica-
tion. SPP waves, a class of surface waves guided by metal/dielectric interfaces, are often used
for sensing [77] because the conditions for the launch of an SPP wave shift with the refractive
index of the partnering dielectric material. As with SPP waves, Tamm waves are also sensitive
to changes in refractive index. From the results presented thus far, it can be deduced that the

widths of spikes associated with Tamm waves are small fractions of the widths of absorptance
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Figure 4.7: (a) Total transmittance T}, (b) total reflectance R,, and (c) absorptance A, vs. 0.
when \, = 633 nm, n, = 1.45, ny = 2.32, ng = 1.515(1 +i6), § = 107, Q = \;, Lg = A,
L, =50 nm, and d; = 6€). The red spikes identify the Tamm waves.

peaks associated with SPP waves [101]. This narrowness should allow a much more precise mea-
surement of any shift in refractive index when compared to those detected by SPP-wave-based

techniques.
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Figure 4.8: (a) Total transmittance T, (b) total reflectance R, and (c) absorptance A vs. O;pe
when )\, = 633 nm, n, = 1.45, ny = 2.32, ng = 1.515(1 +i6), § = 1074, Q = Ny, Lg = A,
Ly =50 nm, and d; = 6. The red spikes identify the Tamm waves.

In order to illustrate the dependence of the angular location of an absorptance peak associated

with the excitation of a Tamm wave, I plotted A4, and A vs. 0;,. for Ly = 2),, Ly = 50 nm,
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dy =69, and n/; € {1,1.515,1.7}, in Figs. 4.9 and 4.10, respectively.
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Figure 4.9: Absorptance A, vs. the incidence angle 6;,,, when A, = 633 nm, n, = 1.45, n, = 2.32,
ng = nly(1+14d), 6 = 1074, Q= X, La = Ao, Ly = 50 nm, and d; = 6£2. The red dashed line
is for n/; = 1, the blue chain-dashed line for n/, = 1.515, and the solid green line for n/, = 1.7.

Panels (a)-(d) show close ups of the plots around the A,-peaks representing the excitation of
Tamm waves.

Figure 4.9(a) shows the A,-peaks corresponding to Tamm waves for n/, = 1 and n/, = 1.515.
No peak can be seen for n/, = 1.7, the absence being in accord with Fig. 1 of Ref. [96]. The
shallow peak at 6;,,. ~ 11.5 deg (green solid line) does not indicate the excitation of a Tamm wave
as it is not predicted by the solution of the canonical boundary-value problem. From Figures
4.9(b-d) I deduce a trend of the A,-peaks shifting to higher angular locations with increasing n/;.
In each panel, the peak for n/, = 1 appears leftmost, the peak for n/, = 1.515 in the middle, and
the peak for n/, = 1.7 appearing rightmost.

Figure 4.10 presents the same data as Fig. 4.9 except that it shows results for s polarization.
Of note is Fig. 4.10(d) in which the trend of increasing angle of incidence of the Ag-peak with

n/; is bucked with the peak for n/, = 1.515 appearing rightmost.
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Figure 4.10: Same as Fig. 4.9, except that Ay is plotted vs. ;.

4.5.5 Propagation Lengths of Tamm Waves

The solution of the boundary-value problem underlying the grating-coupled configuration does
not yield the attenuation rate of the surface wave. The same deficiency arises with the prism-
coupled configuration. Only the solution of the canonical boundary-value problem yields 1/Im(x)
as the e-folding distance or the propagation length.

As n,p, are taken to be purely real and ng = 1.515 in Sec. 4.5.1, the values of k reported in that
section for the canonical problem are purely real. If the value of ng is changed to 1.515(1+i107%),
then, for example, one of the eight values of x/k, changes from 1.9966 to 1.9966 4i9.5790 x 10~ 7.
If, however, the value of ng is changed to 1.38 +i7.61 (metal), the Tamm wave transmutes into
an SPP wave with x/k, = 1.9836 +1i6.0026 x 10~4. Thus, whereas the phase speeds of the Tamm
wave and the SPP wave are almost equal, the propagation length of the Tamm wave is more
than 600x greater than that of the SPP wave. Not only would the propagation lengths of Tamm
waves be advantageous for communications, they would also impart greater sensitivity to optical

sensors exploiting the surface-wave phenomenon.



96
4.6 Concluding Remarks

I have used the results of the canonical boundary value problem for the interface of a rugate
filter and a homogeneous dielectric material to identify multiple Tamm waves in the practical
grating coupled problem. These waves were verified as ESWs by: showing that the power den-
sity distribution is concentrated at the rugate filter/homogeneous dielectric material interface,
showing that the absorptance peaks indicative of the launch of a Tamm wave are independent
of rugate-filter thickness and the homogeneous dielectric layer’s thickness. I also demonstrated
the dependence of the absorptance peaks’ locations on the refractive index of the homogeneous
dielectric material; this could give rise to sensitive optical sensors. To aid in the future experi-
mental verification of the existence of multiple Tamm waves, I presented results of transmittance
and reflectance calculations. However, as shown in Ch. 5, the Dyakonov—Tamm wave should be

easier to detect than the Tamm wave and therefore easier to exploit.



Chapter

Prism-Coupled Excitation of the

Dyakonov-Tamm Wave'

Because thin films deposited by thermal evaporation are often anisotropic, thermal evaporation
is better suited to producing thin films with the optical properties required to support the prop-
agation of the Dyakonov—Tamm wave. As such, I now shift my focus away from the modeling
of Tamm waves in Ch. 4 and take up the problem of the Dyakonov—Tamm wave. In Ch. 5 the
preliminary modeling work required to establish a starting point for the experimental observation

of the Dyakonov—Tamm wave is reported.

5.1 Chapter Summary

The Dyakonov—Tamm wave is a surface electromagnetic wave that propagates along the interface
of two dielectric materials of which at least one is periodically nonhomogeneous and anisotropic.
Here I investigate the effects of altering several geometric parameters of a chiral sculptured
thin film which meets the periodic nonhomogeneity and anisotropy requirements; allowing it to
support the propagation of a Dyakonov—Tamm wave when paired with a homogeneous isotropic
material represented by a dense dielectric film. A chiral sculptured thin film is particularly well

suited to this task because its morphology is easily altered through the manipulation of a few

TThis chapter is based on: Pulsifer, D. P., Faryad, M., and Lakhtakia, A., “Parametric investigation of prism-
coupled excitation of Dyakonov—Tamm,” Journal of the Optical Society of America B 30, 2081-2089 (2013).
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deposition parameters. The results of theoretically modeling the effects of the variation of these
parameters is presented. These results should provide a foundation from which experimental

observation of Dyakonov—Tamm waves can be made.

5.2 Introduction

Dyakonov—Tamm waves propagate guided by the interface of two dielectric materials, one of which
must be periodically nonhomogeneous and anisotropic [92,93]. The existence of the Dyakonov—
Tamm wave [47] was predicted in 2007 by Polo and Lakhtakia when the anisotropic material
properties that allow for Dyakonov waves, and the periodically nonhomogeneous material prop-
erties that support Tamm waves [89] were considered in combination. As with other surface
waves [76], Dyakonov—Tamm waves are highly sensitive to the optical properties of the mate-
rial found near the interface, and could find applications in optical sensing, waveguiding, and
integrated optics [93].

Owing to the periodic nonhomogeneity of the anisotropic dielectric material, Dyakonov—Tamm
waves can exhibit a 360 deg angular existence domain [47,101,107] just like Tamm waves. The
angular existence domain is the range of angles in the zy plain in which the propagation of an
electromagnetic surface wave is allowed to propagate. A chiral sculptured thin film (chiral STF)
is an anisotropic periodically nonhomogeneous dielectric material, constituted of a collection of
parallel nanowires all of which have a helicoidal shape which is oriented along the z axis [31]. This
morphology is obtained by orienting a substrate at an oblique angle in relation to a directional
vapor flux while simultaneously rotating the substrate about its surface normal. By controlling
the substrate’s motion and the film’s deposition rate, the morphology of the chiral STF can be
controlled [31]. In this way, the inclination angle x and pitch 2€ can be directly controlled while
the film’s porosity and degree of bianisotropy can be indirectly altered for a given material. This
level of control makes chiral STFs particularly well suited for use in designing an interface which
will support Dyakonov-Tamm waves.

A chiral STF can be partnered with a homogeneous isotropic dielectric material in a canonical
boundary-value problem wherein, each material is made to occupy each half space, and the
propagation of the Dyakonov—Tamm wave is investigated by solving the dispersion equation for

propagation in the z-direction at the interface of the materials [47,107].
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Because the canonical problem is impossible to implement experimentally, I also investigated
the case where the partnering materials are of a finite thickness in a prism-coupled configura-
tion. This prism-coupled configuration has been used for the experimental verification of both

Dyakonov [94] and Tamm [97] waves due to its ease of implementation.

ne Medium of Transmission

LR

L2202

Isotropic Dielectric

Prism
n|:zrism

Figure 5.1: Schematic of the prism-coupled configuration. The half-space z < 0 is occupied by
the prism material and the half-space z > Ly is occupied by another homogeneous isotropic
material, both assumed to have negligible dissipation.

The plan of this chapter is as follows: In Sec. 5.3, brief outlines of the theory of the prism-
coupled configuration and an underlying canonical boundary-value problem for Dyakonov—Tamm-
wave propagation are provided. Numerical results of a parametric investigation are presented and
discussed in Sec. 5.4, followed by concluding remarks in Sec. 5.5. An exp(—iwt) dependence on
time ¢ is implicit, with w denoting the angular frequency and ¢ = v/—1. The free-space wavenum-
ber and the free-space wavelength are denoted by k, = w./€ i, and X, = 27/k,, respectively,
with p, being the permeability and ¢, the permittivity of free space (i.e., vacuum). Vectors are

in boldface, and the Cartesian unit vectors are identified as u,, u,, and u,.

5.3 Theoretical Preliminaries

5.3.1 Prism-coupled configuration

Let the half-space z > Ly be occupied by another homogeneous and isotropic dielectric material

with relative permittivity e, = n7 > 0, as is shown schematically in Fig. 5.1. Let the half-space
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z < 0, representing a prism, be occupied by a homogeneous and isotropic dielectric material

with relative permittivity €ppism = nfmsm > 0. Both materials are supposed to have negligible
dissipation at the frequency of interest, so that ny,;sm and n, are real and positive.

First the homogeneous partnering material and then the chiral STF are supposed to have been
deposited on a substrate that has the same refractive index as the prism material. Therefore, in
a theoretical study, we can take the region between the two half-spaces to be occupied by the
partnering materials. The region 0 < z < Ly is occupied by a homogeneous, isotropic, dielectric

material with relative permittivity e; = nfl. The region Ly < z < Ly + Lestr = Ly is occupied

by a chiral STF whose permittivity dyadic [31]

Cosrp (W) = €S (¢) + 8 +€, (W)« 8"+ ST (C) (5.1)
depends on the dyadics
S_(Q) = (uzuy +uyuy) cos (Ar¢/Q) + (uyu,; — uzuy) sin (hr(/Q) + u.u.

S = (ugu, +uu;)cosy + (u,u,; — uzu,)sin x + u,u, , (5.2)

g:ef (W) = €(w) uu, + 6 (w) uu, + €.(w) uyuy,

where ( = z + yQ/7 and « is an offset angle for generality of the direction of surface-wave
propagation.

