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Summary

Surface plasmon polaritons are commonly used in chemical and biological applications. The physical
applications of surface plasmon polaritons are less common, but promises to be useful in nonlinear
effects such as frequency doubling.

The propagation length of a surface plasmon polariton is low (typically 10 to 100 um) due to
absorption, radiation and coupling. The propagation length might be longer for long wavelengths.
The goal of this experiment was to excite surface plasmon polaritons at thin films of metal in the
Kretschmann configuration with a mid-infrared optical parametric oscillator.

The metals used are thin layers of aluminium, copper and gold in the range of 12 to 36 nm deposited
onto a lithium niobate wafer. The wafer is attached to a gadolinium germanium garnet prism with
the use of immersion oil. The excitation of a surface plasmon polariton is detected by measuring the
angular reflectivity spectrum of the configuration.

The goal of this research is achieved, the determined propagation lengths (if only Ohmic losses are
taken into account) are in the range of 20-200 um, which can be concluded from measurements of
the angular reflectivity curve and calculations based on Fresnel’s equations.
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1 Introduction

1.1 Introduction to SPPs

Surface plasmon polaritons (SPPs) are electromagnetic waves bound on the interface between a
dielectric medium and a metal. These are used for detecting molecular absorption [1] or for example
the detection of gas [2] . The waves consist of electromagnetic waves in the dielectric medium and
electron oscillations in the metal (Figure 1.1a). Because of this combination SPPs can only propagate
along the surface between these two media.

The fact that SPPs only propagate along the surface does not mean that the (electric) field inside the
media is zero. In fact, the magnitude of these fields is exponentially decaying in the z-direction
(Figure 1.1b).

Due to Ohmic losses, radiation and scattering the propagation length of a SPP is short (typically 10-
100 pum [3], maximum propagation lengths are in the order of ~ 1mm [4]). The research field of long
range ( >100 um ) plasmons is young and strong excitation of SPPs with coherent mid-infrared
sources is rare, especially with an OPO. Excitation of SPPs in lithium niobate ( LiNbO; ) has not yet
been achieved and achieving this excitation would be very important progress in the research field of
plasmonics.
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Figure 1.1a: Schematic view of a SPP propagating in the x 1.1b: The magnitude of the electric field in the z-direction.
direction at a metal/dielectric interface [3].

1.2 Problem statement

The main goal of this research was to excite surface plasmon polaritons using a coherent mid-
infrared light source. The project was divided into sub goals:

- Excitation of surface plasmon polaritons at a wavelength of 1064 nm in the so-called
Kretschmann configuration with a calcium fluoride prism with a 50 nm layer of gold
deposited onto it and with an aluminium layer deposited.

- Excitation and detection of surface plasmon polaritons with a Gadolinium Gallium Garnet
(GGG) prism on films of different metals of various thicknesses deposited onto a lithium
niobate substrate in the near and mid IR wavelengths of 1.064 um and 2.33 um respectively.

The motivation for the use of 2.33 um is to excite surface plasmon polaritons with a long (more than
100 um) propagation length.



2 Theoretical aspects

2.1 Properties of SPPs

A SPP is an electromagnetic wave as depicted in Figure 1.1a, and can thus be described by Maxwell’s
equations. As shown in Appendix A, the wave vector of the SPP depends on the dielectric constants
of the materials used (€; and €;) and the frequency (wspp) of the wave:

o2 =< €1€; )wSPPZ (2.1)
x.SPP €, +€,/ c?
2 2
€1 Wgpp (2.2)
k?pp = — orz<0
Z,SPP < e+ 62> 2 f
2 2
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where c is the speed of light, x is the propagation direction along the interface, z is pointed
perpendicular to the interface as shown in Figure 2.1.

Figure 2.1: Interface between material 1 with the dielectric constant €1 and material 2 with €2.

Looking at equations 2.1-2.3 in order to obtain propagation in the x direction (R(k, spp) > 0) but
not in the z direction (R(k, spp) = 0), two additive conditions can be set:

R(eg-€,) <0 (2.4)
and

R(e; +€5) <O0. (2.5)
The only combination of two media capable of fulfilling these two conditions is a combination of a
complex valued €; with a negative real part, such as a metal, and a positive real valued and frequency
independent €,, such as a dielectric material.

2.2 Excitation of SPPs

In order to excite surface plasmon polaritons both the value of the wave vector and the frequency of
the SPP and the incoming wave have to be the same, which is called phase matching. What we want
to derive is the point at which phase matching takes place. The two dispersion relations, of the SPP
and the light in the dielectric intersect and energy transfer between the incoming wave and the SPP
is most efficient (SPP resonance).

The dielectric constant of a metal can be approached by the Drude model (see Appendix B):

wpT? (2.6)
14 wgpp’1?
where Tis the relaxation time of the free electron gas and w,, is the plasma frequency.

