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ABSTRACT

INVESTIGATION OF NANOSTRUCTURES FOR
HIGHLY SENSITIVE SURFACE PLASMON RESONANCE SENSORS

Hussein Akafzade, Ph.D.

The University of Texas at Arlington, 2020

Supervising Professor: Dr. Suresh C. Sharma

An extensive study of Surface Plasmon Polaritons (SPPs) and their applications has
been undertaken in this work. Highly sensitive surface plasmon resonance sensors, made
of noble metals, as well as multilayer nanostructures, are investigated. Detailed simula-
tions are performed to optimize and improve the structure of these sensors. Evanescent
fields created on the surface of the sensor are evaluated. It is demonstrated theoretically
and experimentally that sensor sensitivity can be increased significantly by choosing the
right index of the prism used in our Kretschmann and Fixed Detector Kretschmann Spec-
trometers.

The interaction of the SPPs and CdSe/ZnS quantum dots that leads to Rabi splitting
in the dispersion curve, is studied by COMSOL simulations in relation to the experimen-

v



tal photoluminescence data obtained previously in our research group. These simulations
provide an explanation for the observed shift in the PL wavelength emitted by QDs when
coupled to SPPs and meanwhile exposed to a 514 nm laser beam.

Additionally, a new metamaterial nanostructure, consisting of TiN, SiO, and HfO,,
is proposed and investigated for applications as an efficient solar absorber. This nanostruc-
ture increases absorption of the solar energy up to an unprecedented amount of 98% for
wavelengths from 250 to 1100 nm. In case of indirect sunlight incidence, we see a contin-
uous decrease in absorption by going to higher angles, but still it remains higher than 80%

for majority of wavelengths for 6;,, < 60°.
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The Theory of Surface Plasmon Resonance

1.1 Overview

In this chapter the theoretical aspects of our work is explained and relevant formulas
are derived in detail. At first, different types of excitations, including phonon, plasmon,
and excitons are discussed. Then we will talk about the interaction between photon and
excitons (polariton) especially plasmon polaritons, dispersion relation, and conditions for
creating these states. There are important applications for plasmons in optical sensors,

which will be investigated as well.



Elementary excitations consist of Phonons, Plasmons, and Excitons. We are primar-
ily interested in studying plasmons here, which are defined as oscillations of a collection of
charges, especially electrons, inside or on the surface of a metal. When these oscillations
are coupled to photons, or in other words, are created by a beam of light, the resulting
quasi-particles are called plasmon polaritons. If these states are created on the surface of
material, they are referred to as Surface Plasmon Polaritons (SPPs); and when created in-
side a metal, they’re called Volume Plasmons or Bulk Plasmons. There is also Localized

Surface Plasmon concept, which is not discussed here. [5-7]

1.1.1 Drude Model and Bulk Plasmons

According to free electron model, in a metal, electrons are moving randomly at any
direction as they collide with other electrons and nuclei. The average speed of each electron
is zero even over fairly small period of time.

If we now apply a DC electric field on both sides of the metal’s bulk, the average

speed of a single electron, based on simplest assumptions and the Newton’s second law, is

given by
d<uv> el
S~ 1.1
7 o (1.1)
and then,
<p>=—cekT. (1.2)

< p > is the electron’s average momentum and e is the magnitude of its electric
charge, while 7 is the average time between electron’s collisions (average scattering time),
and m is the effective mass of electron inside the metal. For best conductors like silver and
copper, T is of order of 1071*s. Overall, under constant electric field, electron has almost

steady speed which is proportional to the strength of the field.



Meanwhile we have the definition of current density as:
J=ne<wv >, (1.3)

in which n is the density of electrons inside certain metal, and it’s different from one kind
of metal to the other, due to the difference in their electron configuration; but its order of

magnitude is about 10**cm 3. Substituting average velocity into this equation results in:

TLGZT

J:

E=oyE. (1.4)
m

neQT
m

The quantity oy = is defined as conductivity. Measuring o allows us to de-
termine the 7. The above discussion is over simplified and in order to determine a more
general relation between p and F, we need to consider additional drag force which causes a
delayed response of electron to the electric field, due to the lattice collisions. Drude Model,

which implements correct classical differential equation for alternating electric field, tells

us, [8]
d<p> <p>
P> <p>_

—el. 1.5
dt T € (1.5

Situation is like induced oscillation under friction force. Now assume that we have
a time varying electric field like £ = Eye™. Since electron also oscillates with the same
frequency as electric field, we are safe to say < p >=< py > €“! and then after a few
steps we get:
ne’r 1 o

J = ( VE = E=cE. (1.6)

m 1 —wr 1 —wr

Combination of above equation with the following Maxwell’s equations in free space
(permittivity of €,, permeability of 1y, and zero net charge)

0B

oFE
o0 VX B =] + poco (1.7)

VE=0, V.B=0, VXE=—
ot

leads us to the general formula for dielectric constant of a metal:

em(w) =1 +z€0%. (1.8)
3



-10 —€s Real part of dielectric const.

€ Imaginary part dielectric of const.

0 02 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
wlw

P

Figure 1.1. dielectric constants of Ag (7 = 38.15 x 10715, wp = 13.64 x 10'°) vs. w/wp.

Using the exact definition of o, this can be rewritten as:

ne*r/m
" =1 - —F— 1.9
em () €ow?T + iegw (1)
which has both real and imaginary parts. Let’s put v = 1/7, and wp = Zf:@, so that the

real and imaginary parts can be expressed as:

w y<<w w
Re(e,, =qw)=1-—%—"~"1-"L 1.10
elen®)) = 6:(w) =1~ 5T =3 (1.10)
2
— wp

wp 1s an important quantity and it’s called plasma frequency. Each metal has specific
value of wp, which obviously depends on its electron density and electron’s effective mass
inside that metal. Under the condition of negligible + (which is a good approximation for
most metals in case of visible light); having a frequency less than plasma frequency, metal
gets a negative dielectric constant. Otherwise € value is between zero and one. Figure 1.1
shows how the real and imaginary parts of €,, change as a function of frequency.

More realistic model (known as Lorentz-Drude Model) also includes bound elec-

trons. Electric field of light breaks the charge symmetry of these electron’s cloud, but they
4



tend to regain symmetry due to a restoring force by nucleus, with some natural frequency
of wy. This adds a correction term to equation 1.5, so for bound electrons, it’ll be rewritten

as:
P<r> ld<r>
+_

2 _
o T +wy <r>=—eE/m. (1.12)

Multiple kinds of resonators with different wy is possible in a single material, but
they won’t evenly contribute to €,,(w). Adding solutions for free and bound electrons, with

total number of resonators equal to M, gives us:

Jm

— w2 — WYy

M
Em (W) ~ 1+w1232w2 (1.13)
m=1 0,m

wo,m vanishes if the electron is free, while f,, is the weight associated with that
M
term and > f,, = 1. Ordinary metals have a plasma frequency much higher than visible

m=1
light’s frequency spectrum. This means, for visible light, the metal’s dielectric constant
is negative. What does this indicate in terms of reflection and transmission? Having a
negative €, causes high dissipation and damping waves. So the visible light can’t penetrate
much inside the metal and it’s mostly reflected. That’s why metals typically look shiny
when exposed to sunlight. On the other hand, extra high frequency waves, like X-ray and
gamma-ray, can considerably get into the volume of metals, since ¢, for those frequencies
is positive (Although they get weaker and weaker due to the nucleic collisions).

Suppose a light wave with w > wp hits a metal. Then we are sure that €,,, >~ €, > 0,
and it can be securely replaced with k%c?/w?, (k is the wavevector of the light and c is

2

the speed of light in vacuum), based on the fact that in general k? = e“z. If we do so in

equation 1.10, it gives us the equation:
k2 jw? =1 — w/u?,

that can be rearranged as:

w=/wh + k2. (1.14)

5



This is called Bulk Plasmon Dispersion and corresponding curve is plotted in Fig-
ure 1.5 in red color. It’s usually called ’upper branch’, since it’s located above surface
plasmons’ dispersion curve that will be derived in the next section. [9]

One can find refractive indices of a metal by using dielectric components and its

magnitude |e| = /€2 + €7 as below:

n=1/1 "2“5", (1.15)
K= ‘d;e’”. (1.16)

where n and « are the real and imaginary parts of metal’s refractive index respectively, so

the general refractive index can be written as N = n + k.

1.1.2  Dispersion Relation for SPPs

Let’s derive dispersion curve of surface plasmon polaritons and for doing so we start
with their definition. These are collective oscillation of electron density on the surface.
Wherever higher density of free electrons is created for any reason, they must have left
some positive regions behind in their neighbourhood. So one can imagine a simple model
of metal’s surface under SPPs, next to a dielectric substance as figure 1.2 with that particular

coordinates of in-plane x and z, and inward y axis. This choice of wave propagation means,

The fields inside the two materials are expressed as the following (First index shows
direction of the field, and second one indicates whether its in metal (m) or dielectric (d)):

Hd = (07 Hyd, O)@i(krdz+kzdz—wt)
Dielectric : (1.17)

Eq = (Eya, 0, E.q)e!(keavthzaz=wt)



Metal

Figure 1.2. Electric field lines caused by SPPs on the metal-dielectric interface.

and

Hm = (07 Hym; O)ei(kxmx_kzmz—wt)
Metal : (1.18)

E, = (Exm; 0, Ezm)ei(kzmx—kzdz—wt)
w is the frequency of the SPPs oscillations and £’s are their wavevector components.
Now we can apply boundary conditions for electric and magnetic fields (defining T ma a8
the normal vector from metal to dielectric and assuming zero net charge and current on the

surface),

(Dqg—Dp) Tma=0=0 = €nE.m = esF.q. (1.19)

while,

Tma X (Bq —Em) =0 = Eyp = Fog
= Ky = K. (1.20)

Toma X (Ha — Hp) =0 — Hy,, = Hyg
The other Maxwell’s equation: V x H = g%E, in both metal and dielectric, can

provide us valuable information,

Oy 0 E,

€
8y X Hy = Eat )
0, 0 E,

which leads to



0 = —je— 0 i (1.21)

o.H, E.
H,, E,, and E. in addition to magnitude in specified directions, have a phase which
differs from metal to dielectric. For example E.,, = E.,e(Fem@=kemz=wl) and E_; =
E, et kaavthzmz—wt) (gee Equations 1.17 and 1.18). Equation 1.21 can be decomposed into

two components, in x and z directions, and taking derivatives results

Dielectric : k.,qH,q = +edgExd, Dielectric : kyqH,q = —edgEzd,
. c ) c
T " z: "
Metal CkomHym = —€m—Eopm, Metal CkemHym = +em—FEp,.
c c
(1.22)

Let’s focus on just the  component for now, and divide each sides of the two equa-

tions by each other,

= . (1.23)
k.a Hyq €d Fad

Using above equation and boundary conditions given at Equation 1.20, we are left with a

key relation in deriving SPPs dispersion curve:

kzm _ _E_m kzd + kzm
k-a €d €d €m

= 0. (1.24)

The magnitude of any three dimensional wavevector is given by k2 + k7 + k7 = k* =

e‘;’—j. In our case k, = 0 and &, is the same for metal and dielectric on the surface. So then

i o 2 2 w2
Dielectric : ki + kg = €a's,

(1.25)

2

Metal : K2+ K2, = ens.