The principal relative permittivity scalars €., €, and €. of the chiral STF are functions of the
angular frequency. The helicoidal variation of the permittivity dyadic of the chiral STF is offset
in the plane z = 0 relative to the x axis by the angle hy. The structural handedness parameter

h =1 for right-handedness but h = —1 for left-handedness. After defining the ratio
N, = Lesrr/29, (5.3)

let me note that usually N, € {1,2,3,...} in theoretical research on chiral STFs. However, non-
integer values of IV, are considered in Sec. 5.4.1 because of a significant effect on the propagation
of Dyakonov—Tamm waves.

Let an arbitrarily polarized plane wave, propagating in the half-space z < 0 with its wave

vector lying wholly in the zz plane and making an angle 60;,. € [0,90) deg with respect to the
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z axis, be incident on the homogeneous partnering material. The incident and reflected electric

field phasors are respectively represented as

Einc(r) = [asuy+ ap(—uycosbine + u,sinb,.)]
X exp [koNprism (Ug SInOine + Uy c080c) o 1], 2<0, (5.4)
and
E..;(r) = [rsuy+r,(ugcosbine+ u,sinb,)]
X exp [ikoTprism (Ug SINOine — Uy €08 0ine) o 1], 2<0. (5.5)

Here and hereafter, a, and a, are the amplitudes of the p- and s-polarized components of the
incident plane wave; r, and r, are the amplitudes of the p- and s-polarized components of the
reflected plane wave; and r = u,x 4 uyy + u.z is the position vector.

The transmitted electric field phasor is written as

E;(r) = [tsuy+t, (—uycosby, +u,sinb,,)]
X exp [tky (WgNppism S Oine + uznpcosby) ¢ (r—u.Ly)],

2> Ls. (5.6)

According to the law of Ibn Sahl [108],

Nprism SIOipe = g sin by, . (5.7)

Whereas 0, is a real angle, ;. can be a complex angle if ny, < nprism-
The procedure to determine the reflection amplitudes r; and r, as well as the transmission
amplitudes t; and ¢, in terms of the amplitudes as and a, of the incident plane wave is well

known and has been explained elsewhere [109]. After determining the reflection and transmission
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amplitudes, the reflectances

Rgs = ‘TS/GSF‘ y Rps = ‘TP/GS‘Q‘
ap,=0 a,=0

Rpp = ‘Tp/apﬂ ; Rep = \rs/apP
as=0 as=0

and transmittances
Ty = U|t5/a5|2‘ v Tps = U|tp/a8|2’
ap,=0 a,=0

: (5.9)
Typp = U|tp/ap|2

o Tsp = U|t8/ap|2

as=0

s=

can be calculated, with v = (n¢/nprism) Re (cosby,.) / cosb,.. The absorptances for s- and p-

polarized incidence conditions can thereafter be calculated, respectively, as

As =1— (Rss + Rps + Tss + T)ps) (5.10)

and

Ap =1—(Rpp + Rp + Tpp + Tsp) - (5.11)

Each absorptance has zero as its lower bound and unity as its upper bound, because all materials
involved are passive.

The excitation of a Dyakonov—Tamm wave in the prism-coupled configuration is identified
after plotting the absorptances as functions of the angle of incidence. These plots contain several
peaks. If the location of a peak on the 0;,.-axis is independent of the thicknesses of both
partnering materials (beyond threshold values) as well as of the polarization state of the linearly
polarized incident plane wave, then that peak indicates the excitation of a Dyakonov—Tamm

oPT

wmnc

wave. The angular location of such a peak is indicated by Further confirmation is sought

from the solution of an underlying canonical boundary-value problem [47,110].

5.3.2 Canonical Boundary-Value Problem

In the canonical boundary-value problem underlying the prism-coupled configuration, neither of
the two partnering materials is of finite thickness but occupies a half space instead, as shown

schematically in Fig. 5.2. Let the chiral STF fill the half-space z > 0, while the half-space
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z < 0 is filled by the homogeneous and isotropic partnering material. Furthermore, let the
Dyakonov—Tamm wave propagate along the = axis in the xy plane with its field phasors having
an exp(ikz) dependence on x and none on y, the dependence of the field phasors on z being
initially undetermined. The complete formulation available elsewhere [47] yields a dispersion
equation that must be satisfied by the relative wavenumber x/k, of the Dyakonov—Tamm wave.
This dispersion equation can be solved numerically for x/k,, using a combination of the search
and the Newton-Raphson methods [111].

Usually, both partnering materials are taken to have very small dissipation. The solution of

the canonical problem for the selected duo of partnering materials then yields

0c = sin~* [Re (k) /konprism] (5.12)

DT
inc

as a prediction of the angle of incidence 6’7 for which a Dyakonov—Tamm wave should be excited

in the prism-coupled configuration.

X

Isotropic
Dielectric

Figure 5.2: Schematic of the canonical problem. Both partnering materials are taken to occupy
half spaces.

5.4 Numerical Results and Discussion

For all numerical results presented here, the free-space wavelength was fixed at A\, = 633 nm. The
homogeneous partnering material was taken to have a refractive index ng = 1.377 (1 + i10_4). I

also fixed nypism = 1.779 (SF11 glass) and ny = 1 (air).



104

The chiral STF was chosen to obey the relationships

2
20) 1,367 (22)”

T T

€, =m [1.0443 427394

™ ™

(
16765 + 1.5649 (2Xx) — 0.7825 (2]
(5.13)
(

K K

€=M [
2
o = m [1.3586 +2.1109 (2) — 1.0554 (2)°]

x = tan~! (2.8818 tan )

in terms of the angle x, € (0, 7/2] made by the average direction of the collimated vapor flux with
respect to the plane of the substrate during thermal evaporation. When m = 1, the foregoing
relations describe columnar thin films made by Hodgkinson et al. [112] from the evaporation
of patinal titanium oxide. In the absence of constitutive data on actual chiral STFs, I have
taken Eqgs. (5.13) to apply to a chiral STF simply for illustration. Unless otherwise mentioned,
2 =150 nm, x, = 20 deg, N, =6, m =1, h =1, v = 45 deg, and L4 = 300 nm in the remainder
of this section.

In each of the following subsections, the effect of one descriptive parameter of the chiral STF

is discussed while keeping the other parameters fixed.

5.4.1 Effect of N,

The excitation of Dyakonov-Tamm waves in the prism-coupled configuration has to be ascer-
tained by plotting the absorptances A, and A, as functions of the incidence angle ;.. The
excitation of a Dyakonov—Tamm wave is indicated by an absorptance peak whose location on
the 6;,.-axis is independent of the thicknesses of both partnering materials, given that each is
greater than some threshold value that is required for the Dyakonov—Tamm wave to develop well.
Additionally, the angular location must not depend on the polarization state of the incident plane
wave. Finally, for confirmation the angular location of the peak has to be compared with the
prediction f¢.

Figure 5.3 shows plots of A, and A, computed as functions of 6;,,., when {2 = 150 nm, x,, = 20
deg, m =1, h=1,v=45deg, Ly = 300 nm, and N, € {5,6,7}. An absorption peak located at
0PT € {59.0,58.8,58.7} deg for N, € {5,6,7} was identified as indicative of the excitation of a

Dyakonov—Tamm wave. Confirmation was found from comparison to the solution f- = 58.6 deg

of the underlying canonical problem, and a further increase of N, to 10 in steps of unity showed
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that 027 indeed converged to fc. This result for the prism-coupled configuration was found

to be nearly independent of the thickness Ly € [150,1000] nm of the homogeneous partnering

material.
(a) (b)
p polarization s polarization

it 58.6°l 0.04F 9. —58.6°
0.03 . 0.03}

< 0.02 1 | < 0.02}

[
0.01 \ il , 0.01f
/ 0 [ 8 A
0.00 - 0.00E
56 58 60 62 64 56 58 60 62 64
ginc (deg) Oinc (deg)

Figure 5.3: Absorptances (a) A, and (b) A, as functions of 8;,,. in the prism-coupled configuration
when = 150 nm, x, = 20 deg, m = 1, h = 1, and v = 45 deg; nq = 1.377 (1 +i10*4) and
Lqg = 300 nm; nprism = 1.779; and ny = 1. The red dashed, blue dot-dashed, and green solid
lines, respectively, represent the absorptances when N, = 5, 6, and 7. A black arrow indicates
the location of - predicted by the solution of the canonical configuration.

Additional confirmation was sought by examining the variations of the magnitudes of the
Cartesian components of the electric field phasor with respect to z, in the prism-coupled config-
uration. For this purpose, I set Ly = 2Q2, N, = 6, ap, = 1, and a; = 0. Figure 5.4(a) clearly
shows that all components of the electric field phasor decay away from the interface z = L4, when
Oine = 58.8 deg. The decay on the chiral STF side of the interface has an oscillatory pattern,
which is in conformality with the Floquet theory for ordinary differential equations with periodic
coefficients [106]. Parenthetically, the much higher values of the magnitudes of the electric-field
components in Fig. 5.4(a) in comparison to the unit magnitude of the incident electric field are
coupled with extremely low values of the magnitudes of the magnetic-field components, and the
principle of conservation of energy is not violated.

In contrast to Fig. 5.4(a), the field phasors in Fig. 5.4(b) for 6;,. = 60.8 deg do not decay
away from the interface on the chiral STF side of the interface. As an absorptance peak is present
in the plot of A, against 6;,. in Fig. 5.3(a), this peak denotes the excitation of a waveguide mode
which is strongly dependent on the thicknesses of both partnering materials [105,113].

The foregoing results suggest that the use of a chiral STF with N, > 6 would be sufficient
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Waveguide mode

[Exy,zyl (V/m)
O B N W A 0O
|E(x,y,z)| (V/m)

Figure 5.4: Variations of the magnitudes of the Cartesian components of the electric field phasor
along the z axis for (a) a Dyakonov—Tamm wave and (b) a waveguide mode excited in the prism-
coupled configuration. Geometric and constitutive parameters are the same as in Fig. 5.3, except
that Ly = 2Q and N, = 6. The red dashed, the blue dot-dashed, and the solid green lines,
respectively, represent the x-, y- and z-directed components. The vertical gray line represents
the interface z = Lq of the partnering materials. The incident plane wave is p-polarized (a, =
1, as =0). (a) Oine = 0PT = 58.8 deg and (b) 0;,,. = 60.8 deg.

mc

for the experimental observation of a well-formed Dyakonov—Tamm wave in the prism-coupled
configuration.

So far, the ratio N, = Lcsrr/22 has been an integer, as indeed is commonplace in the
literature on the optical response characteristics of chiral STFs. However, the issue of partial
periods is of practical importance as slight variations in the final thickness of the chiral STF could
result in otherwise unexplained shifts in the observation of absorptance peaks associated with
the launch of a Dyakonov—Tamm wave. Because both partnering materials occupy half spaces in
the underlying canonical problem, it naturally is unable to account for the effects of non-integer
values of N.