€1(wspp) =1 —

Combining equations 2.1 and 2.6 gives the dispersion relation of a SPP. In Figure 2.2, both dispersion
relations are plotted.



The wave vector of the dielectric (kq) is given a:

[
kq =\/e_2.? (2.7)

where ¢, is the (real) dielectric constant of the dielectric material.
In the following example a SPP will be excited in the Kretschmann configuration with a prism of glass,
a metal layer on top of it in air. €, in this example is air and ¢, is the dielectric constant of the metal.
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Figure 2.2: Dispersion relation of SPP waves propagating at the air/metal interface [3].
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Figure 2.3a: Dispersion of light in air and in glass. b: Components of the k vector in air, glass and resonant k, vector. c: The
maximum magnitude of the k, vectors.

In Figure 2.2 the linear solid lines are the dispersion relations for light in air and glass respectively.
The nonlinear curve depicts the dispersion for a SPP (according to the Drude model) at an air/metal
interface (2.6 and 2.1 combined). w, is the plasma frequency of the metal and is a constant. The
dashed horizontal red line is asymptotic value w,, which the SPP curve will reach for large k, vectors.

w
lim wg, = P (2.8)
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The SPP is excited by energy and momentum matching (phase matching) between the incident
electromagnetic wave in glass and the electron density oscillators in the metal. w .. is the frequency



of the incident light in air. If there is only an air/metal interface such as in Figure 2.4a then the phase
matching condition cannot be fulfilled. The reason is that the SPP curve cannot intersect the
dispersion curve of light in air because the magnitude of the k,;, vector of light in air is constant and
lower than the ks vector needed for SPP excitation, compare the size of the black vector in Figure
2.3c with the red. The dispersion relation of light in air in Figure 2.2 cannot intersect the SPP air curve
because of this. They only intersect at k,=0 where there is no solution for a wave at all.

If we add a layer of glass in the form of a prism like in Figure 2.4b then the k vector in glass will be
larger than the k vector of light in air, see Figure 2.3a. Because the size of the k vector in this
configuration becomes kgrism and can be made larger than k.. by choosing an appropriate high index
for the prism, material resonance can be provided. The slope of the dispersion relation of glass can
be varied by changing the angle of incidence until it intersects with the SPP air curve at the point
Wser and achieve phase matching.
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Figure 2.4a: A metal sandwiched in air. b: Air, metal, glass layer

There are several more ways to match the wave vectors, for example by using a grating. The two
principles making use of a prism made out of a third medium are the Kretschmann- and the Otto
configuration (Figure 2.5a and 2.5b), [5]. The Otto configuration makes use of an air layer between
the metal and the coupling prism. An evanescent wave is generated at the air/prism interface. This
wave will bridge the air gap and reach the metal layer where it can excite a SPP. In the Kretschmann
configuration the gap is made out of metal and a SPP will still be excited at the air/metal interface. In
our experiment the Kretschmann configuration was chosen because of the practical difficulties of
providing an air gap with reproducible thickness in the Otto configuration.
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Figure 2.5a: Otto Configuration. b: Kretschmann configuration.  L=laser, D=detector, M=metal layer. [2]

2.3 Detection of SPP's

The detection of SPP’s can be done in several ways. The fact that a light wave can couple to a SPP
does on one hand mean that SPP’s can be excited by the incident light under a certain angle 6. On
the other hand however, it also means that SPPs can couple light back into the prism. This emitted
light can be detected. Also scattering losses due to impurities at the interface will cause the SPP to
emit light, though at different angles than 8 which might be detected as well.



Another way of detecting SPPs is by using an Atomic Force Microscope (AFM) positioned near the
surface where the SPP should be excited, with which the electric field can be detected.

In our experiment, the reflected light has been detected in dependence of the angle of incidence in
the Kretschmann configuration. For angles larger than the angle of total internal reflection, the light
is completely reflected unless the light couples to a SPP. The excitation of a SPP results in a lower
intensity of the reflected beam.

2.4 Propagation length

As a SPP propagates along the surface, it loses energy to the metal due to absorption, scattering by
impurities and radiation back to the coupling prism. The propagation length is defined as the
distance for the SPP intensity to decay by a factor of 1/e.

A deeper dip in the reflectivity against angle of incidence means that more power can be transferred
to the SPP, but the higher power does not affect the propagation length.

Typically the propagation losses of a SPP are high, resulting in low propagation lengths of order 10 to
100 um. The absorption is described by the imaginary part of the dielectric constants of the metal
used. The propagation length of the SPP due to absorption (Sspp 4) can be derived in the following
way [6]:

(2.9)

3
5 1 < (ER(em) + Ed>? R(em)?