Plugging in 1.24 into 1.25, leads to the long-awaited SPPs dispersion relation (Equation
1.26), and also two evanescent waves in z direction (Equations 1.27& 1.28),

8



k= 2, | Sm (1.26)
c\ €g+e€m

and

(1.27)

€m
Vem + €4

Considering the fact that ¢, is frequency dependent and it can be positive or nega-

w
T Vet
2 (1.28)
c
tive based on how the frequency is compared to wp, the left side of equation 1.26 can be
a negative number and hence we’d have an imaginary wavevector in x-direction, which
corresponds to a damping wave. In order to avoid this, we need to satisfy the conditions of
l€m| >> €4, while ¢; > 1 and ¢, < 0. With these expectations met, both numerator and
denominator are negative and the ratio remains a positive number. For a metal like silver
this happens if 0 < w < 0.4 wp, see Figure 1.1. Ideally, these surface waves can travel
infinitely in x direction; but if the damping factor 7, is taken into account, then SPPs lose
their amplitude after tens or hundreds of oscillations (order of ten or hundred pm), depend-
ing on their frequency and value of ~; since there will be a factor of e "™ =) multiplied
by the oscillatory term.
Equations 1.27 and 1.28 which represent wavevectors in z direction and under above
mentioned conditions, both are imaginary and it makes their waves exponentially damping

or evanescent. The decay length in dielectric is in order of 100 nm and given by:

1
0g = , (1.29)
Tl
and in metal is in order of 10 nm and given by
1
Om = . (1.30)
[z



Dielectric

Metal ﬁ

Figure 1.3. Evanescent fields spreading into dielectric (blue arrow) and metal (red arrow).

We see that ; >> d,,, which is predictable from the condition |¢,,| >> €¢; > 1
and Equation 1.24. Since E, and E,, have £, in their phase term, both will decay like Fig.
1.3, in z direction. In Equation 1.22, dividing dielectric terms, and doing simplifications,
provide,

‘ﬁm‘

E..=—1/—FE,, (1.31)
€d

that means E_; is stronger in magnitude, compared to E,, anywhere including near the
surface of metal and they are in 7/2 phase shift (see Figure 1.4). In nano-scale vicinity
of the interface, the combination of these fields happens to be very high, and interesting
effects can be observed if we put some quantum dots on the surface.

What if we work on frequencies higher than wp, in which €,, > 0? The answer is,
in that regime, the source of oscillations, typically light, can penetrate inside the metal and
cause bulk plasmons, rather than surface plasmons, as was discussed earlier.

In 0.1wp < w < 0.4 wp region of frequency, by a good approximation the metal
dielectric constant is given as

€m ~ 6~ 1 —wh/w? (1.32)
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Figure 1.4. E-Fields in air created by SPPs located at (z = 0) on Silver film, in = (left Fig.)
and z (right Fig.) directions. Silver is coated on a substrate and is adjacent to air on top.

substituting equation 1.32 into equation 1.26 leads to:

o _Wp  €atl s, 1

w? ==+ —kc £ [ —((eqwp + (ea + 1)k2c?)? — deqwik2c?). (1.33)
2 26d 4€d

So we got two answers. The one with the negative square root, describes SPPs

dispersion. The other one is not physical and although its curve looks similar to the bulk

plasmons’ curve, it has nothing to do with it. In case that ¢, = 1, with omitting the

nonphysical answer, equation 1.33 is simplified as

2 1
W= W7P+k202— \/%—i—k%@ (1.34)

Figure 1.5 shows SPPs dispersion for this specific condition along with the bulk
dispersion curve and it’s worth reminding that here £ is totally in z-direction. If we choose
another dielectric with ¢; > 1, the curve will distance itself more from the light line.
Frequency-wise, bulk plasmons and SPPs, don’t overlap and they are generated at different
regions. But in those regions, for any value of frequency, a bulk plasmon never gets to
the same wavenumber as the light line in free space, and it’s always lower than that; while

11
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Figure 1.5. Dispersion Curves of Bulk plasmons and SPPs for a metal in contact with air
(kp = wp/o).

on the other hand, SPPs always have higher wavenumber compare to the light line. The
latter means that we can not produce SPPs using free space light, on its own; since energy-
momentum matching condition is not met to excite SPPs. So we need to find a way to
somehow boost the light’s momentum. The techniques to achieve this are the topic of the

next sections.

1.2 SPPs Excitation Methods

There are two main methods to excite SPPs. One is using prism or Attenuated Total
Reflection (ATR) and the other is by letting light to go through grating structure. Both of

these methods can increase magnitude of wavevector k, and we will explain each in detail.

1.2.1 Attenuated Total Reflection (ATR)
Depending on the types of material they are made of, prisms can have high refractive

indices as much as ~ 2. As the light passes through a dielectric material with refractive

12
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Figure 1.6. A p-polarized laser beam hitting the base of prism with incidence angle 6;.

index n, its speed decreases from ¢ to v = ¢/n and its wavelength from Ay to A = \g/n.
Frequency of the light, f = v/\, remains the same in this transition, so wavelength needs
to decrease with the same ration. This is good news, since we know k& = 27/\, and smaller
lambda means higher wavevector or momentum (p = hk), while the frequency or energy
is intact (E = hw).

Assume we have a hemispherical prism with refractive index of n, coated with a thin
layer of metal on its base. A beam of monochromatic p-polarized laser comes and hits the
base of it from prism side, with incidence angle 6; with respect to the normal vector of
the prism/metal interface. This configuration is known as Kretschmann-Raether geometry,
shown in Figure 1.6. The beam is selected as p-polarized, because calculations show later
on that s-polarized waves have no contribution in SPPs excitation; they only add to the
background (In p-polarization, the light’s electric field is parallel to the plane of incidence;
while in s-polarization, it’s perpendicular). There will be a partial reflected beam coming
out, as well as some transmission and absorption. If the incidence angle is greater than
critical angle, or 6; > 6., then we expect the light to be totally reflected and no energy

should flow into the metal and dielectric.
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Based on the way SPPs behave, light has to have the right momentum component in
x-direction, parallel to the metal/air interface in order to excite them. So k, is the compo-

nent that we care about here, and inside the prism it’s given by
) 2mn
ky, =ksinf = Tsm@. (1.35)

It’s easy to guess that we need to put equation 1.35 equal to 1.26, to assure SPPs’
needed momentum is provided. The angle that satisfies this condition is called 0, or

Surface Plasmon Resonance (SPR) Angle. It will be clear shortly why this is called a

1 m
sin by =~ /- ‘ jdéd. (1.36)

According to the condition |e,,| >> ¢4, the square root of this ratio is going to be

resonance angle.

always more than 1; and to be able to see SPPs excitations at relatively low angles or even
at any angle, refractive index of prism needs to be high enough; otherwise the right side of
equation becomes greater than 1, and results an imaginary 0,,,. Also since critical angle
for the case of prism and air is given by sinf,. = %, in comparison with Equation 1.36,
conclusion is that ,,, > 6..

Figure 1.7 shows the SPPs dispersion curve for metal adjacent to air, and dispersion
lines for light in free space and inside the prism. The angular frequency of a hypothetical
laser, w = 0.4 wp, is also shown as green dashed line. Depending on the angle that the laser
hits the base of prism, its k, is going to be different. For 6, = 90°, k, = k and graphically
it lies on the intersection of light line in prism and laser angular frequency. By decreasing
0;, k. happens to retreat on the green dashed line, toward the left (e.g. red circle), until
it intersects with the SPPs dispersion curve and intersection is shown by red dot, which is
where SPR happens. Practically, the visible laser beams have angular frequencies around
0.2wp to 0.3wp, but here we chose 0.4wp to avoid zooming in and better graphically present

the phenomenon.
14
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Figure 1.7. SPR point for Prism/Metal/Air structure and w = 0.4 wp.

So what happens at ¢,,.? The laser beam which is supposed to get totally reflected,
suddenly transfers all of its energy to SPPs, and a sudden drop of intensity occurs at re-
flectivity measurement, which shows up as a sharp valley in Reflectance vs. 6; graph, also
known as SPR graph (see Figure 1.8). In ideal situation, i.e. when the film thickness is
right, the energy is completely absorbed by the metal, otherwise the SPR peak may not be
as expected. Notice that plasmons are created in the metal/air interface; not at prism/metal
interface, which is not possible to excite by this method, since its dispersion curve lies to
the right side of light line in prism.

There is a very interesting point in Equation 1.36 and it’s the sensitivity of ¢, due
to the change in ;. As we raise or lower, even slightly, the amount of €;, SPPs dispersion
curve and consequently the SPR angle will change significantly. This is the whole point for
studying SPPs as optical sensors, since SPPs in metals are well entangled with the ambient

dielectric material.
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Figure 1.8. Simulated reflectivity for 48nm Au film, using p -polarized (left) & s -polarized
(right) waves.

One can find the right thickness of the film, as well as a graph of reflectace vs. angle
of incidence, by using Fresnel’s coefficients and superposition of the waves, which is what
we’ll do in the next chapter as we investigate the SPPs excitation in the multi-layer thin

films.

1.2.1.1 Reflection and Transmission of Multi-layer Thin Films

When there are more than one layer of material (either metal or dielectric) deposited
on top of prism, figuring out the dispersion curve is not that simple. But for experimental
reasons, what we are actually more interested in, is having SPR curve, which is relatively
easier to obtain by the approach of Fresnel’s coefficients and wave superposition.

We’re going to first see what these coefficients are for the simple case of two mate-
rials with refractive indices of n; and n,. An elliptically polarized light wave (containing
both p- and s-polarized waves) is emitted and hits the boundary and gets both reflected and

transmitted according to the Figure 1.9.
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Figure 1.9. Elliptic polarized wave, reflected and transmitted at media interface.

no cos Oy

The reflectance R = |r|* and transmittance 7' = 72%72|¢|> are not the same for s-

and p-polarizations and the amplitudes r & ¢ are given as

Ny cos By — ny cos by n1 cos 0y — ngy cos by

r, = ry =
P ngcosy 4+ nycosby’ Ny cos 01 + ny cos Oy’ (1.37)
2n, cos 0 2n, cos 0, '
t, = , t = .
Ng cos B + nq cos Oy n1 cos 01 + ng cos by

r and s indices refer to the polarization types. In general the reflected and transmitted
beams will have also elliptical polarization, but under special case of angle (Brewster’s
Angle, 0 = tan~! (ny/n,)) the reflection is only s-polarized. If the beam was totally
p-polarized, there wouldn’t be any light reflected at this angle. In addition to production of
s-polarized wave, this can be used as a test to check whether our beam is 100% p-polarized,
by having no reflection at all, and we applied this method in our lab as well, to make sure
our beam is p-polarized.

We are now able to include the case of one (or more) layer of material between
two semi-infinite media. See Figure 1.10. On each interface, there will be a reflection

and transmission (and absorption if refractive index of the film is a complex number), but
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Figure 1.10. Light interference in a stack of thin films, with different refractive indices .

reflection from each end, contains the wave inside the film for a while; and although in
principle, this process goes on to the end of the film’s length, the intensity drops to almost
zero after a few reflections. Let’s concentrate first on single layer case only, with real no
and n; = ns. For p polarized wave or when the E-field is in-plane of incidence, 180° phase
shift occurs at each internal reflection inside the film. Depending on the thickness of the
film, its dielectric constant, and the angle of transmittance, which contribute to the optical
path in Equation 1.38, superposition of reflection terms can be constructive or destructive.

mA = destructive FE,. =0,
09 = 2nsd cos B, = (1.38)

(m + 1/2)\ = constructive Ej, = %Eo.
In above equation, assuming ) is the free space wavelength of the light, then A =
Ao/mq is the wavelength at the first medium. Also m is a positive integer, Fj is the original

beam’s electric field, and Ej, is the total reflected beam’s electric field. Total reflectance is
2

. o ET‘
given by R = ’E—OO
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When d; = mJ, all the following reflections off the surface of the film, are 180°
out-of-phase with respect to the original reflection. Adding all these reflection terms, leads

to a geometrical series that becomes zero, if we use the identities,

r=—r, & tt'—rr’ = 1. (1.39)

where primed quantities represent reflection inside the film and transmission to the outside
of the film. This terminology is true even if n; # ng3, when both are still lower or greater
than ns. For s-polarized waves this is not the case and they are not able to interfere de-
structively, as we’ve seen already in Figure 1.8. This is the reason for including polarizer
in the setup and only work with p-polarized light.