Setting N,, € {6.0,6.1,6.2,6.3,6.4,6.5}, I computed the absorptances A, and A, as functions
of ¢, when = 150 nm, x, = 20 deg, m =1, h = 1, v = 45 deg, and L; = 300 nm. The com-
puted data are plotted in Fig. 5.5, wherein absorptance peaks indicative of the Dyakonov-Tamm-
wave phenomenon are observed at 021" € {58.8,58.9,59.0,59.2,58.4,58.7} deg. Accordingly, the

angular location of a Dyakonov-Tamm wave periodically deviates from 0c, as N, increases from
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a sufficiently large integer to the next. As a result of this periodic shift in the angular loca-
tion of a Dyakonov—Tamm wave, care must be taken in any effort to experimentally observe the
Dyakonov-Tamm wave to ensure that NV, is an integer. Failure to do so could complicate the
effort by introducing otherwise unexplained shifts in the angular location of absorptance peaks

suspected to correspond to the launch of a Dyakonov—Tamm wave.

5.4.2 Effect of Q2

The structural period 2Q of a chiral STF can be varied in experiments by altering either the
deposition rate or the substrate rotation speed or both [31]. As Q describes the rate of spatial
variation of the dielectric properties of the chiral STF along the z axis, variation in its value is
expected to affect the expected angular location of a Dyakonov-Tamm wave in the prism-coupled
configuration. In order to investigate this issue, the value of 2Q2 was varied between 300 and
450 nm in 50 nm steps, when x, = 20 deg, N, =6, m =1, h =1, v = 45 deg, and Lq = 300 nm.
The plots of A, and A, aginst 6;,,. are shown in Fig. 5.6. For 2Q € {300, 350,400,450} nm, the
canonical problem yielded 0 € {58.6,64.2,68.2,71.4} deg; in the prism-coupled configuration,
corresponding absorptance peaks were found at 027 € {58.8,64.2,68.2,71.4} deg. These results
suggests that increasing 202 will increase the angle of incidence at which the Dyakonov—Tamm
wave will be excited in the prism-coupled configuration.

00T

e on {) can be advantageous for experimental observation of Dyakonov—

The dependence of
Tamm waves. The angular location of the Dyakonov-Tamm wave must fall within a 6;,.-range for
which data can be collected experimentally. Because the structural period of the chiral STF can

be easily set during deposition, this parameter must be properly chosen to control the angular

location at which the Dyakonov—Tamm wave is excited.

5.4.3 Effect of y,

The vapor flux angle x, can be set experimentally by either appropriately tilting the stage to
which the substrate is affixed or appropriately orienting the vapor source relative to a substrate
whose position and orientation are fixed [31]. Manipulation of y, results in changes in x as well
as the three eigenvalues €,, €, and €, of €osTr Typically, x > x, for x, <90 deg. As x, nears

90 deg, the difference between the two angles lessens; when x, = 90 deg, so is x. Likewise, the
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Figure 5.5: Absorptances A, and A, as functions of 6, in the prism-coupled configuration
when (a) N, = 6.0, (b) N, =6.1, (¢) N, =6.2, (d) N, =6.3, (¢) N, = 6.4, and (f) N, = 6.5.
Other parameters are as follows: = 150 nm, x, = 20 deg, m = 1, h = 1, and v = 45 deg;
ng = 1.377 (1 + i10_4) and Lg = 300 nm; nppism = 1.779; and n, = 1. A black arrow indicates
the location of ¢ predicted by the solution of the canonical configuration.

difference between ¢, and ¢, vanishes when y, = 90 deg. Moderately low values of x, provide

large differences between €,, €, and €. [112].

The effect of the value of x, was investigated by varying it between 16 and 30 deg while

holding the other parameters fixed as follows: € = 150 nm, N, =6, m =1, h =1, v =45
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Figure 5.6: Absorptances A, and A, as functions of 6;,,. in the prism-coupled configuration when
(a) @ =150 nm, (b) & = 175 nm, (c) = 200 nm, and (d) Q@ = 225 nm. Other parameters are
as follows: x, = 20 deg, N, =6, m =1, h = 1, and v = 45 deg; ng = 1.377 (1 +i10_4) and
Lq = 300 nm; nprism = 1.779; and ng = 1. The red dashed line is for A, and the blue dot-dashed
line for A,. A black arrow indicates the location of 8¢ predicted by the solution of the canonical
problem.

deg, and Ly = 300 nm. Data for x, € {16,20,25,30} deg were selected for presentation. The
plots of A, and A, against 60;,. presented in Fig. 5.7 show that Dyakonov-Tamm waves are
excited at 027 € {54.7,58.8,64.0,70.4} deg. Corresponding solutions of the canonical problem
yielded ¢ € {54.4,58.6,64.0,70.6} deg. These data indicate that the angle of incidence for
the excitation of a Dyakonov—Tamm wave in the prism-coupled configuration increases as y,
increases in a range in which the local birefringence of the chiral STF is quite high.

As with the structural period, the vapor flux angle y, provides a route to tailor the angu-
lar location at which the Dyakonov—Tamm wave is excited in the prism-coupled configuration.
Although this may appear to be a straightforward approach to designing an appropriate chiral
STF, it would be difficult to implement due to the need to calibrate the deposition equipment for

several values of x,. Additionally, x, influences many of the chiral STF’s mechanical and optical
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properties; making any direct comparison among chiral STFs produced at different values of y,

problematic.
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Figure 5.7: Absorptances A, and A, calculated as functions of 6;,. in the prism-coupled config-
uration when (a) x, = 16 deg, (b) x, = 20 deg, (¢) x, = 25 deg, and (d) x, = 25 deg. Other
parameters are as follows: 2 = 150 nm, x, = 20 deg, N, =6, m =1, h = 1, and v = 45 deg;
ng = 1.377 (1 + i10’4) and Lg = 300 nm; npriem = 1.779; and ng = 1. The red dashed line is for
A, and the blue dot-dashed line for A;. A black arrow indicates the location of 6 predicted by
the solution of the canonical problem.

5.4.4 Effect of v

The offset angle ~y effectively denotes the direction of propagation of the Dyakonov—Tamm wave,
not in relation to the laboratory coordinate system, but with respect to a coordinate system whose
x and y axes co-rotate about the z axis with the nanohelixes of the chiral STF. If Dyakonov—
Tamm-wave propagation occurs for a specific value of ~y, then it also occurs for v = v+ 180°, due

to the two-fold rotation symmetry of € Therefore, only the range [0,180) deg of v needs to

=CSTF’

be investigated.
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After fixing 2 = 150 nm, x, = 20 deg, N, = 6, m =1, h = 1, and Ly = 300 nm, it was
found that solutions of the canonical problem exist for v € [0,13] U [21,180) deg but not for
v € (13,21) deg. From the plots of A, and A, as functions of 6,,. presented in Fig. 5.8 for
~ € {30,60,90,120, 150,180} deg, we determined 02T € {59.4,57.9,55.8,52.9,51.3,49.9} deg,

while the solutions of the canonical problem yielded 6 € {59.2,57.8,55.7,53.6,51.9,50.9} deg,

correspondingly.
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Figure 5.8: Absorptances (a) A, and (b) A, as functions of 8;,,. in the prism-coupled configuration
for v = {30,60,90,120,150,180} deg, when £ = 150 nm, x, = 20 deg, N, = 6, m = 1, and
h=1;ng = 1377 (1 +i10_4) and Ly = 300 nm; nprism = 1.779; and ny = 1. A black arrow
indicates the location of 6+ predicted by the solution of the canonical problem.

Clearly, v can be chosen in order to set the angular location of a Dyakanov—Tamm wave ex-
perimentally. The offset angle is particularly suited to this task, as it simply requires the rotating
stage to which the substrate for the chiral STF is attached to be advanced or retarded prior to
initiating the deposition. Alternatively, the substrate can also be rotated to the appropriate angle
when it is attached to the prism before measurements are made. This is particularly appealing
because just one sample could be used to find advantageous values of v experimentally.

But the use of the offset angle to tailor the angular location of the Dyakanov-Tamm wave is
not without complication. As can be observed in Fig. 5.8, the absorptance peaks associated with
the excitation of a Dyaknov—Tamm wave broaden and 627 exhibits poorer agreement with 6¢

as vy increases, the discrepancy becoming severe for values of v > 90 deg when N, is moderate in
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value.

5.4.5 Effect of m

When the foregoing calculations were repeated with m = 1.1-—i.e., a 10% increase in the mag-
nitudes of all components of ¢ csrp At least one solution of the canonical problem was found
to exist for every v € [0,180) deg. More interestingly, two solutions were found to exist for
every v € [1,23] deg. Given that the dielectric properties of no chiral STF have been completely
measured, the dependence on m was considered to get an idea of how a chiral STF made by
evaporating an isotropic material with a somewhat different bulk refractive index may function
in the present context.

I calculated A, and A, as functions of 6;,. when = 150 nm, x, = 20 deg, N, = 6,
h =1,y =45 deg, and Ly = 300 nm, for m € {0.93,1.00,1.15,1.25}. Analysis of the data in
Fig. 5.9 indicated that 027" € {54.3,58.8,68.7,78.6} deg. The corresponding predictions from the
solution of the canonical problem are 8o € {54.3,58.6,68.7,78.6} deg. My conclusion is that a

small increase in the bulk refractive index of the evaporant material raises the angle of incidence

for the excitation of a Dyakonov—Tamm wave.

5.5 Concluding Remarks

Various parameters of a chiral sculptured thin film that partners a homogeneous isotropic material
were theoretically investigated for their effects on the propagation of a Dyakonov—Tamm wave
in the prism-coupled configuration. In each case, an absorptance peak that was independent
of the integer number of periods in the chiral STF beyond a threshold, was identified for the

DT

prism-coupled configuration and its angular location 6;,

was compared to the angular location
Oc predicted by the solution of the underlying canonical problem.

The prism (and the refractive-index-matched substrate) should be made of an isotropic di-
electric material of relative permittivity that exceeds the highest principal relative permittivity
scalar of the chiral STF. The other partnering material should also have a relative permittivity

smaller than of the prism, and must have a slight dissipation for appreciable absorptance. From

several parametric studies, it was concluded

(i) the chiral STF needs to have a moderate number of periods for experimental observation;
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Figure 5.9: Absorptances A, and A as functions of 6;,. in the prism-coupled configuration
when (a) m = 0.93, (b) m = 1.00, (¢) m = 1.15, and (d) m = 1.25. Other parameters are as
follows: €2 = 150 nm, x, = 20 deg, N, =6, h = 1, and v = 45 deg; nqg = 1.377 (1 —|—i10*4) and
Lg = 300 nm; nppism = 1.779; and ng = 1. The red dashed line is for A, and the blue dot-dashed
line for As. A black arrow indicates the location of 8¢ predicted by the solution of the canonical
problem.

(i)

(iii)

(iv)

the experimental identification of the excitation of the Dyakonov—Tamm wave can become

complicated, if the ratio of the the thickness of the chiral STF to its period is not an integer;

an increase in the period of the chiral STF results in a larger angle of incidence for experi-

mental observation;

an increase in the vapor flux angle during the deposition of the chiral STF results in a

larger angle of incidence for experimental observation;

an increase in the offset angle results in a decrease of angle of incidence for experimental

observation; and

an increase in the bulk refractive index of the material, from which the chiral STF is
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fabricated, is likely to increase the angle of incidence for experimental observation.

Of the control parameters €2, x,,, and ~ that can be used to influence Dyakonov—Tamm-wave
propagation, the one most easily varied experimentally is vy, followed by 202 and finally x,. For a

DT

realistic set of materials, I found ;.

as low as ~ 50 deg and as high as ~ 70 deg, indicating that
a great deal of control over the angular location of the Dyakanov—Tamm wave can be achieved
by properly choosing the structural parameters of the chiral STF. As with other surface waves,
Dyakonov—Tamm waves are expected to have significant sensing applications. Due to their large
angular existence domain and broader absorptance peaks, it is expected that Dyakonov—Tamm
waves will be much easier to excite experimentally than Dyakonov waves.