SPPET 2 Skspp) @ \R(em) - €4 3(em)
with the assumption that the dielectric is loss free ( J(eq4)=0).

An indication for the propagation length due to the radiation back into the coupling prism is the
angular width of the dip in the reflection curve, a wider dip means that resonance also occurs at
angles slightly different than the resonance angle. The result is not only that SPP’s can be excited at
these angles, but also that radiation back into the prism takes place at more angles.



2.5 Fresnel's equations

In order to determine the propagation length (due to Ohmic losses) of the SPPs (equation 2.9), the
dielectric constant of the metal and of the dielectric medium have to be determined. One way to
calculate these is by use of the Fresnel’s equations. The reflectivity of a configuration of multiple
layers can be calculated with the Fresnel’s equations, described in Appendix C. An example of the
calculated reflectivity versus the angle of incidence is shown in Figure 2.6 for the specific case of a 50
nm gold layer deposited on a calcium fluoride prism.

Reflectivity of 50nm gold layer on CaF2 at 1 micron

R (arb units)

0.2
43 43.5 44 44.5 45 45.5 46 46.5 47
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Figure 2.6: The angular reflectivity spectrum of a 50 nm thick layer of gold deposited onto a calcium fluoride prism. On
the horizontal axis is the angle of incidence with respect to the metal surface, the vertical axis gives the reflectivity.

It can be seen that at an angle of approximately 45.2 degrees a minimum in the reflectivity occurs. In
comparison to this SPP resonance should theoretically occur at an angle (fg.s) where the x-
component of the dispersion relation of the calcium fluoride prism and the dispersion relation of the
SPP match:

. €163 (2.10)
€ - 5in(Oges)? = ( )
caF2 (Bres) et 6,
In this formula, €42 is the dielectric constant of the prism, 6y, is the angle of resonance and €;and
€, are the dielectric constants of gold and vacuum.

The solution of equation (2.10) predicts the generation of a SPP at an angle of incidence of 0=
45.167 degrees. This value is, the errors in precision of the dielectric constants used taken into
account, in agreement with the angle where the dip was observed in the Fresnel calculations (Figure

2.6).

Secondly, Figure 2.6 shows a discontinuity at an angle of incidence of 44.17 degrees. This
corresponds to the angle of onset of total internal reflection. In a simple configuration of two layers,
the reflectivity of the system should be equal to one for angles larger than the angle of total internal
reflection. In this case however, the incoming wave loses energy due to Ohmic losses in the metal,
causing the reflectivity to be somewhat lower.



3 Experimental aspects

3.1 Method of research

In this experiment, a SPP can propagate along the surface between a metal (silver, gold or copper)
and air. The metal is deposited onto a lithium niobate substrate, which can be put onto a Gadolinium
Gallium Garnet (GGG) prism or a calcium fluoride (CaF,) prism. The SPP will be excited by a laser with
a wavelength around 1 um and by an optical parametric oscillator (OPO) around 2.3 pm.

The SPP can be detected by a dip in the angular reflectivity spectrum. The angle of the minimum of
the dip is larger than the critical angle of total internal reflection and characterises the maximum
resonance.

The minimum of the dip corresponds to a maximum of the SPP resonance, which will only occur
under a certain angle. At maximum resonance the photons couple strongest to the electron
oscillations. To find this angle experimentally, the angle of incidence, between the beam and the
normal of the metal surface is systematically varied while the intensity of the reflected beam is
recorded with a photodetector.

If the excitation wavelength increases, the losses in the metal will decrease (see equation 2.9). This
results in a longer propagation length and is the reason why, in this research, we aim to generate a
SPP with a mid-IR excitation wavelength. Propagation lengths had to be calculated before a choice of
possibly suitable metals could be made which have high propagation lengths.

3.2 Experimental setup

Three different metals (gold, copper and aluminium) were each deposited onto a lithium niobate
substrate. The choice of metals is based on the calculated propagation lengths (for Ohmic losses only
taken into account) with the aid of formula (2.9). The calculated values are 1.76 mm for aluminium,
1.22 mm for gold and 0.84 mm for copper. These values were calculated for a wavelength of 1064
nm. There are metals with higher propagation lengths than copper (such as molybdenum and silver),
but the choice for copper was based on the fact that the material is not widely used for plasmonic
experiments and might lead to interesting results.

The substrates used in these experiments were made of lithium niobate. As the refractive index of
lithium niobate is relatively high (around n=2.2 at a wavelength of 2330 nm), and to avoid having to
use lithium niobate in the form of prisms, the decision has been made to accomplish input coupling
with a prism of Gadolinium Gallium Garnet (GGG). The GGG prism has a relatively high refractive
index (n=1.94 at 1064nm and n=1.925 at 2330nm [7] ) and therefore allows a big range of k, values
compared to fused silica glass or other common coupling materials. The metal coated substrate is
attached to the prism by immersion oil (with unknown refractive index). The oil has been used to
lower the index step at the GGG/lithium niobate interface.
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Figure 3.1: Schematic representation of the experimental setup.