The significance of Equation 1.38 is that it enables us to determine the thickness of
the film, d, which provides the least reflection and the most absorption or energy transfer
to SPPs, for particular 6;; while 6, is related to SPR angle by n, sin 0, = nysin 6, (Snell’s
law).

Restricting ourselves to 6; ~ 0, situation would be similar to the quantum mechanical
wave scattering in one dimension, for a particle with mass m, passing through a finite
square potential well (Figure 1.11).

As wave comes from the vacuum with energy F, and passes over the potential —Vj

(Vo > 0), its momentum increases from k = +/2mE/h2, to ¢ = /2m(E + Vp)/R2.
In Electromagnetic formulation, the ratio of these two is equal to refractive index of the
dielectric; so by analogy we can say the quantity m, plays the same rule as n in
optics. Deeper potential well corresponds to higher refractive index. Using continuity of
the wave and its derivative with respect to position, the reflection and transmission from

the well is calculated as [10]
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Figure 1.11. Quantum Mechanical wave passing through a square potential well.

R= (¢?—k?)?sin? qL
T 4q2k2 cos? qL+(q2+k2)2 sin? gL’

(1.40)

T . 4q2k2
T 4q2k2 cos? qL+(q2+k2)2 sin? gL °

when ¢qL = [Im and [ = 0,1,2, ..., no reflection happens and the wave is totally
transmitted; which is in fact the same as first condition in Equation 1.38, when ¢, ~ 0 and
q = 2mn/A. We can generalize this analysis also for the case of ny # ns, 0; % 0, and
film being metallic. The difference is in the potential, which becomes complex, mostly
imaginary, and much stronger than E, for frequencies less than wp.

Moreover, because of free electron oscillations, the continuity of the electric fields
and their derivatives don’t necessarily apply here. Wave amplitude inside the metal decays
and we need to include absorption as well, causing transmitted wave to have very smaller
magnitude, away from the SPR angle. Surrounding SPR angle, even though the electric
field caused by SPPs is evanescent, its initial magnitude is much higher than laser electric
field.

Having multilayer films instead of one, makes the analysis more complicated, since
there are reflection and transmission terms coming backwards from the adjacent films in

the row, which need to be included. It’s easier to call the amplitude of all the waves that
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are going to the left of the n-th film, as v,, and those to the right as w,, and evaluate them
as, [11]
Un41 = eiénvntn,n—&—l + Wn4+1Tn+1,n;,

(1.41)

eiiénwn - wn—i—ltn-l—l,n + ewnvnrn,n—l—l'
Tnn+1 and ¢, 41 are reflection and transmission of the light coming from layer n and
going to the layer n + 1, and d,, is the phase shift caused by layer n. Using identities of

Equation 1.39, for the films we get

Un, Un+1
=M, , (1.42)
Wn, Wn+1
where,
—is
e " 0 1 Ton 1
M, = e . (1.43)
0 eién Trntl 1 Zfn,nJrl

As the light goes through each film, another one of these matrices gets multiplied.
we are interested in calculating reflection by the initial film and transmission from the last

film. Calling the amplitudes r and ¢, while having normalized original amplitude, we get

1 - t
=M , (1.44)
r 0
in which
- 1 1 7
M = - MoMs...My_q, (1.45)
1,2 12 1

and obviously is a 2 X 2 matrix and one can find r and ¢ by,

1 M.
& r= 2

t - I = = . (146)
My My,

These results are still applicable when refractive indices are complex numbers. R

is already real, and if we filter real part of 7', then we use the equation A =1 — R — T,
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to get absorption A. One can manipulate all the films’ thicknesses here as well to get the
highest absorption at SPR angle. If the thicknesses are not optimized, there will be still a
diminished signal at SPR angle.

The multilayer sensors that we’ve made and studies in our group include bi-metallic
(e.g. Ag/Au), and bi-metallic waveguide coupled (Ag/Si3N4/Au) sensors. The advantage
of such a design is that it can combine good properties of each material and give us better
performance and durability. One interesting thing that happens specifically in waveguide
coupled sensors is that if the waveguide’s thickness be higher than wavelength of the laser,
there will be several m’s that can fulfill destructive condition in wave superposition, so in
the SPR graph, we’ll see more than one valley that except for one, others do not correspond

to SPPs excitations, and are just heat loss inside the metal.

1.2.2  Grating

Another approach for excitation of SPPs, is using gratings. Assume we have a sub-
strate that its surface is cut like a square-wave, as in Figure 1.12. The periodicity is A, and
the height A is much smaller than A. A ray of light coming from medium in above, gets into
this structure, while its amplitude, acquires the same periodicity as A. This is the general
behaviour of light in periodic structures.

Fourier series enables us to approximate this square wave with sine and cosine waves
to whatever order we desire. Working with these terms turns out to be simpler in analysis.
For example, to the first order, Fourier series is going to be a simple cosine wave with

specified amplitude. The dielectric function then, along the z-direction is
€(r) = €ag + Accos (K.r), (1.47)

where | K| = 2% Now, incorporating these terms into the amplitude of the wave, and Taylor

expansion leads to,
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Figure 1.12. Periodic structure like a square-wave, with periodicity of A and the height of
h; along with its first order Fourier series.

E(r) = Ae)e T (1.48)
First order — ~ qe i 4 e /Ki=K)r 4 go—i(KitK)x (1.49)
m'th order — ~ e ST 4 g, ¢TI EimmK)xr 4 g omi(KitmK).x (1.50)

Where o’s and [3’s are some constants, and K; is the wavevector of the incoming
light. We got three therms with different wavevectors, Kj;, K; + mK, and K; — mK,
that will appear in the reflection and transmission regions. So we were able to change the
wavevector by mK, in which m = 0, 1, 2, .... For the m’th order, the angle of reflection 6,
and transmission 6;, depend on the refractive indices of their media, n, and n; respectively,
and are given by

n,sin 6, ,, = n;sinf; + m%,

(1.51)

N sin by, = n;sin6; + m%.

A is the wavelength of incoming light. As m increases, angle of reflection and trans-
mission for the associated beams, change a little bit, while their amplitudes will decrease.
0,.ms and 0, ,,,s are measured with respect to the normal dashed line. Eventually there will
be an m, with imaginary 6, ,,, and/or 0, ,,. It means for that order and above, there won’t

be a corresponding beam of reflection and/or transmission, but collection of those that are
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Figure 1.13. Diffraction orders with arbitrary periodicity and wavelength as it’s reflected
off of a grating structure..

generated, construct a diffraction pattern for both reflection and transmission beams; see

figure 1.13. This would happen if there is no other effect included, but if the substrate is

coated with a metal film, then things may not be the same.

Recalling from SPPs dispersion derivation, we need certain momentum in z- direc-

tion, Equation 1.26, to excite plasmons. This can be achieved by choosing appropriate

value of A. The strongest effect can be seen in either reflection or transmission region, for

m = 1, if there is a real 6; that can fulfill this equation:

or for m = —1 using:

A [ €m
n;sinf; + — = &,
A €m + €4

: A | €m€d
n;sinf; — — = —,/ ——.
A €m + €4
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Under this constraint, we’ll observe a missing diffraction spot for the orders of
m = =£1,.., and it means its energy is consumed for excitation of SPPs which continue

to oscillate on the surface even beyond the grating structure.
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Fabrication of Thin Films and

Nano-structures

Three main deposition techniques to grow thin films on a substrate are as the following,
although we just used the last one in this research. [12, 13]
e Electro-Chemical Deposition
— Used for example in copper deposition.

e Chemical Vapor Deposition (CVD)
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— Certain chemical reaction that happens on the surface of substrate, leads to a
film deposition. Refractory metals, such as Tungsten are easier to deposit using
CVD due their high melting temperature.
e Physical Vapor Deposition (PVD)
This technique mainly includes:
— Thermal Evaporation
— Sputtering
Depending on the purpose of deposition and characteristics of the material, whether
it’s an element or alloy, there is a preferred technique among above mentioned methods,
which provides a better film quality of that material. To evaluate quality of the film, several
factors come into account, such as uniformity and accuracy of the thickness, defects and
impurities, electrical and mechanical properties, and in case that the substrate is periodic,
we may want to have a certain step coverage.
There are also highly accurate techniques like SEM, TEM and AFM that can probe
the surface to various scales and depict the quality of the film and tell us whether it’s a good

fit for the application we have in mind.

2.1 Thermal Evaporation

This technique was used extensively in the past, but today its application is more
limited to academic purposes, since it’s a relatively cheap and fast process. It operates
using a closed chamber in vacuum condition (~ 10~ — 10~7 Torr) and is commonly used
for metal deposition, but certain dielectrics as well. As the name implies, material that is
supposed to get evaporated (and is called "Charge"), is located in a crucible, at the bottom of
chamber, and warmed up until it melts. Liquids evaporate at any temperature, so we’ll have

some gaseous phase of the charge inside the chamber, moving in all directions. Having a
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Figure 2.1. Schematics of Thermal Evaporation Machine using electric current (Left) and
E-Beam Machine (Right).
cold substrate at designated positions, vapor can easily stick to it, due to the fact that vapor
is very reactive. Each crucible is equipped with a shutter, so When the film’s thickness is
reached to the desired value, the vapor’s way out to the chamber can be blocked.

Based on the heating method, Thermal Evaporation devices are categorized into dif-
ferent branches (Figure 2.1 shows the general structure of these devices):

1. Applying high current through the crucible.

e Problem with method is that if the melting point of the charge is very high, like
in Tungsten, crucible will sublimate and leads to impurities of the film.

2. E-beam evaporation, A filament is heated up until it emits electrons. The result-
ing electrons are guided by a magnetic field to bombard the surface of material and
increase its temperature.

e [t produces small amount of X-rays and secondary electrons, but usually they

don’t have the ability to change the structure of the film.
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2.1.1 Deposition Control

Temperature of material is a decisive factor in deposition rate, and meanwhile it’s
difficult to control. So we can’t be sure what the thickness of the film is at each stage
and how fast it’s growing, just by monitoring the amount of current or energy transferred
through the material. On the other hand we can measure the thickness of the film, at real
time, using quartz crystals. These minerals vibrate at certain frequency, which is subject
to change if we apply even tiny (atomic scale) amount of mass on it. Having the thin film
gravity in touch with the crystal, provides us an ultrahigh accuracy tool to measure the
thickness of the film.

In some designs, the substrate holder can rotate around its axis at some frequency,
like 50 rounds/min or so, in order to achieve a more uniform film and provide the same

growth condition for all angles or directions.

2.1.2  Chamber’s Pressure

There are reasons for providing vacuum condition in Thermal Evaporation method.
Air contains oxygen, which is highly explosive and also reactive with hot vaporized mate-
rial. Thus for safety issues we need to bring down the pressure so much that the probability
of such an interaction becomes very low. The other reason is that some oxygen or nitrogen
molecules can get trapped in the film’s structure and contaminate it. Moreover excessive air
increases the chance of collision with vapor (lowering Mean Free Path, A, for the vapor),

and deposition rate drops down. A is given by:

N kT
- \V2nPd?

in which £ is Boltzmann constant, 7" is the chamber’s absolute temperature, P is its pressure

in Pascal, and d is the diameter of vapor molecule in meters.
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Rough calculation shows in order to get A > 1 meter, we need to provide and main-
tain at least 107® Torr vacuum pressure inside the chamber. Vacuum pumps operate at
different pressure ranges and we require two different types of pumps. At first we should
run Roughing Pump, which can bring down pressure to ~ 1073, Now we are in the oper-
ating range of High Vacuum Pumps (including Turbo-molecular and diffusion), to bring it
down to the desired value of ~ 1075 or ~ 1077 Torr. At this condition, while assuming
the chamber’s temperate is around 300°K, A could be as much as several tens of meters for
typical metallic elements.