In Ch. 5, I have established trends in the propagation of the Dyakonov—Tamm that result from
the alteration of various structural parameters of the chiral STF partnering material. Knowledge
of these trends aided with the selection of the partnering materials and structural parameters

of the chiral STF that are used in Ch. 6 to make the first experimental observation of the

Dyakonov—Tamm wave.



Chapter

Observation of the Dyakonov—Tamm
Wave in the Prism-Coupled

Configurationi

Guided by the theoretical results produced in Ch. 5, appropriate partnering materials were se-
lected and the structural parameters of the partnering chiral STF which support the propagation
of the Dyakonov—Tamm wave were found. In Ch. 6, the Dyakonov—Tamm wave is demonstrated
in the prism-coupled configuration which utilizes a planar interface of the partnering materi-
als. Subsequently, in Ch. 7 the Dyakonov—Tamm wave is demonstrated in the grating-coupled

configuration which utilizes a periodically corrugated interface of the partnering materials.

6.1 Chapter Summary

The Dyakonov—Tamm wave is an electromagnetic surface wave that was predicted to exist at
the interface of two dielectric materials at least one of which is anisotropic and periodically
nonhomogeneous in the direction normal to the interface. In order to make the first experimental
observation of the Dyakonov—Tamm wave the prism-coupled configuration was utilized to excite

a Dyakonov-Tamm wave at the interface between a magnesium-fluoride thin film and a zinc-

TThis chapter is based on: Pulsifer, D. P., Faryad, M., and Lakhtakia, A., “Observation of the Dyakonov—Tamm
wave,” Physical Review Letters, accepted for publication.
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selenide chiral sculptured thin film. In this configuration, the excitation of a Dyakonov—Tamm
wave is indicated by a reflection dip that occurs at the same angle of incidence independent of
the thickness of each partnering material, beyond some threshold, as well as the polarization
state of the incident light.

This chapter represents a sequential step towards the experimental excitation of a Dyakonov—
Tamm wave on a non-planar substrate. The prism-coupled configuration allows for planar sub-
strates to be used order to more easily identify appropriate partnering materials and structural
parameters of the chiral sculptured thin film that will support the propagation of the Dyakonov—
Tamm wave. This design can then be adapted to demonstrate the grating-coupled excitation of

the Dyakonov-Tamm wave.

6.2 Introduction

The most recently discovered electromagnetic surface wave was predicted by Lakhtakia and Polo
in 2007 [47]. In this case the interface of two dielectric materials, one of which is both anisotropic
and periodically nonhomogeneous in the direction perpendicular to the interface plane was found
to support an electromagnetic surface wave. Because the interface supporting this surface wave
combines attributes of both Tamm [88] and Dyakonov [92] waves, this electromagnetic surface
wave was termed a Dyakonov—Tamm wave.

In the time since the initial discovery of the Dyakonov—Tamm wave, many interface con-
figurations which are expected support Dyakonov—Tamm waves have been theoretically investi-
gated [47,107,110,114-116]. Of these, the interface of a chiral sculptured-thin-film (chiral STF)
and a homogeneous, isotropic dielectric thin film have shown the greatest promise for efforts to
experimentally verify the existence of the Dyakonov—Tamm wave [116].

A chiral STF is a collection of parallel nano-helices which can be produced by slowly rotating
a substrate about its surface normal while directing a columnated vapor flux—in vacuum-at an
oblique angle with respect to the substrate’s surface [31]. By controlling the rate at which
the vapor condenses onto the substrate, the angle at which the vapor impinges, and the speed
at which the substrate rotates, the structural and optical properties of the chiral STF can be
tailored. The ability to finely and easily tune the structural and optical properties of a chiral

STF make them particularly well suited for the observation of the Dyakonov—Tamm wave [116].
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Here I report the first experimental observation of the Dyakanov—Tamm wave. A prism-
coupled configuration was adapted as the method to direct light towards the interface of a chiral
STF and a homogeneous, isotropic dielectric material. In this configuration, shown schematically
in Fig. 6.1(a), the hypotenuse of a right-angled isosceles prism is affixed to a substrate by a
refractive-index-matching fluid. The prism and the substrate are optically matched, both having
a refractive index npyism. On the other face of the substrate, a homogeneous, isotropic dielectric
material of thickness Ly and a chiral STF of thickness Logrr had been deposited earlier. The
ratio N, = Logrr/28) is an integer, where 2 is the structural period; then, N, is the number
of structural periods of the chiral STF. With the interface of the substrate and the isotropic
partnering material serving as the plane z = 0, the region defined by z > Ly, = Ly + Lesrr in
Fig. 6.1(a) is occupied by air.

The plan for this chapter is as follows: In Sec. 6.3 the process by which samples were fabricated
is presented. Next, the morphology of the thin films in the sample are characterized in Sec. 6.4.
The excitation of the Dyakonov—Tamm wave in the prism-coupled configuration is described
in Sec. 6.5. The results of the experiments are presented in Sec. 6.6. The Dyakonov—Tamm
wave’s localization and propagation length is compared to Tamm and SPP waves, respectively,

in Sec. 6.7. Finally, conclusions are given in Sec. 6.8.

6.3 Fabrication of Samples

Samples were fabricated by first thermally evaporating an isotropic and homogeneous layer of
magnesium fluoride onto a dense flint glass (SF11) substrate (Swiss Jewel Co., Philadelphia, PA,
USA) in a custom-made vacuum chamber. The intended direction of Dyakonov-Tamm-wave
propagation was marked by a straight line (the x axis in Fig. 6.1(a) on one face of the substrate,
and then that face was affixed to the stage face. Then the substrate was shuttered, the chamber
was evacuated to a pressure of 10 pTorr, and a current that slowly increased to 110 A was passed
through a tungsten receptacle containing magnesium fluoride. The shutter was then removed, and
the collimated portion of the magnesium-fluoride vapor flux was directed normally towards the
substrate which was being rotated at 120 rpm. The current was adjusted manually to maintain

1

a deposition rate of ~ 0.4 nm s~ as indicated by the quartz crystal monitor, while the layer of

thickness Ly was being deposited. After being left in vacuum for several hours in order to cool,
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Figure 6.1: (a) Schematic representation of the prism-coupled configuration used to excite a
Dyakonov—Tamm wave at the interface of a homogeneous isotropic dielectric layer and a chiral
STF. The portion of the path of light relevant to the identification of surface waves in the
prism-coupled configuration is also shown. (b) Cross-sectional field-emission SEM image of the
magnesium-fluoride/zinc-selenide structure fabricated on a silicon wafer.

the sample was exposed to atmosphere.

Then the substrate was rotated about its surface normal by an offset angle 45 deg, as in-
dicated by parametric simulations [116] to offer the most favorable conditions for the obser-
vation of a Dyakanov-Tamm wave. The source boat was then filled with zinc selenide, the
magnesium-fluoride coated substrate was shuttered, the chamber was evacuated to a base pres-
sure of 0.4 pTorr, and the current passing through the source boat was increased slowly to 98 A.
The substrate was then reoriented so the collimated portion of the zinc-selenide vapor flux would
be directed at 20 deg with respect to the substrate plane, a substrate rotation sequence was ini-

tiated, and the shutter was removed. The rotation sequence for the deposition of the chiral STF
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involved 20 discrete steps per revolution while holding the substrate stationary for an interval of
75 s between each movement. As the current manually was adjusted to maintain a deposition

rate of 0.27 nm s~ !

, a structurally right-handed chiral STF with a structural period 22 ~ 400 nm
was deposited. Once the desired final thickness of the chiral STF was achieved, the sample was
shuttered, the current passing through the source boat was decreased to 0 A, and the sample
was left under vacuum for several hours to cool prior to exposing it to atmosphere.

Samples of six different types were made: the magnesium-fluoride layer was either Ly ~ 100

or 150-nm thick, and the zinc-selenide chiral STF had either N,, = 4, or 5, or 6 structural periods.

6.4 Characterization of Morphology

Along with each flint-glass substrate, a silicon wafer was placed on the stage. Thus, the magnes-
ium-fluoride /zinc-senelide structure was also deposited on the silicon wafer for the verification
of morphology. The silicon wafer was used to avoid troubles caused by charging of the SF11
glass substrate when imaging with a scanning electron microscope (SEM). The wafer with the
magnesium-fluoride /zinc-selenide structure was immersed in liquid nitrogen and fractured with a
punch to reveal a cleaved plane for cross-sectional images to be obtained. Images were obtained
for each combination of films on a field-emission SEM (FEI Nova NanoSEM 630, Hillsboro, OR,
USA). As an example, the image in Fig. 6.1(b) reveals a ~ 100 nm magnesium-fluoride layer

conjoined with a chiral STF with N, = 6 structural periods, each of thickness 2() ~ 400 nm.

6.5 Excitation of the Dyakonov—Tamm Wave

The prism-coupled configuration of Fig. 6.1(a) was implemented with a right-angled isosceles
prism made of SF11 glass (Edmund Optics, Barrington, NJ, USA). The chosen index-matching
fluid has a refractive index of 1.777 at 633 nm wavelength, as yielded by the Cauchy equa-
tion formulated using data supplied by the manufacturer (Cargille Laboratories, Cedar Grove,
NJ, USA). The prism/sample combination was then mounted in a commercial device (Metricon
2010/M, Metricon, Pennington, NJ, USA). A 633-nm wavelength He-Ne laser (CVI Melles-Griot,
Albuquerque, NM, USA) was oriented to ensure that the light incident on the prism would be p

polarized (i.e., the magnetic field of the incident light would be aligned with the y axis).
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With p-polarized light incident on a slanted face of the prism at an angle ¢, the inten-
sity R(¢) of the light exiting the other slanted face of the prism was measured. The angle
of incidence 6;,. on the magnesium-fluoride/zinc-selenide structure was computed as 0, =

-1
prism

45° + sin’l(n sin @), with nppism = ngrp11 = 1.779. A half-wave plate was then inserted into
the beam-path of the incident laser to convert the p-polarized light incident on the prism to the
s-polarized light (i.e., the electric field would be aligned with the y axis), and the measurement
of the intensity of the exiting light was repeated.

The sample was then removed from the hypotenuse of the prism and the intensity Ro(¢) of
the light exiting the prism was again measured as a function of ¢ for each of the two incident
polarization states. Measured values of the ratio R(0;n.)/Ro(0ine) were plotted against 6;,. for
all six samples and for both polarization states. This normalization is meaningful, because total

internal reflection occurs at the interface of the prism and air for 6;,. > sinfl(l [Nprism) =

34.2 deg.

6.6 Results and Discussion

A sharp dip in the R(0ine)/Ro(0ine) vs. Oine curve is indicative of the excitation of a surface wave,
provided its location on the 6;,.-axis is independent of both L4 and NN, beyond certain threshold
values of both parameters [75,116]. This is reasonable because a surface wave is localized to a
specific interface, and increasing the thickness of either partnering material beyond a threshold
will not affect the spatial profiles of the fields of a surface wave.