The regular chamber’s dimensions used in our facility is at the order of one meter,
so almost for certain, vapor can travel straight inside the chamber without any collision,
although it still diffuses over a large area. This can cause non-uniformity in the film’s
thickness but If the dimension of our substrate is much smaller than the distance between

the charge and substrate, then the resulting film will be uniform to a high percentage.

2.2 Sputtering

This technique doesn’t have problems we encounter with Thermal Evaporation. Gen-
eral schematics is shown in Figure 2.2. It contains two parallel plates, with some potential
difference. Cathode is the target and substrate is connected to Anode. Both plates are
cooled during the process. Vacuum condition is provided also here, but later we add an
inert gas (usually Argon with pressure of ~ (.1 Torr) to the chamber. Inert gasses are
chemically neutral so we are sure that only physical interactions will happen. Argon atom
is relatively abundant, heavy, and non-radioactive, which makes it a better candidate over
the other inert gases.

Ar gas gets ionized inside the chamber in the presence of enough strong electric

field, and induces a kind of plasma called Glow Discharge, see section 2.2.2. Then Ar*

30



Roughing

Pump ® 'S

High Vacuum
Pump

Argon Source ®

e +J

Figure 2.2. Schematics of Sputtering technique. Ar* plasma (green dots) hit the substrate
(red slab) in helix motion due to EM Fields and release its molecules (red circles).
accelerates toward the target and smashes into it, while transferring its kinetic energy to
neighboring molecules in the top layer. These molecules may now be capable of over-
coming the inter-molecular forces and leave the target. If so then they get diffused in all
directions due to the presence of Argon gas, but those that reach the substrate will stick to it
and grow a film. Meanwhile secondary electrons are generated by Ar™- cathode collisions
that are crucial for maintaining steady plasma.

With Argon pressure of 0.1 Torr, Mean Free Path will be in millimeter scale, and
sputtered atoms experience lots of collisions before ending up on the substrate. They also

come at all direction due to random nature of impacts. Specially for the case that the
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substrate has periodic steps, this feature of sputtering can provide pretty good uniformity

of film all over the surface.

2.2.1 Sputter Yield

Adding more Argon gas can increase the rate of sputtering off the target, but mean-
while, A\ decreases which makes deposition slower. Deposition rate is also affected by the
energy of the Argon ions as they hit the target. Let’s assume that the number of ions that
collide with the target at each second, is /V;, and the number of molecules that are taken off
the target, is Ny. In general we can define a factor called "Sputter Yield" as: Y = N,/N;.

If the energy of ions that hit the target is less than some threshold, which depends on
properties of target and is typically tens of e/, then no target atom is sputtered and Y = 0.
On the other hand, if the ion’s energy is more than enough, like tens of kel/, we’ll get
implantation instead of sputtering. Ideal value for Yield is between 1 and 2.

Deposition rate is multiplication of Yield and Flux of Ar™ that collide with the target.
One way to increase the flux, without adding to the Argon pressure, is to apply a magnetic
field, perpendicular to the E-Field direction. According to Lorentz force, F' = q(E+vx B),
resulting electrons from ionization travel through a helix path inside the chamber instead
of a relatively straight line. Argon ionization is boosted during this longer trajectory, and it

helps to sustain plasma as well.

2.2.2 Glow Discharge

Glow discharge happens between two electrodes when the conditions, like electric
potential and gas pressure is right. When it’s so, then electrons, which are excited ran-
domly by cosmic rays or an ultraviolet beam in the lab, gain enough energy to ionize the
gas molecules/atoms and these positive ions are able to produce secondary electrons, as

they hit cathode. This creates a chain reaction. In addition to ionization, excitation and
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Figure 2.3. Sections of Glow Discharge Tube.

recombination of charged atom and electron happens at some point, which can cause a
characteristic visible radiation or glow.

Inert gases are mainly used in this process, as the others may chemically interact
with the target. Gas pressure (kept around 1 Torr) is also important because it determines
the mean free path of electrons. Very low mean free path prevents electron from acquiring
enough energy after each collision to ionize the next impacting atom. High mean free path
on the other hand, means less interactions and plasma production which is the main purpose
here.

The area between cathode and anode in glow discharge is divided into three main

sections: Cathode Layer, Faraday Dark Space, and Anode Layer, as is shown in Figure 2.3.
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e Cathode Layer with much higher density of electrons which itself consists of four
regions, but the main glow (Negative Glow) happens at the last region. Electrons
with low kinetic energy recombine with positive atoms or excite (not ionize) them.
What matters in sputtering is not Negative Glow, but Cathode Dark Space, where gas
ionization is at peak.

e Faraday Dark Space that effectively has no electric field, since the number of free
electrons and atoms are balanced and not much light is emitted.

e Anode Layer consists mainly of a column of excited atoms due to the collisions with
re-energized electrons (Positive Column). The length of this section increases with

the length of the glow discharge tube.

2.2.3 NanoFab at UT Arlington

Thin films used in this research were grown in class-100 cleanroom at Shimadzu
Institute which is located at UTA’s NanoFab building. This cleanroom contains several
facilities for film fabrication and characterization, including thermal evaporation machine
named as AJA ATC ORION Series, see Figure 2.4, that we used for our noble metal de-
positions. At the bottom of chamber, there are three boats (crucibles) with a switchable
shutter that can allow or prevent vapor of moving upward. Not all boats are necessary to
be loaded if we want to simply deposit a film of one single element.

Multiple boats are there to allocate each to particular element, so less cleaning is
necessary between deposition runs of different metals and to program the machine such
that it knows the name and density of the element assigned to that boat. They can also
be utilized in alloy deposition. For this purpose, constituent elements sit inside separate
boats and adjustable current going through each one, makes us capable of manipulating the
deposition rate for specific element and get desirable percentage of that element in resulting

film; but we didn’t run any experiment on alloys here.
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Figure 2.4. Thermal Evaporation Machine. Figure 2.5. Sputtering Machine.

The substrate is loaded on top of the chamber, using some clips screwed to the down
side of the lid. We have used SiO, and regular glass slides as substrate in our depositions.
Then the lid is closed and vacuum pumps start working, until we get to the desired pres-
sure of ~ 107 Torr. Now the current knob is turned gradually up until we see through
the embedded optical window that the metal has started to glow. This is the time to open
the shutter, so that the vapor can reach the substrate, which is rotating at the rate of 50
round/minutes during the process to maintain the same geometrical condition for all loca-
tions on it and get a uniform film throughout.

The machine should know the exact density and atomic mass of that element, to
measure the right thickness of the film, grown on its quartz crystal. If calibrated correctly
based on geometrical factors, we can associate the thickness we need on our substrate to
the thickness we observe on the monitor for quartz crystal, which is shown in tenth of

Angstrom scale. As soon as we get to that point, shutters are closed and current knob is
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turned back to zero. After waiting about a minute for the sample to cool down, the job is
complete and vacuum valves can be opened.

For dielectric deposition such as SisN4, AJA ATC 5 Orion UHV sputtering machine,
see Figure 2.5, is operated. The key part here is to maintain plasma state which was explain
in previous section, and to calibrate the machine regularly. To make sure that the calibration
here is done correctly, profilometry and ellipsometry is performed on the film, where in the

latter the optical properties, like refractive index can also be measured.

2.2.4  Characterization using Ellipsometry, SEM, & TEM
Dielectric materials have almost a fix refractive index with respect to the frequency
of the light. But depending on the deposition technique, this value can change considerably.

Looking back at the equations 1.37, the ratio of r, and r, can be defined as:

r .
p=-L=etan ¥
TS

in which ¥ and A are two new quantities that depend on the refractive indices of the two
media. For thin layers it’s not as simple as just using Equations 1.37, and interference from
consecutive reflections has to be included, see section 1.2.1.1.

What happens in ellipsometry is that both s and p polarized lights with known am-
plitudes are shone from the air on a film, and reflected light is analyzed to figure out what
U and A are. Then it uses a model based on e.g. Forouhi-Bloomer dispersion equations, to
minimize y-squared and get the best approximation for refractive index and thickness.

Other advanced techniques like SEM and AFM are implemented to characterize the
films. Figure 2.6 shows the quality of one of our silver depositions, with thickness of 50
nm. The sample has been grown in poly-crystal form with occasional obvious spikes, but

still to a good extent and for our purposes, it can be considered as a uniform film.
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Figure 2.6. Surface topography of a 5pm x 5um region of 50 nm silver film using AFM
tip in a non-contact mode at a scanning rate of 0.5 Hertz.

Furthermore, an SEM machine, Figure 2.7, is operated to assure the uniformity of
the sample in a bigger scale. For example we’ve shown pictures taken from the same
sample above, in Figure 2.8, which shows a polycrystalline surface with average size of
50 nm in diameter. The machine is also capable of taking EDXS or Energy Dispersive
X-ray spectroscopy, to ensure that the sample is not contaminated by another element like

Oxygen, that can change the property of our films significantly.
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Figure 2.7. SEM Machine at UTA NanoFab used for characterization of our samples.

Figure 2.8. SEM pictures of a silver sample use in our experiments..
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COMSOL Simulations

3.1 COMSOL Multiphysics Software

COMSOL Multiphysics is a simulation software, based on Finite Element Method
[14], that is capable of implementing several fields of study in physics, simultaneously.
As an instance, assume we want to study how much and at what rate a transistor gets
hot if it’s used in a certain circuit. For this purpose we need Heat Transfer module and
AC/DC Module, or any other module that includes electric circuits. Then we couple these

two and apply experimental conditions, including initial temperature, dimensions, material
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properties, frequencies and so on. The software is able to mimic these conditions and
calculate mutual effect that these factors may have in real experiment.

It has fairly simple interface, so everyone can learn how to work with it. General
procedure is the same among all modules with some minor differences. Here is an outline
of the workflow one should follow in order to simulate processes in optics module.

e First to choose the symmetry on the model and specific branch of study inside a
module. It then takes us to the main window of interface where we construct our
model in model builder tab.

e To define global constant parameters and variables to use them easily later on.

e In geometry section under "component", to build the geometry of the model. The
model can be in 2D or 3D depending on the symmetry of the device we are working
with. If the device has a periodic structure, we can include only one pitch, and add
the periodic conditions. 2D simulation are usually run much faster than 3D ones.

e To Fill the geometrical domains with default or user defined materials. Here COM-
SOL has a material data base, with all the necessary optical properties, but it’s also
possible to add or change them.

e We mainly worked in "Electromagnetic Waves, Frequency Domain" of the "physics"
section, to identify or parameterize the polarization and intensity of the light, as well
as its incoming direction.

e To couple the models using multiphysics in case that more than one module is ap-
plied.

e To mesh the geometry using automatic option or manually adjusting its size. The
finer mesh gives use more accurate and detailed results but increases running time.

e To run the simulation using "Study" over all or certain domains of geometry, with

specific frequency, angle, etc, conditions.
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e To get results and graphs in 2D or 3D inside the program or extracted in variety of

formats.

3.2 Single Layer Simulations

For the first task in our simulations we check for the thickness that provides the
best SPR signal for our gold sensor. Throughout this chapter we assume that the laser’s
wavelength is 632.8 nm and prism index is 1.7847. Otherwise it’ll be explicitly mentioned.
Figure 3.1 shows simulation for reflectance as a function of the thickness from 40-55 nm
and angle from 32-40 degrees. The gold layer is located on top of a prism and it’s in
contact with air on top. The best signal for this structure is obtained when we deposit a film
as much as around 48 nm thick.

The laser beam used in our lab when p-polarized, puts out the intensity of ~ 1mW

that is distributed over the area of 9mm?

, so in order to get the correct approximation
for physical quantities here, we choose input port intensity such that it provides the same
intensity over area. In 2-D simulations the port is one dimensional and we need to calculate
the area as the length of the port times the unit length in perpendicular and out of plane
direction. Therefore, if the port with active excitation has the length of 1pm, and we are
using 2-D simulations, the intensity needs to be 111u W to provide the same conditions as
in the lab. The vertical length has to be more than one wavelength to correctly show the
electric field values.