Figure 6.2 shows R(0;nc)/Ro(bine) vs. Bine curves for N, € {4,5,6} when Ly ~ 100 nm. These
three curves have a sharp dip in R/R, at 6;,. ~ 57.5 deg. Aligned dips at 0;,. ~ 57.5 deg also
occur in Figs. 6.3(a) and (b) for N, = 6 when Ly € {100, 150} nm for p- and s-polarization states,
respectively. All of these dips indicate that a surface wave is indeed excited at 0, ~ 57.5 deg.

The smaller change in the angular position of the dip in Fig. 6.2 when NV, changes to 6
from 5 than when it changes to 5 from 4 indicates that the Dyakonov—Tamm wave is essentially
confined to within 6 structural periods (~ 2.4 pm) of the chiral STF. Similarly, a very small
change in the angular position of the dip when L, changes from 150 nm to 100 nm shows that
the Dyakonov-Tamm wave is confined to within 150 nm in magnesium fluoride. In comparison,

optical Tamm states are less localized than Dyakonov—Tamm waves. For instant, optical Tamm



121

e
o

e
B

I:{(Qinc)/ﬁo(ginc)

p polarization

0.0% . : : - .

35 40 45 50 55 60 65
Qinc (deg)

Figure 6.2: Measured values of R(0;,c)/Ro(inc) vs. the incidence angle 6;,. for N, = 4 (red
dashed curve), 5 (blue dotted-and-dashed curve), and 6 (black curve), when Ly ~ 100 nm and
the incident light is p polarized. The excitation of a Dyakonov—Tamm wave at 6;,. ~ 57.5 deg is
indicated by the vertical arrow.

states are spread at least 2 pym on either side of the interface between two piecewise homogeneous
isotropic dielectric materials [95, Fig. 1] and at least 6 um on either side of the interface of two
continuously and periodically nonhomogeneous isotropic dielectric materials [96, Fig. 7].

The question of which interface is supporting the propagation of the surface wave arises. In the
prism-coupled configuration, there are three relevant interfaces. The first interface, between the
SF11 substrate and the magnesium-fluoride layer, can not support the propagation of a surface
wave as there exists no solutions to the dispersion equation for that interface [75, App. C]. The
other two relevant interfaces are the magnesium-fluoride/zinc-selenide interface z = Ly and the
zinc-selenide/air interface z = Ly. A surface wave guided by either of these two interfaces has
to be a Dyakonov—Tamm wave, by definition. Thus, Figs. 6.2 and 6.3 are proof of the first
observation of the Dyakonov—Tamm wave.

In order to resolve whether the Dyakonov-Tamm wave in Figs. 6.2 and 6.3 is guided by the
magnesium-fluoride/zinc-selenide interface or the zinc-selenide/air interface, another experiment
was conducted. The sample made for this experiment had N, = 5 structural periods of the zinc-
selenide chiral STF, but did not have the magnesium-fluoride layer. Because light in the prism
is not evanescent when 6;,,. is in a quite large neighborhood of 57.5 deg, the SF11/zinc-selenide
interface can not guide a Dyakonov-Tamm wave in the prism-coupled experiment conducted

with the magnesium-fluoride deficient sample. Therefore, any sharp dip at 6;,. ~ 57.5 deg in
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Figure 6.3: Measured values of R(0;,.)/Ro(0inc) vs. the incidence angle 6;,,. for Ly ~ 100 nm
(red dashed curve) and 150 nm (blue dotted-and-dashed curve), when N, = 6. The incident
light is either (a) p polarized or (b) s polarized. The excitation of a Dyakonov—Tamm wave is
indicated by the vertical arrows at 6;,. ~ 57.5 deg.

the R(0ine)/Ro(Oine) vs. Bine curve for both polarization states can only be attributed to a
Dyakonov-Tamm wave guided by the zinc-selenide/air interface. Figure 6.4 shows the results of
this experiment which demonstrates, through the absence of a dip near 6;,. ~ 57.5 deg, that
the zinc-selenide/air interface did not guide the Dyakonov—Tamm wave observed in the earlier
experiments. Accordingly, the Dyakonov—Tamm wave observed in Figs. 6.2 and 6.3 was guided by
the interface of the magnesium-fluoride layer (a homogeneous, isotropic dielectric material) and
the zinc-selenide chiral STF (a periodically nonhomogeneous, anisotropic dielectric material).

Note that reflectance dips at 0;,. ~ 48 deg in Figs. 6.2 and 6.3 could indicate the excitation
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of another Dyakonov-Tamm wave—with larger phase speed than the Dyakonov-Tamm wave
excited at 60;,. ~ 57.5 deg. This Dyakonov—Tamm wave would be less tightly bound to the
magnesium-fluoride /zinc-selenide interface, because a dip at ;. ~ 48 deg is missing in Fig. 6.2

for N, = 4.
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Figure 6.4: Measured values of R(0;,.)/Ro(0inc) vs. the incidence angle ;. for p polarized
(red dashed curve) and s polarized (blue dotted-and-dashed curve) incident light, when the
magnesium-fluoride layer is absent and N, = 5. There is no dip at 0;,. ~ 57.5 deg, indicating
that a Dyakonov—Tamm wave is not excited at the zinc-selenide/air interface.

6.7 Comparing Localization with Tamm Waves and Prop-

agation Length with SPP Waves

The solution of the canonical boundary-value problem shows that Dyakonov—Tamm waves must
propagate without loss if the dissipation in the partnering dielectric materials is ignored [47].
Therefore, the losses in the propagation of Dyakonov—Tamm waves are not intrinsic and are
only dependent on the losses in the partnering dielectric materials. This is in contrast to the
propagation of SPP waves that requires one partnering material to be a metal [75,77], which
dissipates energy and is a fundamental obstacle in increasing the propagation length of the SPP
waves. For a comparison of the propagation lengths of the Dyakonov—Tamm waves and SPP
waves, the relevant canonical boundary-value problems were solved. In the absence of principal
refractive index of the chiral STF made of zinc selenide, we chose chiral STF made by evaporating

patinal titanium oxide. The same results should qualitatively hold for zinc-selenide chiral STF
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since it has the same morphology as that of the chosen titanium-oxide chiral STF.

Table 6.1: Computed values of the propagation lengths of the surface waves guided by a planar
interface of a titanium-oxide chiral STF with magnesium fluoride (nargr, = 1.377(1 +i107%)),
gold (naq, = 0.183 +i3.433), or aluminum (n4; = 0.75 4 3.9) as the partnering material in the
canonical boundary-value problem when x, = 20°, & = 200 nm, v = 45° and A, = 633 nm,.

Surface wave Interface Propagation
length (pm)
Dyakonov-Tamm MgF5 /chiral STF 509.3
gold/chiral STF 76.1
2.4
SPP 53
aluminum/chiral STF T 1

The propagation lengths of the Dyakonov—Tamm and SPP waves guided by the interfaces
with the titanium-oxide chiral STF are presented in Table 6.1. The three principal refractive
indexes of the titanium-oxide chiral STF were taken from Hodgkinson et al. [112] and a small
imaginary part was added: (n, = 1.585(1+i107%), ny = 1.986(1+4i10~%), n. = 1.776(1 +i10~%)
at free-space wavelength A, = 633 nm. The other parameters of titanium-oxide chiral STF
were chosen to be the same as for zinc selenide chiral STF fabricated for the experiments to
observe the Dyakonov—Tamm waves: x, = 20 deg, Q = 200 nm, and v = 45 deg. For the
homogeneous partnering dielectric material, magnesium fluoride (nayr, = 1.377(1 4 i107%)),
gold (na, = 0.183 + i3.433 [117]), and aluminum (n4; = 0.75 + 3.9 [118]) were chosen. The
propagation length was defined as the distance after which the amplitude of the electric field
decays by a factor of exp(—1). Table 6.1 clearly shows that the Dyakonov—Tamm wave has a
much larger propagation length than the SPP waves. Let us note that an interface of a metal
and a chiral STF can guide multiple SPP waves of different phase speeds, spatial profiles, phase
speeds, and degrees of localization but all of the same frequency and direction of propagation.
The chosen metals (gold and aluminum) were found to guide two SPP waves with different

propagation lengths, however, both of them are much shorter than the Dyakonov—Tamm wave.

6.8 Conclusions

The first experimental observation of the Dyakonov—Tamm wave, confirming theoretical predic-

tions, opens a new avenue in the realm of electromagnetic surface waves. Optical sensing and
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long-range on-chip communication are among the simpler applications of this new type of surface
wave. In particular, as a chiral STF is a porous material that can be infiltrated by solutions of
analytes, application for optical sensing should follow shortly. High sensitivity is expected be-
cause the Dyakonov-Tamm wave is expected to propagate over long distances due to the absence
of non-dissipative partnering materials (such as metals) and thus have a large interaction volume.
Furthermore, as multiple modes of Dyakonov—Tamm wave propagation are possible at the same
frequency [119], multi-analyte sensing may be possible, with proper selection of the partnering
materials.

In this chapter, the Dyakonov—Tamm wave was demonstrated in the prism-coupled configura-
tion which utilized a planar interface of the partnering materials. In Ch. 7, the Dyakonov—Tamm
wave is demonstrated in the grating-coupled configuration which utilizes a periodically corrugated

interface of the partnering materials.



Chapter

Observation of the Dyakonov—Tamm
Wave in the Grating-Coupled

Configuration

In Ch. 6 the propagation of the Dyakonov—Tamm wave guided by a planar interface was demon-
strated experimentally. The propagation of the Dyakonov-Tamm wave guided by a periodi-
cally corrugated interface is demonstrated in this chapter. The experimental procedure required
the deposition of a conformal thin film with a specific and complicated morphology on a non-
planar substrate. Thereby the efficacy of thermally evaporated conformal thin films on non-

traditional /non-planar substrates is demonstrated.

7.1 Chapter Summary

Here I report the experimental observation of the Dyakonov—Tamm wave excited in the grat-
ing coupled-configuration. Magnesium-fluoride gratings were produced in a two-stage replication
process which served as the isotropic homogeneous partnering material to the periodically non-
homogeneous and anisotropic material fabricated from zinc selenide as a chiral sculptured thin
film. The transmittance of a p-polarized 633-nm laser beam was measured as a function of the

incidence angle for several thicknesses of the chiral STF to identify dips which are independent
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in their angular location of the thickness (beyond a threshold value) of the chiral STF to identify

the excitation of a Dyakonov-Tamm wave.

7.2 Introduction

The experimental observation of the Dyakonov—Tamm wave was demonstrated using a prism-
coupled configuration in Ch. 5. As with other types of electromagnetic surface waves such as
SPP waves [85], Tamm waves [90], and Dyakonov waves [94], Dyakonov—Tamm waves [47,120]
can be excited in several experimental configuration [75].

For practical applications, one of the most common methods of exciting electromagnetic
surface waves is grating coupling [77]. In this method a periodically patterned material can be
used to couple light across an interface, provided the wave vector of the incident light matches
one of the Floquet harmonics of the given grating. These conditions are dictated by the angle
at which the incident light falls on the grating, the wavelength of the incident light, and the
characteristic period of the grating. In a scenario where the wavenumber of an ESW matches
the wavenumber of a given Floquet harmonic, the coupling of light by the grating can excite
the ESW at the periodically corrugated interface [75]. The type of ESW which will be excited
is dictated by the properties of the two materials at the interface: if the interface is between a
metal and a dielectric, an SPP wave will be launched; if the interface is between two dielectric
materials, at least on of which is periodically nonhomogeneous normal to the interface, a Tamm
wave will be launched; if the interface is between two dielectric materials, at least on of which
is anisotropic, it is possible to launch a Dyakonov wave; and if the interface is between two
dielectrics, one of which is both anisotropic and periodically nonhomogeneous, it is possible to
launch a Dyakonov-Tamm wave.