Figure 3.2 shows the changes in maximum E-field on the surface of 48 nm gold film,
as a function of angle for both vertical and horizontal directions, and also the total field,
along with the reflection curve, while there is vacuum on top. A sudden pulse of E-field

happens at or close to ¢,,,. This feature is not specific to gold film but for any metal that

supports SPR condition at some laser frequency. However the magnitude of the highest
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Figure 3.1. Reflection plot of Au with varying thickness of 40 to 55 nm in x- direction and
angle range of 32 to 40 degrees in y direction. z axis shows the reflectance..

value that can be achieved depends on the material and quality of the film. The highest
magnitude for A = 632.8nm laser is achieved when a 50nm silver film is deposited.
Figure 3.3 shows how E-fields change in z- and x-direction at different angles sur-
rounding the SPR angle. Before critical angle 6. there is a transmission of light that leans
toward perpendicular direction with respect to the surface of the film as we go forward in

angles. At 6, transmission becomes completely perpendicular.
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Figure 3.2. Strength of various components of electric field on gold along with SPR curve,
For ImW laser intensity over 9 mm? area.
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Figure 3.4. Reflection plot as a function of wavelength and angle for the gold film.

By getting closer to 0,,, fields become evanescent. In other words they decay as
they get away from the metal’s surface. Meanwhile their magnitude close to the surface,
increases rapidly and peaks at 0,,. After resonance angle, fields remain evanescent but
strength and decay length starts to decrease while reflection is retained.

As discussed earlier, SPR angle depends on dielectric constants of the metal and
they are a function of incident light’s wavelength. It’s possible that for certain wavelength
range, particular metal shows a good SPR signal, while not for the nearby regions, as the
important condition of |¢,| >> 1, may not be applicable any longer.

For example the Figure 3.4 shows how reflectivity changes with incoming laser’s
wavelength for 48 nm gold film. For A < 0.55um, the signal starts to flatten out and
disappear, meaning that by changing the angle, there is no significant or sudden drop in the

reflectance any more.
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among noble metals for particular laser beam. Figures 3.5 - 3.8 compares SPR signal for

copper, silver, gold and aluminum as a non-transition metal, in conjunction with electric
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Figure 3.5. Cu SPR and Max E-fields.
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Figure 3.7. Au SPR and Max E-fields.

The quality of the signal and the strength of its evanescent field is not the same

field strength for a range of angles.

field on the surface. Despite these advantages, silver oxidizes much faster than gold and the
sample degrades over the time, as well as the signal itself. Gold sample on the other hand
has less quality of the signal and almost half of the electric field strength, but it remains

intact much longer than silver. Copper has downside of both; although it’s tempting to

By far, silver has a much better and sharper signal and highest magnitude of electric

Total Reflectance

Total reflectance

Electric Field (V/m)

Electric Field (V/m)
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Figure 3.6. Ag SPR and Max E-fields.
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Figure 3.9. Ag/Si;N4/Au/H,0 Field with prism index 1.496 and water on top for z (left)
and z (right) directions.

excite SPPs on it and see how it can affect the catalyzing property of copper in some

chemical interactions.

3.3 Multilayer Simulations

As was done previously in our group, the performance of sensors with bi-metallic
layers and bi-metallic waveguide coupled sensors has been investigated in details [2].
These sensors usually use silver as their base layer metal, and cover the outer layer with
gold, so it provides the positive effects of both metals at the same time. Silver generates
high quality SPR signal while the gold layer protects the device from degradation. A de-
tailed contour plot of the electric field at resonance angle for the configuration of: prism
(n=1.5)/Ag/S1;N4/Au/water is shown in Figure 3.9, for fields in 2z (left) and z (right) di-
rections. The field strength of this sensor is almost the same as silver sensor, while decay

length of evanescent fields for this device is more than 100 nm longer.
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Figure 3.10. Resonance condition on Niobium, in case of single layer Nb sensor (left) and
multilayer Ag(50nm)/HfO,(130nm)/Nb (20nm) sensor (right) using 1.78 index prism and
He-Ne laser.

In addition to enhancement of electric field’s decay length, this technique can even
improve SPR signal for metals that have a large "full width half maximum" or (FWHM)
which is a criteria for sharpness of the signal. For example, sensor with single Niobium
layer, has an unusual SPR signal in case of He-Ne laser. But making a stack of silver,
waveguide (here HfO, is chosen) and Niobium, can improve the overall SPR signal dra-
matically as we can see in Figure 3.10.

Since Niobium shows superconductive properties at very low temperatures, making
above mentioned multilayer sensor, can help us run experiments that studies the effect of

surface plasmon resonance and superconductivity on each other.

3.4 Hemispherical Dielectrics on Silver

If the thickness of the waveguide becomes non-uniform, then we start seeing the
effects due to diffraction. This will be discussed in the next section, but for now we investi-
gate the case that a semi-cylinder strands of HfO, with radius 150 nm, located on a uniform

37 nm silver film, with 500 nm distance from each other. The simulation only involves one
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Figure 3.11. Reflection from silver sensor with HfO, strands.

unit of in 2D, but we apply floquet periodicity to include repeated structure of this unit.
Here also light is hitting the sample from the bottom of the unit.

Now due to the complex effect of diffraction at different angles, we get a much more
spiky pattern in total reflection and transmission as in Figure 3.11 for such a structure. One
interesting aspect of this structure is that it creates far field electric fields, more than a few
hundred nano meters away from the surface of the sensor, which was not possible to create
for the regular and uniform film. Figures 3.12 - 3.17 show these fields for several select

angle of incidence.
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Figure 3.18. Electric field for prism/silver/HfO, (half-cylinder)/Air configuration.
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Figure 3.19. Grating simulation for A = 1um (left) and A = 1.5um (right) of 30nm gold
film. Peak to peak in grating is 150 nm.

3.5 Grating Simulations of SPPs

As was mentioned in the introduction chapter, another method to excite SPPs is to
use grating structure and here we ran simulations to demonstrate how grating can transfer
energy of the electromagnetic light into surface plasmons. In this set of simulations, light
is coming from the air on top with angle § and hits a sinusoidal grating structure of gold
film with periodicity of A, coated over glass with the index of 1.5.

The peak to peak distance of the sine wave is chosen to be 150nm, and the thickness
of gold film to be 30nm. Changing the periodicity would shift the resonance angle for
specific diffraction order and may also change the number of possible resonances mainly
depending on how it’s compared with the wavelength of the light and refractive index of
the dielectrics involved.

Figure 3.19 shows how total reflectance, transmittance and Apsorptance changes as a
function of incidence angle for two different grating periodicities. As we increase A, more
orders of diffraction become possible, that’s why the one with A = 1.5um seems to have

more minimums in reflection compared to 1um.
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Figure 3.20. Absorptance plot of a 30nm thick gold film on glass in contact with air and
for different periodicities.

Like it was mentioned in the introduction chapter, grating causes diffraction in both
reflected and transmitted light, but not all diffraction orders are possible to be observed and
they are limited by the wavelength and angle of the incidence light and also by periodicity,
see Equation 1.51 and Figure 1.13. Each minimum in reflection or in other words each
maximum in absorption, corresponds to particular diffraction order. Figure 3.20 shows
how the absorptance changes between A = 1um, 1.5um & 2um. The existence of a metal
coating on glass has caused diffraction orders to temporary vanish due to the fact that their
energy is carried out by surface plasmons, since at this angle of incidence they satisfy

Equation 1.52 for the gold film.
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Experiments and Data

4.1 Kretschmann Configuration

In our experiments, we have used Kretschmann configuration as well as an optimized
version of it that provides some advantages in comparison with the traditional configura-
tion. [1,15,16] The laser source which is used in both cases, is the He-Ne type with nominal
output power of 10 mW, but in practice it puts out less than 4 mW. Most of optical or op-
tomechanical devices in setups are ordered from Newport™ or Edmund optics website.
Next in the line, as we see in Figure 4.2, is a filter mount, which enables us to adjust the

intensity of the light to the amount we need using a set of filters.
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Figure 4.1. Schematics for checking polarization of light using Brewster angle. No reflec-
tion is detected when the beam is perfectly p-polarized.

The laser beam of course isn’t polarized as it leaves the source and in order to get a p-
or s-polarized light, we have to add a polarizer, preferably in a rotation mount that allows
us to change the polarization if necessary. As we raised this topic before, Brewster angle
would help us to check whether our beam is quite enough polarized. This is done by taking
a thick regular glass slide with index of 1.5, to position it in direction of the laser beam ,
so that the incidence angle be at 56°. This is Brewster angle for the Air/Glass combination.
A perfectly p-polarized light, would have no reflection from Air/Glass interface, since only
s-polarized wave has the ability to be reflected at this condition. see Figure 4.1.

Then we add a beam splitter to get reference from the intensity of the incidence beam
and normalize transmitted and reflected light based on that, as we know the intensity of the
laser even at its best performance, is not completely stable and fluctuates a little bit. So to
get the most accurate data, they have to be normalized accordingly.

At this point, beam is ready to be used for generating SPPs and it’s guided through
a prism that is located and fixed at the center of a 6/26 goniometer. If prism had a half-

cylinder shape, then a simple alignment could give us the incidence angle which is mea-

55



sured with respect to the base of prism.. In case of using a triangular prism, a conversion
formula is needed to determine this angle and it’s mentioned on page 83 of reference [2].

Now we can affix our deposited layer of metal, to the back of the prism. As was
stated before, our depositions are usually done on a piece of silicon dioxide, or regular
glass slides. These materials have the index of ~1.45 and ~1.5 respectively, while the
prisms that we utilized have either n=1.7847 or 1.496. Slides are attached to prism from
the opposite side that the deposition is done. To remove the air between these slides and
prism, we used matching oil with an index that is between the indices of prism and slide,
to prevent total internal reflection and allowing the beam to reach the sample at all angles.

The material in contact with the deposited layer of metal, and at the vicinity of inci-
dent laser spot, determines the SPR angle. Since the prism is sitting on its triangular side,
while the sample is attached to the square side, changing the ambient material from air to
liquids, is a little bit challenging. To do so, we’ve made a cubic container out of Teflon or
polytetrafluoroethylene (PTFE), which will be shown later in this chapter.

After reaching the sample, the beam splits into three components. One is absorption
by the sample which we can’t detect. But the other two, which include transmission and
reflection are measured by two silicon detectors in front of each beam. The signal then
is transferred to the computer for further analysis. The device and software installed for
analyzing the data was Science Workshop 750 from PASCO.

The above mentioned method has some downsides that is generally caused by rotat-
ing prism, including having the beam that hits at different spots of the sample as we go
to a different angle. So throughout the experiment, we are not sure if the signal is only
affected by changing the angle or it’s also changed due to the hitting at a different part of
the sample. Since the sample is not exactly uniform, this could cause misinterpretation of

the data.
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Figure 4.2. Kretschmann configuration for creating SPR. Figure from [1] with some cor-
rections.

4.2 Fixed Detector System

To overcome some problems that comes up with traditional Kretschmann configura-
tion, a fixed prism and detector setup has been proposed, previously in our group, in which
the change in angle is taken care of by using several mirrors along the way and those mir-
rors, change the direction of the laser beam such that it hits the base of prism in a desired
angle. [17-20]

As is shown in Figure 4.3, in this configuration, prism is fixed while its square side
is facing upward. This allows us to simply put a drop of solution or any material we want
to investigate, on top of the sample and there is no need for using another device to hold
it for us. It also provides the conditions for running quantum dot experiments that will be

discussed later in the next chapters.
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Figure 4.3. Fixed prism and detector configuration, Figure from [2].