The plan for this chapter is as follows: In Sec. 7.3 the process by which samples were fabricated
is presented. The grating-coupled excitation of the Dyakonov—Tamm wave is described in Sec. 7.4.
The results of the experiments are presented in Sec. 7.5, and conclusions are given in Sec. 7.6.

Figure 7.1 shows a schematic of the structure fabricated for this research.
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Figure 7.1: Schematic representation of the grating-coupled configuration used to excite a
Dyakonov—Tamm wave at the interface of a homogeneous dielectric layer of magnesium-fluoride
and a zinc-selenide chiral STF.

7.3 Fabrication of Samples

Gratings were produced through a two-stage replication process. Starting with a 1D grating with
a L, = 350-nm period, do — dq = 93-nm depth, and 50% duty cycle that had been produced on
a silicon wafer by electron-beam lithography, the first-stage replica was produced by thermally
evaporating an ~ 250-nm thick gold film on it. A glass slide was then attached to the gold-
coated silicon grating with Norland Optical Adhesive 61 (NOA61) (Norland Products, Cranbury,
NJ). When the silicon wafer was mechanically separated from the glass slide, the gold grating
remained attached to the glass slide, thereby resulting in a gold replica of the original grating.
To produce the second-stage grating replica, the gold grating on the glass substrate was coated
with a 900-nm thick magnesium-fluoride thin film, attached to a second glass slide with NOAG61,
and then the glass slides with the gold and magnesium fluoride were mechanically separated to
leave a magnesium-fluoride grating attached to one of the glass slides. Prior to the deposition
of the gold or magnesium-fluoride film, the evaporation chamber had been pumped to a base
pressure of ~ 6 pTorr; both films were deposited with normal vapor incidence (x, = 90 deg) and
without substrate rotation, at a deposition rate of ~ 0.8 nm s~'. Photographs and SEM images
of the sequence of replicated gratings are provided in Fig. 7.2.

The magnesium-fluoride/NOAG1/glass assembly then served as the substrate upon which a

zinc-selenide chiral STF was deposited. The substrate was initially positioned with a vapor-flux
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Figure 7.2: Photographs and corresponding SEM images of the sequence of replicated gratings.
(a) Photograph of the original silicon grating; (b) SEM image of the original silicon grating; (c)
photograph of the gold grating replicated from the original silicon grating; (d) SEM image of the
gold grating; (e) photograph of the magnesium-fluoride grating replicated from the gold grating;
and (f) SEM image of the magnesium-fluoride grating.

angle x, = 20 deg and an initial growth direction specified by v = 45 deg as measured from the
optically significant axis of the grating. Once the assembly was positioned, the evaporation cham-
ber was evacuated until a base pressure of ~ 2 pTorr was reached, and the film deposition was
initiated. The zinc-selenide chiral STF was deposited at a constant deposition rate of 0.27 nm s=!
while the substrate stage was rotated about its surface normal; this rotation was carried out in
20 discreet steps per revolution with a 75-s pause between each step. In this way structurally
right-handed zinc-selenide chiral STFs of N, = 5, 6, and 7 periods were produced with structural
periods of 2Q = 400 nm resulting in a chiral STF thickness d; = 222 N, € {2000, 2400, 2800} nm.

Figure 7.3(a) shows a cross sectional SEM image of the NOA61/magnesium-fluoride/zinc-selenide

structure with an N, = 7 chiral STF, while Fig. 7.3(b) shows an image in which the magnesium-
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Figure 7.3: Cross sectional FESEM images of (a) the entire magnesium-fluoride/zinc-selenide
structure and (b) a close up of the grating/chiral STF interface.

fluoride grating is visible at its interface with the zinc-selenide chiral STF. Note that the grating
height dy — d; in Fig. 7.3(b) is ~ 75 nm rather than the 93 nm or the original silicon grating, but
the grating period L, = 350 nm with a 50% duty cycle is maintained through the two stages of

replication.

7.4 Grating-Coupled Excitation

The grating-coupled configuration, shown schematically in Fig. 7.1, was implemented by mount-
ing the sample in a modified Metricon Model 2010/M prism coupler (Metricon Corporation,
Pennington, NJ). A 633-nm Melles-Griot He-Ne laser was oriented to produce p-polarized in-
cident light. With p-polarized light incident on the chiral STF at an angle 6;,. as measured
from the surface normal, the intensity ¢(6;,.) of the light transmitted through the sample was
measured. The sample was then removed and the reference intensity I, (6;n.) of the laser col-

lected. Transmittance was then calculated as the ratio of the transmitted light to the incident
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light T'(0inc) = t(Oine)/Io(0inc). This was repeated for N, € {5,6,7}.

7.5 Experimental Results

The calculated transmittance is shown in Fig. 7.4 with: N, = 5 shown by the red dashed line,
N, = 6 by the blue dotted-and-dashed line, and N, = 7 by the solid black line. It can be seen that
the dip in transmittance is nearly independent of the thickness of the chiral STF suggesting that
the decrease in transmittance is associated with a surface wave being launched at the interface

of the magnesium-fluoride grating and the zinc-selenide chiral STF.

0.60F

0.55¢
—~ 0.50F

2

Q\'); 0.45f
= 0.40F
0.35F
0'30 3 A L A L L A

0 5 10 15 20 25 30 35

einc (deg)

Figure 7.4: Measured values of T'(0;y,¢) vs. O;ne for N, = 5 (red dashed curve), 6 (blue dotted-and-

dashed) curve, and 7 (black curve). The vertical arrow indicates the excitation of a Dyakonov—
Tamm wave at 0;,. ~ 18 deg. Incident light was p-polarized.

Distinct dips in measured transmittance were found in each case at 6;,. ~ 18 deg. This
result can be compared with the results in Ch. 6 for the observation of the Dyakonon-Tamm
wave in the prism-coupled configuration, as they both utilize the same magnesium-fluoride/zinc-
selenide combination. As such the relative wave number k/k, can be calculated for each case
to facilitate comparison. In the prism-coupling result in which dips in reflectance were found at
57.5 deg, the relative wavenumber can be calculated as k/ko = Nprism SN0 = 1.50039. In
the grating-coupled configuration, nonspecular orders of the Floquet harmonics generated by the
grating are necessary for the launch of a Dyakonov—Tamm wave. As such a Floquet harmonic
should be found in proximity to any Dyakonov—Tamm wave. The relative wavenumber of the
Floquet harmonics can be calculated as k/ko = sin ;. + mA Lg_1 where m is taken from the

set of integers. For the case of m = —1 and 6;,. = 18 deg, k/ko = —1.49955 with the negative
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indicating that the evanescent wave will propagate in the negative-x direction.

7.6 Conclusion

The thickness independence of the dips in transmittance along with the agreement with prior
observation of the Dyakonov—Tamm wave in the prism-coupled configuration indicates that the
dips in transmittance correspond to the launch of a Dyakonov—Tamm wave at the magnesium-
fluoride/ zinc-selenide interface. The grating-coupled excitation of Dyakonov—Tamm waves holds
promise for the fabrication of more compact devices when compared to prism-coupled excitation.
The use of a grating also allows the angle at which the Dyakonov—Tamm wave will be observed to
be tailored to some extent. The greatest advantage that grating-coupled excitation of Dyakonov—
Tamm waves holds over prism-coupled excitation is the potential to integrate several Dyakonov-
Tamm-wave-based devices on a single substrate. Due to the relatively long propagation lengths
of Dyakonon—Tamm waves when compared to SPP waves [120], Dyakonov—Tamm waves may be
suitable for improved devises with similar applications.

The propagation of the Dyakonov—Tamm wave guided by a periodically corrugated interface
was demonstrated in this chapter. This required the deposition of a conformal thin film with

specific and complicated morphology on a non-planar substrate.



Chapter

Conclusions and Future Work

8.1 Conclusions

As was discussed in Chapter 1, my objectives for this dissertation were to:

(a) demonstrate that some of the limitations of thermal evaporation for depositing conformal

thin films on non-planar substrates can be overcome;

(b) demonstrate that conformal thin films can be deposited on non-planar/non-traditional sub-

strates without damaging the substrates; and

(c) evaluate the adequacy and the efficacy of conformal thin films of diverse morphologies in

three distinct settings.

Three settings which demonstrated the efficacy of thermally evaporated conformal thin films
were presented in this dissertation. Fach setting demonstrated a morphology which was produced
to allow for a specific application. A dense conformal thin film was deposited on a highly non-
planar biological substrate to enable a method of mass producing replicas of a biotemplate.
A conformal thin film with columnar morphology was deposited on a planar substrate with
undulating features composed of a radically different material than the substrate to reproduce
the topology of the substrate with high fidelity. A film with a well-engineered helical morphology
was deposited on a periodically decorated substrate to enable the launch of an electromagnetic

surface wave that had not been previously observed experimentally.
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In the first setting, artificial visual decoys for an invasive species commonly known as the
emerald ash borer (EAB) were fabricated through a bioreplication process which made use of
thermally evaporated conformal thin films, electroforming, and several casting steps to produce
a pair of dies that were used to pattern a polymer sheet upon which a Bragg reflector had been
deposited to provide iridescent color which matched the targeted species. The decoys for the
EAB exploited the mating behavior of this species to cue males to pounce on traps which can be
used to monitor and control their spread in North America. Through preliminary studies it was
found that (i) both the overall shape and micro-scale surface features must be present to attract
male EAB, and (ii) decoys with color produced by paint will attract male EAB as well as decoys
using a Bragg reflector for coloration.

In the second setting, I optimized a new technique which relies on the topology of a fin-
germark to make visible and identifiable. This technique utilizes a columnar thin film (CTF)
deposited conformally over both the fingermark and underlying substrate. The CTF technique
was optimized for several substrates and compared with traditional development techniques.
CTF development was found to be superior to traditional techniques in several cases. Use of
the CTF technique was investigated for several types of particularly difficult to develop finger-
marks such as those which consist of both bloody and non-bloody areas, and fingermarks on
fired cartridge casings. Additional experiments were conducted to compare the sensitivity of
conventional techniques with the CTF technique. Finally, the CTF technique was compared to
another thin-film fingermark development technique called vacuum-metal deposition. The thin-
film morphologies resulting from the two techniques and the efficacy of developing fingermarks
on several forensically relevant substrates were compared.

For the third setting, a new class of electromagnetic surface wave called a Dyakonov—Tamm
wave was experimentally observed in two configurations. First, the prism-coupled configuration
was utilized to excite a Dyakonov—Tamm wave guided by the interface of a dense (and isotropic)
magnesium-fluoride thin film and a zinc-selenide chiral sculptured thin film. In this configuration,
the excitation of a Dyakonov-Tamm wave was indicated by a reflection dip that occurred at the
same angle of incidence, independent of the thickness of each partnering material, beyond some
threshold, as well as the polarization state of the incident light. The Dyakonov-Tamm wave
was then observed in the grating-coupled configuration. The same partnering materials were

used with the exception that the planar interface was replaced with a periodically corrugated
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interface. This required the deposition of the zinc-selenide chiral sculptured thin film on a non-
planar substrate while maintaining the proper structure to allow for the propagation of the
Dyakonov—Tamm wave.