Here by rotating the mirror M1, we can change the incidence angle and at the same
time, use M7 mirror to guide the reflected light to the detector for intensity measurements.
Again a conversion formula is used to figure out the incidence angle on the base of prism,
based on the angle of mirror M1.

The Green laser beam coming from Ar™ Laser source in this setup is not yet dis-
cussed but it will be in next chapters when we bring up the interaction and coupling be-
tween quantum dots and SPPs. But the setup works well without this laser in order to

produce SPR effect.

4.3 Sensitivity and Resolution of SPR Signal

To better define sensitivity, let’s rewrite Equation 1.36 as
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Figure 4.4. 0, as a function of dielectric’s refractive index for a gold film and prism index
of n = 1.4960 (left) and n = 1.7847 (right) in Kretschmann configuration.

. 1 | e,n?
SIIIQSPR = n_ ﬁ (41)
p m d

where ngy is the refractive index of ambient material, so nfl = €4, and n,, is the index
of prism. Therefore 6, is a function of n,. For simplicity we sometimes put n; = n.
Figure 4.4 shows this dependence in blue curves for the case of gold film and prisms with
n, = 1.4960 (case-1) and n, = 1.7847 (case-2). Case-1 can not detect materials with
refractive index higher than 1.375, while this number for case-2 is 1.58. To be able to
detect wider range of materials, we ought to use a higher index prism. Red curves show
the derivative of 6, as a function of ng, or S,, = dfs,.(n)/dn, and it’s called sensitivity.
Higher sensitivity is desired for a good sensor as it shows significant change in the value
of SPR angle as we slightly change the refractive index of material. In the same figure,
dashed lines indicate index of 1.33, and 1.55. These are the indices that have sensitivity of
about 200° per refractive index unit (RIU) for the case-1 and case-2 respectively.

In general, by changing the dielectric constant of ambient material, the sensitivity in
SPR angle is much higher than change in critical angle, like in figure 4.5. Consequently it

makes sense to consider SPR angle instead of critical angle for sensitivity purposes. One
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Figure 4.5. Resonance and critical angles as a function of dielectric’s refractive index.

important property that should be mentioned here is that sensitivity increases rapidly as
we get to the detection threshold of our sensors, which its value depends on the index of
prism. This means if we want to have higher sensitivity for particular material, we should
choose a prism so that its detection threshold be closely above the refractive index of that
material. Considering distilled water as our dielectric (with ny, = 1.3317), the sensitivity
using case-1 is close to 200° per RIU, while case-2 results sensitivity of about 70°. On the
other hand case-1 can’t be used for detection of Ethyl salicylate (with ny = 1.523), and
case-2 has sensitivity of ~ 145° at this point.

Table 4.1, has listed some common types of prisms along with their detection thresh-
old and the index of material that can be detected by sensitivity of 200° per RIU, with that
particular prism. So choosing the prism pretty much depends on the type of material we

want to detect and its index is not usually far beyond the index of material.
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Prism Type | Prism Index | Index with S, ~ 200 | Highest detectable index
N-BK7 1.52 1.35 1.37
N-SF5 1.67 1.47 1.50
N-SF10 1.72 1.51 1.53
N-SF11 1.78 1.55 1.58

Table 4.1. Detection threshold and material’s indices that correspond to 200° sensitivity for
some commonly used prism types

4.4  Precise Measurements of Glucose Concentration in Distilled Water

So we now know that SPPs have sensor applications in physics and biology, [21-25]
and if we operate these sensors in the right index region of both prism and material, they
can be quite precise and highly sensitive. In a particular experiment, we used glass slides
to deposit gold with 48 nm thickness, and then used matching oil with index of ~ 1.52 to
attach the glass slide on the side of a half-hemispherical prism with the measured index of
n = 1.496.

The general structure of our sensor is schematically shown in the Figure 4.6. For the
simplest sensor, we just have the gold layer, without silver and Si;N4 waveguide included.
This single gold layer sensor as we can tell from the left graph in Figure 4.4, has a high
sensitivity for detecting materials with indices between 1.3 to 1.35, including water with
index 1.3317 for A = 632.8nm.

To check whether our setup is capable of detecting purity of these materials and
to determine to what extent it can do that, we conducted an experiment that can be used
to evaluate the concentration of glucose in distilled water. A container of 20% glucose
solution was purchased commercially with the measured index of 1.3602. A 20% glucose
contains 20 grams of pure glucose powder solved in 100 mL of distilled water.

Also a cubic container with capacity of around 30 drops was designed and manufac-

tured from Teflon and affixed to the sensor. See Figure 4.7. Glass slide will be glued to the
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Figure 4.6. Schematics of structure of a bi-metal waveguide coupled sensor attached to a
prism.

front face of this piece of cube, while its deposition side is toward the cube, and the oppo-
site side is attached to the prism with matching oil. Then by a pipette, required amount of
glucose solution was transferred to the cubic container from the top slit. The setup then was
calibrated using the reflection data for known cases like air or distilled water in comparison
with the simulations.

In the next steps, we gradually reduced the concentration of glucose. To make a 10%
glucose solution for example we took certain volume amount of 20% glucose and added
the same amount of distilled water into it. The experiment was run with 10%, 5%, 2%
and 1% glucose concentrations, as well as distilled water and air. The sensor was able
to distinguish between distilled water and 1% glucose, while the difference between their
refractive indices is less than 0.002. This is the case because as the theory suggests, this
device should be able to bisect two materials with difference in index of around 0.002, with

almost half a degree difference in SPR angle, which is close by outside of our experimental
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error. We couldn’t distinguish any lower concentrations due to our limitations in precise
angle reading.

The results of experiment is skimmed and shown in Figure 4.8. There is a good
agreement between simulation and data in this experiment, but calculations based on the
data show that the sensitivity is 167° per RIU, see Figure 4.9 while theoretical values predict
it to be ~ 180°. This could be due to the difference in metal’s dielectric constants that we
include in our simulations. According to measurements and interpolations by Johnson &
Christy, gold dielectric constants for 0.6328 pm wavelength is given by, €, = —11.740
and ¢; = 1.2611, but the exact values could be affected by deposition and film growth
conditions.

In principle we can improved the precision of this experiment and detect the changes
in glucose concentration of less than 1% if we utilize a rotation stage that can read angle
change of small fraction of a degree. One affordable choice that is available in Newport™
website 1s the model M-UTRS80 with resolution of 0.016°. In this case, we will be able to
detect the change of glucose in blood as much as a few mg/dL in a short period of time, by

this setup; which is pretty simple and cheap.
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Figure 4.8. Gold sensor reflectivity data along with simulations.

The same experiment was done using multilayer sensor with the structure as the fol-
lowing: Silver(40nm)/Si3N4(186nm)/Au(22m). This configuration has less sensitivity ac-
cording to simulations, but has stronger evanescent field and higher decay length. The data
for this experiment is shown in Figure 4.10, and sensitivity calculations are summarized in
Figure 4.11. Again the analysis of these experiments agrees with theoretical predictions to
a good extent.

According to our results, there is a linear relation between concentration of glucose
solution and its refractive index, see Figure 4.12, although due to experimental errors, this

linearity is not perfect.
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Figure 4.10. Reflectivity data for Ag/Si;N4/Au sensor along with simulations.
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4.5 SPR Measurements on Several Samples

In many chemical interactions copper acts as a catalyst and it was tempting for us
to see if at SPR condition, this property of copper could get enhanced or its efficiency
get a boost. In order to test this idea, we had to first check whether copper shows a fair
enough signal and how strong electric field it can produce on its surface. It turns out that
its property is pretty close to the gold sample. We can use instead our bi-layer waveguide
coupled technique and made a sensor with Ag/Si3;N4/Cu structure that has good character-
istics of previous multilayer sensors as well. Figures 4.13 shows the SPR data on copper
(45nm), gold (48nm), silver (50nm) and Ag(37nm)/SizN4(160nm)/Cu(21nm) along with
their simulated curve. Data and experiment are in pretty good agreement.

In addition Figure 4.14, shows how evanescent electric field stretches beyond the
surface of different metals in resonance condition. By making stack of copper, we are in
fact making the electric field to go further in distance away from the surface and possibly

have more effect if any on its catalyst property.
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Figure 4.14. E-field decay length for noble metals at SPR condition.
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Theory and Simulation of Quantum Dots

5.1 Quantum Dots and their coupling with SPPs

Quantum dots (QDs) are nano-scale spherical crystals, made of semiconductors like
ZnS and CdSe, typically made of a core, a shell and in some cases, a ligand like tri-
octylphosphine, attached on the shell as shown in Figure 5.1. Quantum dots absorb light
on a relatively wide range of wavelengths, but their photo-luminescence (PL) is mainly
specific to a wavelength that is a signature of that type of QD and it depends on its size.
Their size is typically between 2 to 10 nm. The higher size of QDs causes the radiated

wavelength to be higher, since the band gap between valance band and conduction band
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becomes smaller as the size grows. In that sense, a 10 nm QD radiates a red light, while a

2 nm QD radiates blue light, See Figure 5.2.
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Figure 5.1. General structure of quantum dots [3].
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Figure 5.2. Size-dependence of quantum dot radiation [4].

Here we are after exploring the mutual effect of a quantum emitter or quantum dot

in particular, and SPPs, when they are coupled. If the PL frequency of QDs lie within the
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frequency range of the light used in experiment, then most likely a significant coupling
between SPPs and emitters would occur at SPR angle, and it causes dispersion curve to

split at the intercept of emitter’s frequency line and regular dispersion curve.

k1 k ko [T

Figure 5.3. Coupled harmonic oscillators.

In classical explanation, two independent harmonic oscillators with natural frequen-
cies of w} = ki/m; and w? = ky/ms, can be coupled using a third spring, with spring
constant of £ (Figure 5.3). Ignoring any damping effects, differential equations for coupled

state are given as [26]

mliv'l + k’1$1 + k’(l’l — $2) = 0,
coupled : 5.1

Mol + koo — k(1 — 29) = 0,

that can be rearranged in matrix language:

]{?1 —|— k? —k’ X1 ma 0 l.:l
=— : (5.2)
—k ]{32 +k T 0 mso T
while assuming z; » = Al,ge_’“i, the above equation is simplified to
ki + k — mywk —k T
= 0. (5.3)
—k ko + k — mow? Lo

Putting the determinant of the first matrix equal to zero, gives us the following

quadratic equation for w?:

ki +k ko4 k ko + kY (ke +k k2
wi—wi(l+ M )+(1+)(2+>— =0, (54)

my ma my ma mims
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. / ’
and by defining w;® = EEE (o2 = B2EE and 02 = \/ﬁ we’ll have

wi =05 (w,f +wl+ \/(w'12 —w?)?2+ 494) : (5.5)

w4 are dispersion curves in coupled state and the normal modes of oscillation. One
can find similar results using perturbation theory in quantum mechanical analysis. Based
on how £k is compared to k; & ko, or how €2 is compared to w/l & w;, we would have weak
or strong couplings. While k£ = 0, retrieves uncoupled states, the criteria for having strong
coupling could be different from one field of physics to the other.

The PL frequency of a particular quantum dot in normal conditions, is assumed to be
constant. Suppose we put some of them on a silver film and assign w; = wgp = 0.25wp,
and wy, = wgpps (same as Equation 1.34), along with coupling strength of 2 = 0.1wp.
The dispersion curves would look like Figure 5.4, for m; >~ my. At the crossing point of
wy and ws, the curves avoid each other and separation of these two, called anticrossing, is
proportional to the coupling strength, i.e. w; —w_ o< 2.  One crucial result here is that
for some interval of 6;, we’ll have two visible light frequencies that have intersection with
the coupled dispersion curve (black dots in Figure 5.4). So a plot of reflection intensity vs.
wavelength of white light, unlike the decoupled case, will have two minimums rather than

one.

5.2 Simulation of Rabi Splitting
We now pursue to simulate Rabi splitting by using COMSOL Multiphysics. In this

regard QDs are treated as emitters with dipole moment of [27]:

Ne? E

Vmwi — w? + iyw,

P

(5.6)

in which N/V is the number of QDs per unit volume, e and m are the charge and mass of

electron respectively, wy is the PL frequency that QDs emit, 7 is the loss factor and w is
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Figure 5.4. Rabi Split for hypothetical QD coupling with SPPs of silver and €2 = 0.1.

the frequency of the incidence light. This equation is derived by solving displacement 7 in

Drude Model differential equation:
mit + mAyr + mwir + eE(r,t) = 0,

and letting P = —er.

Electric Field £/ decays exponentially in z-direction with decay length of ~ 400
nm for the case of 48 nm gold film, and a prism with 1.7847 index and He-Ne laser with
A = 632.8 nm; but since the emitters are assumed to be at the distance of a few nano-meters
above the surface, the field that they experience is almost constant in magnitude, although
it flips in direction every about 100 nm along the surface.

There 1s also an electric field in x-direction with 90 degrees phase shift, but it’s much

smaller in magnitude, see Figure 1.4. The same logic used for surface plasmon oscillations
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can be used for single electron oscillation inside a QD, while they are treated as emitters
with dipole moment in Equation 5.6 and coupled to the evanescent electric filed, while
now wy is the PL frequency of QDs emission, and 7 is the loss factor in quantum dot. As
explained above, QDs experience almost a constant evanescent field due to their small size
(< 10nm), while usually for the decay length of these fields we get around several hundred
nanometers.

Simulation results for maximum strength of these evanescent fields in z-direction
on 48 nm gold film for the incidence wavelength range of 550 nm to 750 nm, and angle
of incidence between 35 and 37 degree is shown in the Figure 5.5. Real part of the gold
dielectric constant doesn’t have high enough magnitude to show a strong SPR effect for
wavelength less than 550nm.

Then we fit a two independent variable function as the following, to describe this

plot and use it in our simulations. The outcome formula is given by:

0—35.2(0.75—\

. ae = 1000¢ 00750 1 [44.026(1 /) — 210.24(1/A)? + 327.26(1/A) — 163.63]

(5.7)

Photo-Luminescence frequency wy for CdSe/ZnS has been measured experimentally

to be around 630 nm [28], and the ones that we purchased had its maximum intensity PL
at around 618 nm [2]. The loss factor is also assumed to be small and with the order of
10' Hz. So parameters and variables needed to simulate SPR-QDs in COMSOL are now
figured out. Figure 5.6 shows the meshed unit block of our structure. The top layer is
the 1.7847 index prism. A gold film with 48 nm thickness is located underneath of this
prism and itAAZs in touch with air which includes the thick layer at the bottom of the unit.

Floquet periodic condition is applied to vertical faces of this block, while the incidence light
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Figure 5.5. Maximum electric field amplitude on gold surface at a range of angles.

is approaching from the top face with some angle with respect to normal, and transmitted
light is collected from the bottom face.

Quantum dots, treated as emitters, are located in 10nm proximity of the gold film
and also in 10nm distance with respect to each other. For them, COMSOL needs electric
current dipole momentaAZs magnitude and direction. For direction we already decided to
ignore the x-component and focus on z-direction as itdAZs much stronger in magnitude.
Also what we figured in the previous section was the magnitude of electric dipole moment
which is a static quantity. In order to generalize it to the dynamic case, we multiply this
by the frequency f that it changes over time to get the dynamic quantity of electric current

dipole moment and we call it here ECDM.
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Figure 5.6. Meshed structure of SPPs-QDs coupling.

The coupling strength here between SPPs electric field and QDs shows up in the
number of electrons inside QD that are engaged in oscillations and emission. A factor V is

inserted in front of electric current dipole moment to represent the coupling:

Ne? Ef

m wi — w?+iyw,

ECDM =

(5.8)

For the case of N = 0 or no QD, the simulation is run for reflectance vs. angle of
incidence, for the above mentioned structure; and it would result in part (a) of Figure 5.7.

The next sections of this figure correspond to N = 10, 20,& 30.
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Figure 5.7. Number of emitters, N=0 (a), N=10 (b), N=20 (c), and N=30 (d) in each QD
on gold sensor.

As the number of electrons involved in the coupling increases we see a more pro-

nounced splitting in these curves, which is known as Rabi splitting. The width of this

splitting is a factor of coupling strength. In part (d) of the figure 5.7, we see splitting of

about 10 THz which corresponds to the energy shift of 40 meV.

Similar process is gone through for 50 nm silver replacing gold but keeping the same

arrangement of quantum dots and the results show a much more pronounced splitting with

less number of emitters, see Figure 5.8
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Figure 5.8. Number of emitters, N=0 (a), N=5 (b), N=10 (c), and N=20 (d) in each QD on
silver sensor.

5.3 Dataon QDs

Experimental setup for PL data of QDs which are taken by previous graduate student
in our group, Kunal Tiwari, is shown schematically in Figure 4.3. Working with He-Ne
laser with 632.8nm wavelength and creating surface plasmons on 48nm thick gold film,
we ran an experiment to investigate SPPs-QD coupling. Covering the surface of the same
gold film with CdSe/ZnS quantum dots and creating SPR condition by this red laser that
reaches the sample from the bottom through the prism, would allow us to study SPR effect
on QDs. At the same time a 514nm green laser hitting from air and top side on gold film

at the same spot that QDs are located. The incoming direction of this laser is fixed and its
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Figure 5.9. SPR and PL curve for QD thin film coated at the Bi-WC SPR sensor.

reflected beam is guided through a spectrometer. In no coupling case or before SPR angle
which is at 6;, = 43° for red laser in this case, these quantum dots absorb a broadband
light spectrum and instead emit mainly a red light with Gaussian distribution around that is
centered at ~ 618.7 nm. By getting close to SPR angle, this wavelength suddenly shifts in
value and jumps to ~ 619.3 nm, see Figure 5.9. [29]

This jump corresponds to the energy shift of >~ 2meV’ is obviously due to the change
in band gap of QDs and could be explained using Stark effect, here caused by evanescent
waves created at SPR angle, as it’s been suggested in some articles. According to formula
(23) of this paper [30], the shift in the wavelength based on the stark effect, has quadratic

dependence on electric field.

-9
EnergyShift = TezangQ (5.9
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According to this reference, and above mentioned formula, in which e, (relative
permittivity) and a., = eh?/ue? (Bohr radius of exciton in a semiconductor), depend
on specific type of QD. For typical values of a., & €5, and electric fields in the order of
1keV or so, the shift in the band gap energy is usually about a few meV which is consistent
with our measurements. Of course by increasing the strength of electric field, this shift is
predicted to grow larger and we can check that by running this experiment by another type
of our sensors which has significant difference in the maximum value of electric field at
SPR angle. One good option here could be the use of silver sample, as its E-field according

to simulations is double amount of gold sample.
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Highly Efficient Sunlight Absorber

6.1 Previous Studies on Sunlight Absorbers

Metamaterials that can absorb broadband sunlight with high absorption efficiency
without suffering loss in light absorbance for different polarizations and angle of inci-
dence are important for thermophotovoltaic applications. An additional requirement for
an ideal thermophotovoltaic absorber is that its performance does not deteriorate at high
temperatures. Numerous metamaterial nanostructures have been proposed with absorption
efficiencies in the range of approximately 70%-90% for limited bandwidths of the solar

spectrum. [31-40]
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In recent years, refractory plasmonic metamaterials have emerged as important ma-
terials for energy applications. [41-47] In this regard, titanium nitride (TiN) is an attrac-
tive building block for thermophotovoltaic applications because of its high melting point
(2930°C"), plasmonic resonance in the visible (VIS)-to-near-infrared (NIR) range, chemical
stability, and compatibility with CMOS fabrication. [47-52]

For example, Chirumamilla et al. have studied the feasibility of 3D TiN pillar-based
ultra-broadband absorbers for high temperature applications. [51] Through computer sim-
ulations, they observed a polarization independent average absorption of 94% over a 300-
2300 nm wavelength range for 320 nm diameter and 1500 nm high TiN nanopillars. Simi-
larly, Wang et al. obtained a light absorption of 93% over a 300-900 nm wavelength range
by using TiN-nanopatterns/dielectrics/TiN stack metamaterials. [46]

In another study, COMSOL Multiphysics computer simulations by Li et al. ob-
tained absorption exceeding 87% with an average integrated absorption of about 95% over
the visible range [47]. Liu et al. have performed computer simulations by using the 3D
finite-difference time-domain method for a structure composed of a periodic TiN disk ar-
ray coated with a 220 nm diameter and 50 nm thick TiO2 disk array patterned on a 50 nm
thick SiO; film on a 100 nm thick TiN opaque substrate. They observed a solar weighted

absorptivity of 93% with 1110 nm spectral bandwidth over the UV-VIS-NIR range. [50]

6.2 Suggested Design For The Maximum Absorption

In this section, we talk about a design of new CMOS-compatible metamaterial nanos-
tructure and study its performance as a broadband solar energy absorber by utilizing the
COMSOL Multiphysics software. [14] Our metamaterial nanostructure provides an im-
pressive value of 98% for absorption efficiency integrated over the broadband wavelength

range of the solar spectrum from 250 nm to 1100 nm. To our knowledge, solar absorp-
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tion by the proposed metamaterial is the highest for a broad range of wavelength from 250
nm to 1100 nm. Additionally, the incorporation of an excellent high-temperature dielectric
hafnium-dioxide (HfO,) adds to the functionality of the absorber at high temperatures. [20]

A unit cell of one of the metamaterial nanostructures is sketched in Figure 6.1. It is
composed of a 300nm x 300nm x 100nm TiN base covered with 60-nm thick SiO,. A
TiN disk of 90 nm radius and 50 nm height sits over the SiO, dielectric and is capped with
another disk of a high-temperature dielectric (HfO,) of 90 nm radius and 30 nm height. A
set of six 10 nm radius Au NPs is implanted symmetrically in the near surface region of
HfO,.

A periodic array of such unit cells, with a periodicity of 300 nm, covers the entire
surface of the underlying solar panel. The bottom layer of the unit cell (TiN) provides
Ohmic contact through which absorbed energy is transmitted to the solar panel. Because of
CMOS compatibility and outstanding optical and physical properties, the HfO, dielectric
is of particular interest. [5S3-56] For example, its optical transparency over a wide range
of wavelengths from 250 nm to 2000 nm, high density (9.68 g/cm?), chemical stability,
and high melting point (2758°C') make it an ideal dielectric for high temperature solar
absorbers. We have recently observed superior performance of HfO, as a dielectric for

high sensitivity waveguidecoupled surface plasmon resonance sensors. [17,20]

6.3 COMSOL Simulations on Absorption Efficiency

A mesh used for the simulations presented in this work is sketched in Figure 6.2. It
is a physics controlled extra fine mesh of a free triangular type, in which COMSOL deter-
mines the concentration of the elements according to values of the refractive indices and
dimensions of the materials. Obviously, the mesh is the smallest unit. Periodic boundary

conditions are imposed on the x-z and y-z sides. Light is incident from the top through
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Figure 6.1. Top - the metamaterial structure containing TiN/SiO,/TiN disks/HfO,disks.
Bottom - a unit cell containing six Au NPs.

84



400

nm

IS
S
RIS

K S AN
200 A AR R
~

— 2‘&‘#"& R savavavsd (S,
e\ = a
Sy 7

Figure 6.2. Physics controlled fine mesh of a free triangular type used in COMSOL simu-
lations.

a designated periodic port. A second port is added at the bottom of the cube to transmit
absorbed energy to the underlying solar panel.

The radius and height of each one of the top disks (TiN and HfO,) are optimized to
yield the highest absorption coefficient. Figure 6.3 shows the wavelength dependence of the
absorption coefficient for different radii of the TiN disk. Out of all the simulations which
yielded an absorption coefficient higher than 90% for wavelengths ranging from 0.25,m to
1.1 pm, the 90 nm radius disk provides the highest absorption.