These settings also highlighted the use of thermally evaporated conformal thin films to coat
features of varying length scales. In conformally coating a beetle for bioreplication, the ability to
capture the overall macroscopic shape of the beetle on the centimeter scale as well as reproducing
the micrometer-scale surface features that pattern the entire beetle was essential. While not
necessary in this setting, the modified-CEFR technique had previously been demonstrated as
capable of capturing features which were ~ 200-nm in diameter [48]. In developing fingermarks
with CTFs, the ability to conformally coat micro-scale features which were found over substrates
which were several centimeters in size was needed. The observation of the Dyakonov—Tamm
waves required the coating of periodic features which were ~ 175-nm in size.

The three settings were vastly different in the materials utilized both as substrates and thin
films. In the first setting, a metal was deposited upon a relatively hard substrate of biological ori-
gin. In the second setting, several metals, semiconductors, insulators, and organic molecules were
deposited upon both solid substrates of various materials and the oily emulsions of which seba-
ceous fingermarks are composed. In the third setting, more traditional substrates and evaporants
were utilized.

The final way in which the settings differed was in the critical features of the thin films
produced. In the first setting, it was critical that the structure of the beetle be closely reproduced.
In the second setting the thin film was required to produce contrast between the substrate and the
fingermark. In the third setting the nanoscale morphology of the thin-films had to be precisely
maintained to produce the desired optical properties.

In Ch. 2 a process by which to mass produce artificial decoys for an invasive species of
beetle was presented. This process achieved Objective (a) by showing that dense thin films of
nickel can be conformally deposited on a highly non-planar/non-traditional substrate. Objective
(b) was demonstrated by the high fidelity of the negative die used to produce the artificial
decoys. Additionally, the same thin-film deposition process was used for the deposition of a
conformal chalcogenide-glass thin film which could not be easily deposited by other methods.
Finally, Objective (c) was demonstrated, as there had not yet been a method for mass producing

highly non-planar bioreplicated surfaces. By achieving this, a tool with which entomologists and
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foresters are working to control the spread of a destructive invasive species was brought about.

Chapter 3 presented the optimization a novel method of developing fingermarks for forensic
identification; thereby demonstrating Objective (¢). Objectives (a) and (b) were demonstrated
by conformally coating a substrate upon which there were features of radically different chemical
composition from the underlying substrate. It was also shown that by using a conformal thin
film with columnar morphology, superior results could be obtained when compared to a dense
conformal thin film. Through comparison with vacuum-metal deposition, it was shown that
columnar morphology was maintained with many different evaporant materials.

The work presented in Chapters 4-7 represents the preliminary modeling of and ultimately the
first experimental observation of the Dyakonov—Tamm wave. By exciting the Dyakonov—Tamm
wave in the grating-coupled configuration, Objectives (b) and (c) were achieved as it required
the deposition of a thin film with precisely designed and fabricated morphology on a periodically
corrugated surface to allow for the support of Dyakonov—Tamm-wave propagation.

In concert, the work presented in this dissertation demonstrates that the limitations of thin-
film deposition methods which utilize a directional vapor source can be overcome with appropriate
substrate stage motion. Non-planar substrates with features extending over several length scales
were conformally coated. Additionally, advantages associated with such film deposition tech-
niques can be retained and extended leading to novel applications of existing thin film deposition

techniques.

8.2 Suggestions for Future Work

8.2.1 Increase Scale of EAB Decoy Production

In Ch. 2 of this dissertation, artificial EAB decoys were produced from a single die that re-
quired each decoy to be hand pressed. The development of a larger die consisting of an array of
many EAB would drastically increase the ability to produce decoys in significant enough num-
bers for proper entomological evaluation to be carried out. The development of dies which are
compatible with existing manufacturing techniques (such as injection molding [121] and vacuum
forming [122]) would allow bioreplicated EAB decoys to be manufactured truly on an industrial
scale. This would allow for the use of such decoys in efforts to control and even eliminate the

emerald ash borer from North America.
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8.2.2 CTF Development of Fingermarks

The work presented in Ch. 3 represents the optimization of a fingermark development method
that utilizes conformal thin films with columnar morphology deposited over fingermarks to make
them visible for forensic identification. To date, this process has used the fingermarks of a single
donor for the majority of the optimization and comparison with other techniques. Future work
on this development technique should include evaluation of a large number of fingermarks from a
wide variety of donors. This would more accurately access the value of the technique to forensic

scientists.

8.2.3 Sensing Applications of Dyakonov—Tamm Waves

Having been experimentally demonstrated in Chapters 6 and 7, the use of Dyakonov—Tamm
waves for sensing applications should now be targeted. As zinc-selenide chiral STFs are not
easily infiltrated, the use of a different material system could ease the task of demonstrating a
Dyakonov-Tamm-wave-based optical sensor. Such research would also be of value in verifying

the results presented here.
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1. Introduction

The quality of a fingerprint is related to the degrees of distortion
and degradation of the fingerprint [1]. Additionally, determination
of the quality of a latent fingerprint is complicated by the
subjectivity of currently used quality-grading systems.

The overwhelming majority of these systems—including those
suggested by SWGFAST when determining suitability of a
fingerprint for further analysis [2], Bond [3], and various other
fingerprint researchers [4-9]—rely on the judgment of a finger-
print examiner to competently identify minutiae [10]. Depending
on the quality of a fingerprint, different latent fingerprint
examiners can differ on the number of minutiae identified [11-
15]. Thus, the process of fingerprint identification runs the risk of
varying from examiner to examiner during the progression from
analysis and comparison to evaluation and finally to verification.
Other grading systems are based on in-house derived algorithms to
assess quality [16,17]. Some researchers assess quality based on an
instrumentally derived contrast index [10,16,17].

In order to objectively grade the overall quality, clarity, and
contrast of developed fingerprints, we have devised an objective,
computer-based system. This grading system requires the
successive use of three separate software packages to collectively
transform a photograph of a fingerprint into a multicolor-coded
clarity map, change the colors into a red-green-blue (RGB)

* Corresponding author, Tel.: +1 814 863 4319.
E-mail address: akhlesh@psu.edu (A. Lakhtakia).

0379-0738/$ - see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
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spectrum, count the number of those pixels whose color
corresponds to regions of definitive identifiable minutiae, and
calculate the percentage of the fingerprint area which has
definitive identifiable minutiae.

The quantitative quality-grading system is particularly useful
when evaluating the efficacy of novel development methods, as
well as for comparing two development methods using the split-
fingerprint approach. The grading system is also useful for
fingerprint examiners who grade latent fingerprints associated
with casework. Instead of the examiner determining the number of
points of comparison—which varies among examiners—this
system could be used to define criteria for the percentage of a
fingerprint that is of high quality before proceeding with the
analysis. A similar approach underlies an alternative quality-
grading system based on commercial software packages that has
been devised recently [15].

2. Quantitative quality grading system: description and
methodology

In order to use the quantitative quality-grading system,
photographs must be taken both before and after a latent
fingerprint is developed. The photographic plane of the camera
must be parallel to the plane of the fingerprint, and a scale must be
viewable in the resulting photograph. Thereby, variation between
the length scales of the photographs can be reduced as much as
possible in order to decrease errors in subsequent processing with
the three computer programs.



140

D.P. Pulsifer et al./ Forensic Science International 231 (2013) 204-207 205

The first software package employed is the Universal Latent
Workstation (ULW) [18] developed by the US Federal Bureau of
Investigation (FBI) to help fingerprint examiners to characterize
fingerprints and then upload them to the Automated Fingerprint
Identification System. The software package is supplied free by the
FBI to appropriate individuals and agencies.

Once a photograph has been imported into the ULW as an image,
the user is prompted to provide information about pixels per inch
(ppi) of the image. The software accepts only images having a
resolution of either 500 or 1000 ppi. The scale visible within the
photograph’s frame helps the software to identify the number of
pixels in the photograph that fit within a distance of 1 inch. The
software then converts the image to the proper resolution and into
grayscale. Although we used version 5.9 of ULW with 1000 ppi
resolution, the methodology of the quantitative grading system is
applicable to other versions of ULW as well as for other resolutions.

Within ULW, there is a subset of features called the “Extended
Feature Set” wherein an “Image Clarity” map can be applied to the
image of the latent fingerprint. The clarity map [19] contains the
colors black, red, yellow, and green that correspond to background,
debatable ridge flow, debatable minutiae, and definitive minutiae,
respectively. In this raw clarity map, the grayscale photograph of
the fingerprint is still visible in the background. Next, the grayscale
levels, brightness, and contrast are adjusted to leave only the four
clarity-map colors visible. This is done by dragging the color
adjustment bar at the top of the ULW program fully to the right. We
refer to the clarity map altered in this way as darkened.

The darkened clarity map is to be exported as a .bmp file that is
uploaded into an image-editing software package for transforming
clarity-map colors assigned by the ULW into RGB (red, green, blue)
color values. We used version 2.6.6 of the freeware called GIMP
[20] as the second software package. RGB color values in GIMP are
represented in digital 8-bit notation: black is represented by (0, 0,
0), blue by (0, 0, 255), yellow by (255, 255, 0), and white by (255,
255, 255). These values correspond to (0, 0,0), (0,0, 1),(1,1,0), and
(1, 1, 1) when using arithmetic notation. The image is then saved
for a pixel-counting algorithm to be used on it. In this color scheme,
black corresponds to background, blue to debatable ridge flow,
yellow to debatable minutiae, and white to definitive minutiae. We
decided to rate the image quality based on the percentage of the
image area thatis white, i.e.,identified as having definitive minutiae.

For this purpose, we wrote a program to run on Mathematica®™,
a commercially available software package [21]. In this program,
the image is represented as an N x M matrix where N is the width
of the image in pixels and M is the height of the image in pixels.
Each element of this matrix contains the RGB value of the pixel in
the image with the same coordinates. This representation is
analogous to a vector field in which each coordinate in a 2-
dimensional plane has a 3-dimensional vector associated with it.
By our selection of the RGB values, we can simplify this vector field
to a scalar field by averaging each of the RGB values. In this way,
black (0, 0, 0) becomes 0, blue (0, 0, 1) becomes 1/3, yellow (1, 1,0)
becomes 2/3, and white (1, 1, 1) becomes 1. We now have an N x M
matrix where each element is 1 of 4 possible numbers. Since we are
only concerned with the occurrence of each value, we simplify the
matrix into a list of its elements. Our task is thereby reduced to
tallying the number of times that each value appears in the list and
the calculating the percentage of the image each color represents
after subtracting the black background pixels. We utilize the
percentage of the image identified as containing definitive
minutiae before and after development as a measure of the
performance of the development technique as well as for
comparing different fingerprint development techniques when
using the split fingerprint method.

The program commands in version 7 of Mathematica® are
outlined as follows:

Fig. 1. (a) Latent fingerprint on Gorilla Tape® before development. (b) Same as (a)
but with the raw clarity map from ULW. (c) Same as (b) but with the clarity map
darkened prior to exporting. (d) Panel (c) after altering the colors in GIMP for input
into Mathematica". (e) Latent fingerprint on Gorilla Tape ™ after development with
cyanoacrylate fuming. (f) Same as (e) but with the raw clarity map from ULW. (g)
Same as (f) but with the clarity map darkened prior to exporting. (h) Panel (g) after
altering the colors with GIMP for input into Mathematica". Panels (d) and (h)
correspond to 2.3% and 58% area of definitive minutiae, respectively; areas of
definitive minutiae are indicated as white.