An absorber nanostructure having the optimized disk, in conjunction with 50 nm high

TiN and 30 nm high HfO,, provides the best results. Figure 6.4 shows changes in absorption
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for three different values of the height of the TiN disk. Whereas the nanostructure with 60
nm thick TiN yields higher absorption for wavelengths ranging from about 0.3 m to 0.6 m,
it is the structure with 50 nm thick TiN which performs better for higher wavelengths.

As shown in Figure 6.5, absorption is sensitive to SiO, thickness. For these simula-
tions, only the thickness of Si0, was varied from 50 nm to 70 nm while keeping all other
parameters of the structure fixed at the described optimized values of TiN and HfO,. The
structure with 50 nm thick SiO, provides the highest absorption of up to about 0.5m. In
the mid-wavelength range from about 0.6 to 0.75um, the structure having 70 nm thick SiO,
yields the highest absorption. For longer wavelengths, the structure with 60 nm thick SiO,
yield the highest absorption. The final optimized metamaterial nanostructure consists of
a 300nm x 300nm x 100nm TiN base covered with 60 nm thick SiO,. A 50 nm high
and 90 nm radius TiN disk is placed over the SiO, dielectric. The TiN disk is capped with
another disk of an HfO, dielectric. Six Au NPs, each of 10 nm radius, are accommodated
symmetrically over the HfO, disk.

The results presented in this section are obtained for the final optimized structure of
the absorber. Figure 6.6, shows absorption for vertical incidence (¢ = 0) as a function of
wavelength of the solar spectrum for three different configurations of the unit cell:

1. An optimized unit cell, as shown in Figure 6.1, having symmetrically arranged six

10 nm radius Au NPs,

2. The same unit cell except the fact that this unit cell contains four, rather than six, Au

NPs,

3. The same unit cell without any Au NPs.

In all three cases, it is remarkable that absorption remains higher than 93% for the en-
tirerange of the wavelengths from 250 nm to 1100 nm. The upper range of the wavelength
is chosen keeping in view the energy bandgap of the silicon solar panel. These data clearly

show that doping the unit cell with Au NPs results in a very significant enhancement in

86



€ €
g K9]
2 S
& &
[} [}
o o
o o
c c
2 S
g g
o o
%) %)
Q Q
< 0.92/[~DiscRadius-80nm Vol T 002
7|~ DiscRadius-85nm \ \ : --Thickness: TiNdisc(40nm) HfO2 disc(30nm)
0.91+|—DiscRadius-90nm \ 0.91} |—Thickness: TiNdisc(50nm) HfO2 disc(30nm)
DiscRadius-95nm \\ \ Thickness: TiNdisc(60nm) HfO2 disc(30nm)
0.9 0.9
0.4 0.6 0.8 1 0.4 0.6 0.8 1
Wavelength (um) Wavelength (um)
Figure 6.3. Optimization of disk’s radius. Figure 6.4. Optimization of TiN disk’s thickness.
£ =
[}
g o
© p
5 s
g g
S o
2 2
2 <
-G ; . --without Nano Particles
0.91 \\,/ 73:8% mﬁtﬂgii 28% 0.91 with 4 Gold Nano Particles in HfO2 Disc
' ~-Si02 Thickness: 70nm . —with 6 Gold Nano Particles in HfO2 Disc
0.9 a 0.4 0.6 0.8 1
0.4 Wa?/glength (u?’h% 1 wavelength (um)

Figure 6.5. Optimization of SiO, layer’s thickness. Figure 6.6. Optimization by doping with Au NPs.

absorption at wavelengths ranging from 500 nm to 950 nm. This finding is consistent with
the well-established results that the excitation of localized surface plasmon resonance in
Au NPs enhances optical properties of materials. [17,57-69] However, the wavelength de-
pendence of the relative change in absorption is different from the wavelength dependence
of absorption by NPs themselves.

It is well-known that absorption by 10 nm Au NPs peaks at around 510 nm and
decreases precipitously at higher wavelengths, approaching zero at about 700 nm. [70] In
contrast and as seen in Fig. 6, addition of Au NPs to the unit cell enhances absorption in

such a manner that the relative change in absorption reaches maximum at a much higher

87



wavelength of 670 nm and continues being significant up to about 900 nm. Although the
increase in absorption is due to the addition of the NPs, the process by which absorption
is enhanced appears significantly different from simple absorption of light by the NPs.
An understanding of the precise nature of the mechanism behind this difference awaits

additional research.

6.4 Calculations Using Sun Spectrum on Earth

Figure 6.7 compares the solar spectrum on Earth, with water absorption bands around
0.75 pm and 0.95 pm, and the absorption by our optimized metamaterial. The absorption
by our optimized metamaterial of almost all the visible solar spectra, that is useful for
silicon thermophotovoltaics, is impressive; the magnitude of the largest difference is less
than 6% around 0.45 pym. Not only does this metamaterial exhibit exceedingly high ab-
sorption efficiency (~ 98% integrated absorption for normal incidence), it also exhibits
near-independence from the angle of incidence over a wide range of angles as well as from

polarization of sunlight.

6.5 Indirect Light Absorption

How the absorption changes as functions of the wavelength of the incident light and
the angle of incidence for both p- and s-polarizations of sunlight? This question is answered
in Figures 6.8 and 6.9. It is remarkable that for both polarizations, the absorption coefficient
is predominantly higher than 95% for wavelengths from 0.3 ym to 1.10 gm and for incident
angles from zero (normal incidence) to 60°. At lower angles of incidence (0° — 35°), there
are two narrow bands from about 0.37 ym to 0.47 pm and from about 0.72 pm to 0.76 pm,

where absorption is only slightly lower but remains higher than 92% or so.
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Figure 6.7. The solar optical spectrum on Earth (black), absorption by the optimized meta-
material (red), and difference between the solar spectrum and absorption by the metamate-
rial (dashed blue).

For higher angles, absorption is lower within narrow bands: one around 0.7 ym and
the other above 1 um. Between 45° and 60°, absorption decreases but remains above 85%
for both polarizations, except for small range of wavelengths shown by blue shadows.

If the orientation of a solar panel (for example, in the case of a solar panel mounted
on a spaceship) can be adjusted continuously such that the sunlight falls upon it vertically,

the proposed metamaterial will absorb remarkably 98% of the incident visible energy.
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Figure 6.10. Evanescent electric fields present in two metamaterial nanostructures: one
without Au NPs (left) and another with Au NPs embedded in the material (right).

6.6 Electric Field Strength

As discussed, the incorporation of Au NPs into the nanostructure increases absorp-
tion by the metamaterial primarily because of the excitation of the localized surface plas-
mon resonance. In this context, it is interesting to examine the evanescent fields associated
with these excitations. [17] Toward this, we show in Figure 6.10 evanescent electric fields
present in two metamaterial nanostructures: one without Au NPs and another with Au NPs
embedded in the material. In both cases, p-polarized light of wavelength iz = 0.500 xm is
incident normally along the z-axis.

Figure shows field distributions in the xa4ASz plane of the structures (the plane of
incidence). In the absence of Au NPs, the resonant field is concentrated mostly around the
edges of the periodic array of TiN disks. The resonant field at the edges of the disk is about
6 x 10° V/m for 1 mW incidence power and decays exponentially from the edge of the
disk with a decay length of approximately 0.05 pm. Not only does inclusion of the above-
described Au NPs enhance absorption, it also modifies the resonant field and its distribution

in the nanostructure because of localized surface plasmons around Au NPs. [17,20,57] The
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data in Figure 6.10 (right) clearly show the concentration of the resonant field around Au
NPs, as well as enhanced field distributions at and near the edges of the TiN disks.

Once again, the field around the edges of the disk decays exponentially from the
edge of the disk with a decay length of nearly 0.025 pum. These fields are the highest at
the interface between the metal (for example, TiN) and the dielectric in the nanostructure
without Au NPs.

As stated, the fields decay exponentially with increasing distance from the interface.
When Au NPs are present in the structure, localized surface plasmons are excited at the
interface between Au NPs and surrounding the dielectric, and this gives rise to much higher
evanescent electric fields, as shown in Figure 6.10. This is reinforced by the previous
simulations, where the presence of the Au NPs in the structure further enhances absorption
of sunlight because of localized surface plasmons at the metal/dielectric interface in the
material.

Our choice of HfO, as an excellent high-temperature dielectric for the proposed
metamaterial nanostructure, compared to another CMOS compatible dielectric (Si3Ny), is
supported by the data shown in Figure 6.11. Here, we examine the changes in the relative
absorption for a structure in which the HfO, disk is replaced by a Si3N, disk.

We define relative absorption by

AL — Ay

Ry=—7"—

A AQ Y
where A; and A, are the absorptions by metamaterial structures having HfO, and Si;Ny
disks, respectively. SizNy is also an excellent CMOS-compatible dielectric with optical

transparency from ultraviolet to infrared (250-900 nm), a relatively large refractive index

(1.91@Q\ = 632.8nm), thermal stability, and good insulating properties. [19,71,72]
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Figure 6.11. Relative absorption for disks using Si3N, and HfO,.

It is widely used by the microelectronics industry as oxidation masks, protection and
passivation barriers, gate dielectrics, etc., using the procedure outlined above. These data
show that the metamaterial structure with the HfO, disk performs better as an absorber of
sunlight for wavelengths from 250 nm to about 600 nm and much better in the near IR
range of wavelengths from about 900 nm to 1100 nm. From about 600 nm to about 900

nm, the metamaterial having the Si;N, disk outperforms the structure with the HfO, disk.
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Conclusions and Future Work

Surface plasmons are a powerful and important phenomenon with applications in medical
and biophysics as an extremely powerful sensors. The focus of this dissertation was mainly
on how we can improved the structure of these sensor, operating them in the region that
give us the highest sensitivity and simulate the strength of evanescent field that they create.

Optimized cases for both Kretschmann and grating structures show that the SPR
signal is the best for Kretschmann configuration and it can be even improved if we go to
multilayer structures combining metals and waveguide. Depending on the index of material

we want to detect, we need to choose specific value of the prism index and thickness of
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Figure 7.1. M-UTRSO0 rotation stage by Newport™.

metal. Doing so can give us sensitivities of around 200 degrees that makes these structures
a good candidate for applications in biology and medical detectors.

For future work, we have several plans that can be run simultaneously. Fist could
be the study of temperature effect on the quality of SPR signal. Primary simulations by
COMSOL shows that in general the signal gets enhanced by going to lower temperature
as it intuitively makes sense since at lower temperatures resistance of the metals becomes
even lower and surface charges can move more freely.

Another project could be to study and test the effect on SPR on catalytic properties
of copper sensor, when exposed to certain chemical and biological interactions. We’ve
already made measurements on single Cu and Ag/SizN,4/Cu sensor and they both show
good SPR effect, especially the results with stack configuration is promising and the signal
is pretty good. So we can move forward with providing this condition at the same time that
a chemical interaction is happening at the presence of copper surface as a catalyst.

In addition we saw that due to lack of precision in angle measurements, we weren’t

able to detect concentration of glucose for lower than 1%, but by enhancing our setup by
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purchasing a more sophisticated rotation stage, e.g. Figure 7.1, we can detect the change in
concentration as much as 0.02% which would be enough to for example identify the change
in glucose level of blood in a short period of time and in a very cheap and reliable way.
And at last, we are capable of testing the results of simulations for the interaction
between surface plasmons and QDs for gold sample. This experiment includes using a
white light that provides the wavelengths from 400 to 700 nm and by using this light as the
source to generate surface plasmons. Through the interaction with QDs we can determine
whether there is going to be a single or double minimum in the reflection off of gold sensor,

which specific Quantum dots are located on top of it.
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