(1) a=Import[“C:\\Insert Image from GIMP Pathname Here"];
(2) b = ColorQuantize[a,5];
(3) n=1ImageDimensions[b];
(4) c =ImageData[b];
(5) e = Table[Mean([c[[A]][[B]].{A.1,n[[2]]}{B,1.n[[1]]}];
(6) f=Flatten[e];
(7) g = MatrixForm[Sort[Tally[f]#1[[1]]<#2[[1]]&]];
(8) p = Tally|[f);
(9) lambda = Dimensions[p];
(10) m = lambda[[1]];
(11) sum = Total[Table[g[[11]{[K]][[2]].{k,1,m}]];
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(12) Fraction[MatrixForm|[Table[{3*g[[1]][[k]][[1]].N[100*g[[1]]
[IKNI211/((sum-g[[1TTIT110211)*%".2]}{k.2,m}]]

The command (1) imports the desired image into Mathema-
tica® subsequent to its processing with GIMP. Once the image has
been imported, use of command (2) downgrades the photograph to
a given number of colors. This number should be selected to be as
low as possible without eliminating one of the colors assigned in
GIMP. This must be done as when the image is exported from the
ULW it may contain stray pixels that are not one of the four
assigned colors. Ideally this value would be 4, but in practice it is
selected between 5 and 7. The stray pixels account for a fraction of
a percentage of the total image.

Next, command (3) is used in order to call up the dimensions of
the image modified with command (2), so that pixel counters can
be iterated in future commands. Command (4) generates a matrix
with the same dimensions as the photograph modified by
command (2) in which each matrix component is the RGB value
of a pixel corresponding to that matrix element. Next, command
(5) takes the average of the RGB values generated by command (4)
thereby compressing the RGB value into a single number. The
colors assigned in GIMP were selected so that this average value
would come to 0 for black, 1/3 for blue, 2/3 for yellow and 1 for
white. The simplified matrix from command (5) is then further
reduced to a list by command (6). Command (7) then tallies the
number of times that each value appears in this list, sorts the tally
results in ascending order according to the value of the average
RGB value from command (5), and reports the results in the form of
a matrix with the average RGB value in the left column and the
number of times of its occurrence in the right column. Command

(8) utilizes the tally command again to give the total number of
elements in the list generated by command (6). This is done again
in order to use this information in future iterations. Command (9)
gives the dimension of the matrix that has the color and its number
count, for use in future iterations. Command (10) is then used to
give the number of columns that appear after the execution of
command (8), so that its result can be used by commands (11) and
(12) as the upper limit of an iterator. Command (11) then gives the
total number of all the pixels counted by summing the results of
command (7). Finally, command (12) reports the percentage of the
image that is composed of each color of interest. Colors are
identified by their average RGB values multiplied by 3 to give each
one as awhole number: 1 for blue, 2 for yellow, and 3 for white. The
percentage reported is calculated from the blue, yellow and white
areas of the image; black pixels are excluded. This allows us to
consider only that portion of the photograph which displays ridge
detail, when comparing the photographs of a fingerprint before
and after development.

3. Results and discussion

The quantitative quality-grading system was used to determine
the quality of development of a latent fingerprint on Gorilla Tape™
with cyanoacrylate fuming. The image of the latent fingerprint
before development is shown in Fig. 1a followed by the raw clarity
map generated by the ULW in Fig. 1b, the darkened clarity map
exported from the ULW in Fig. 1c, and the GIMP-processed image
in Fig. 1d. The percentage of definitive minutiae in Fig. 1d was
calculated by the Mathematica™ algorithm as 2.3%. The same
fingerprint was then subjected to cyanoacrylate fuming, with the

Fig. 2. (a) Partial bloody split fingerprint on stainless steel prior to development. (b) GIMP-processed images corresponding to the left and right portions of (a); the left portion
was rated at 0.2% area of definitive minutiae by the Mathematica®™ algorithm while the right portion was rated at 0.3%. (c) Fingerprint from panel (a) after the left side was
developed with cyanoacrylate fuming while the right side was developed with a nickel columnar thin film. (d) GIMP-processed images corresponding to the left and right
portions of (¢). The left portion was rated at 0% area of definitive minutiae by the Mathematica™ algorithm while the right portion was rated at 8.7%, where the areas

containing definitive minutiae are indicated in white.
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photograph of the developed fingerprint shown in Fig. 1e. The ULW
clarity map is shown in Fig. 1f, and the darkened clarity map to be
exported is shown in Fig. 1g. The percentage of definitive minutiae
in Fig. 1h is 58%, indicating substantial improvement afforded to
this specific sample by cyanoacrylate fuming.

A qualitative grading scheme has been used by the UK Home
Office for about 35 years [22]. In this subjective grading scheme
that relies solely on visual inspection, the grade of 0 indicates no
evidence of the fingerprint, 1 indicates evidence of contact but
without ridge detail, 2 indicates that about one-third of the ridge
detail is present but the fingerprint should not be used to identify a
person from that fingerprint, 3 indicates as much as two-thirds of
the ridge detail which can be used for identification, and 4 indicates
full ridge details. With this qualitative scheme, the latent fingerprint
in Fig. 1a was given a grade of 3, whereas the cyanoacrylate-fumed
fingerprint in Fig. 1e was given a grade of 4. The subjective grading
system of Ref. [22] is much too coarse in comparison to the objective
grading system presented here that rated the latent fingerprint at
2.3% and the cyanoacrylate-fumed fingerprintat 58%. This illustrates
that the objective grading system clearly differentiates fingerprint
quality better, having a 55.7% differential between Figs. 1a and 1le
versus the subjective evaluation where there was only a 1-point
differential determined visually.

The quantitative quality-grading system was also used to
compare development techniques and determine the superior
technique using the split-fingerprint method. Fig. 2 presents a
latent fingerprint split over two pieces of stainless steel. Before
being developed, the left and right portions of the fingerprint were
graded at 0.2% and 0.3% area of definitive minutiae, respectively.
Fig. 2a shows a photograph of an undeveloped partially bloody
split fingerprint on stainless steel, while Fig. 2b shows an image
after processing by the three computer programs. The left portion
of the fingerprint shown in Fig. 2a was then developed by
cyanoacrylate fuming, and the right portion developed by the
physical vapor deposition of a 100-nm thick columnar thin film of
nickel [23]. The results of these developments are shown in Fig. 2c,
and the corresponding final GIMP-processed images are shown in
Fig. 2d. The left portion of Fig. 2d has 0% area of definitive minutiae
while the right portion has 8.7% area of definitive minutiae after
development with the columnar thin film.

The qualitative grading scheme of Ref. [22] leads to a grade of 3
for both the left and the right portions of Fig. 2a. The grade reduces
to 2 after cyanoacrylate fuming (Fig. 2c, left) but remains at 3 after
development with the columnar thin film (Fig. 2c, right). Clearly
then, this subjective grading scheme is useful for initial compari-
son but does not take into account small details; certainly two
fingerprints can have the same qualitative grade but different
amounts or types of details. In contrast, the objective grading
system presented here makes finer distinctions.

Let us mention here that Langenburg has independently
developed a clarity map using the ULW (beta version 5.6.0) and
then processed it using Adobe Photoshop (version 8.0CS) instead of
GIMP, expressing the result as a percent of high-quality pixels in the
image [15]. The fundamentals of this approach are similar to ours.

4. Concluding remarks

In order to objectively gauge the quality of a latent fingerprint, a
quality-grading system is necessary. In that regard, an objective
system was developed utilizing three easily available software
packages that together remove the fingerprint examiner's subjec-
tivity from the process of grading the quality of a latent fingerprint.
This system is implemented easily because it is extremely simple
and fast so that fingerprint examiners can go through the steps of
the analysis quickly. Examples presented using the system
demonstrated the successful quantification of definitive minutiae

present. The system was also demonstrated to determine when
one development technique is superior to another, using the split-
fingerprint method typically employed to compare two methods.

This system is, as previously mentioned, a quantitative quality-
grading system that should be useful for researchers in developing
novel methods for fingerprint development and for fingerprint
examiners when analyzing casework for comparing developed
latent fingerprints with exemplar inked fingerprints or those taken
digitally. The system provides a more robust and objective approach
to the classification of quality (clarity) than currently used systems.
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Appendix

Non-technical Abstract

A conformal thin film is one which is of uniform thickness, composition, and morphology at all
locations when deposited on an undulating or uneven substrate. Conformal thin films have a
wide variety of uses in the microelectronics, optics, and coatings industries. The ever-increasing
performance of conformal coatings has enabled tremendous technological advancement in the
last half century. In this time, new film-deposition techniques which are intrinsically conformal
have been developed and refined nearly to perfection. While these techniques have remarkable
performance in traditional applications which utilize planar substrates such as silicon wafers, they
are not suitable for some applications such as the conformal coating of non-traditional substrates
such as biological material, or for applications where complicated film morphologies are required.

The process of thermally evaporating a material under vacuum conditions is one of the oldest
thin film deposition techniques which is able to safely deposit a wide variety films on sensitive
substrates as well as produce some remarkable and functional film morphologies. A drawback
of thermally evaporated thin films is that they are not intrinsically conformal. To overcome
this nonconformality while maintaining the advantages of thermal evaporation, a procedure for
varying the substrates orientation with respect to the incident vapor flux during deposition was
developed. This process was shown to greatly improve the conformality of thermally evapo-
rated thin films. This development allows for several novel applications of thermally evaporated
conformal thin films on non-planar/non-traditional substrates.

Three applications of improved thermally evaporated conformal thin films are discussed in

this dissertation. For the first application, a process for fabricating artificial decoys to help
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monitor and slow the spread of an destructive invasive species is developed. This process utilizes
thermally evaporated conformal thin films with dense morphology deposited directly on the upper
surface of the pest as a key step in producing a robust die. This die is then used to stamp colorful
polymer sheets to produce a multiple decoys which have been shown to successfully attract the
target species.

A second application of improved thermally evaporated conformal thin films is the develop-
ment of fingermarks. An invisible fingermark is left on any object which is touched with the
friction ridges found on the human hand. These fingermarks have long been used to identify the
perpetrators of crimes due to the fact that they can be used to uniquely identify individuals.
There are a wide variety of existing techniques for making these fingermarks visible, but there
are certain substrates on which fingermarks are difficult to develop by existing methods. By de-
positing a thermally evaporated conformal thin film with columnar morphology over a substrate
patterned with a fingermark, fingermarks on several difficult substrates have been successfully
developed. This new technique has also been compared to traditional development techniques
on less difficult substrates and found to perform better in several instances.

The final application described in this dissertation is the experimental observation of a new
electromagnetic surface wave. An electromagnetic surface wave (ESW) occurs at the interface
of two different materials given that the partnering materials have certain properties. There
are several classes of ESWs which are characterized by the properties of the pairing of mate-
rials. The best known ESW is a surface-plasmon-polariton wave which can propagate along
the interface of a metal and a non-metal. A class of ESWs called Dyakonov-Tamm waves were
theoretically predicted to exist in 2007. This research represents the first experimental obser-
vation of a Dyakonov-Tamm wave. A Dyakonov-Tamm wave propagates along the interface of
two non-metals with specific properties. Thermal evaporation was needed to create the heli-
coidal morphology of one of the partnering materials that gave it the optical properties needed
to support the propagation of the Dyakonov-Tamm wave when partnered with a film with dense

morphology.
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