The setup used to measure the reflection curve of a certain layer mounted on the prism is displayed
in Figure 3.2. The laser used was an Ytterbium fibre amplified diode laser at a wavelength of 1040
nm. An optical parametric oscillator (OPO) could be used to generate laser light of 2330 nm. An
optional high-pass filter in combination with this OPO made it possible to switch between the two
wavelengths.

After the long-pass filter, reflective filters were placed to decrease the intensity of the beam.
Together with a chopper to create pulses this was found necessary to avoid saturation of the
photodetectors.

Due to power fluctuations of the OPO of about 20% in less than a second, measurements on the
intensity of the incoming beam had to be done as a reference. For this purpose a part of the laser
beam was reflected to photodetector 1 using a polarizing beam splitter (PBS) and a half-wave plate.
The PBS splits the light into two transverse polarization components, while the ratio of the intensities
of these could be set with the half wave plate. SPPs are p-polarized, which means that the electric
field is pointing in the plane of incidence and the magnetic field perpendicular to this plane (as
described in Appendix A). Therefore SPPs can only be excited with p-polarized light. In order to give
the best measurable dip in the angular reflectivity spectrum the s-polarized light must be filtered out.
This has been done by adjusting the half-wave plate.

Divergence would broaden the width of the dip in the angular reflectivity spectrum. With use of the
telescope the divergence of the beam at the prism surface has been be minimized. As a side aspect,
the telescope reduced the size of the beam, maximizing the part of the beam that couples into the
prism.

The prism was placed coincident with the rotational axis of a rotational stage (Thorlabs CR1-Z7), with
which the angle of incidence could be varied. The reflected beam was detected with a photodetector
(Thorlabs PDA30G) beyond a lens (f=25 mm), mounted onto a second rotational stage (Thorlabs CR1-
Z7) coaxial with the first rotational stage. The surface of the prism and both rotational stages are
coaxial with an estimated error of 2 mm.
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Both the rotational stage of the prism and the rotational stage of the detector were motorized and
controlled by LabVIEW. The automatic recording increased the overall recording speed significantly
at high angular resolution. A maximum recording speed is of importance in view of drift in
experimental performance, such as the output parameters of the radiation of the OPO.

3.3 LabVIEW program

The LabVIEW program used to measure the angular reflectivity spectra controlled the two rotational
stages and measured the voltages of the two photo detectors using a LabVIEW data acquisition set.

The angle of the prism to the incoming beam had to be calibrated before recordings could be done.
At an angle of incidence of 45 degrees, the laser beam hits the surface of the prism at an angle of 90
degrees to the surface of the prism. A part of the light was reflected and this beam then overlapped
with the incoming beam.

The detector stage turned out to be moving at random moments due to an error in the driver
software. The calibration had then to be done again, which implies that also the prism had to be
calibrated again. Calibration of the detector stage by removing the prism from the stage turned out
to lead to errors in the position of the prism. This was avoided with calibration by setting the prism at
a certain angle, with which the angle of the reflected beam to the incoming beam could be
determined as to two times the angle of incidence. The program started with scanning a range of
angles around the manually found value while measuring the intensity of the beam and the angle at
which maximum power occurred was then taken as the angle of the detector.

After this calibration the angle of incidence could be set as described, and the detector arm was set
at twice the angle of incidence (which from now on will be called the calculated angle of the beam).
In order to make sure the prism and the detector stages were at the right angles, the positions of the
stages were compared to the positions they should have. If they did not agree the stages were
moved again, and this procedure was repeated until the stages had the right angle with an error of
0.01 degrees. The LabVIEW data acquisition set then measures both the voltage output of the
photodetector placed at the incoming beam (as a reference) and the voltage output of the
photodetector placed at the reflected beam.

Besides the need of the chopper to avoid the photodetectors from saturation, the intensity
measured with the photodetectors was more accurate due to the (approximately) square wave of
power versus time. The amplitude of this wave was assumed to be proportional to the power of the
laser beam. The minimum value of the power is higher than zero due to background light, whereas
the maximum value of the power is the power of the beam plus the background light. By taking the
amplitude of the square power wave only the power of the beam was taken into account.

The fluctuations in the power of the incoming beam (due to fluctuations in the OPQ) had a strong
influence on the measured intensities. However it was observed that these fluctuations occur at
(random) time-intervals, with time-intervals of little fluctuations of power in between. In order to
find such intervals of little fluctuations the intensity of the beams was measured five times in a time
span of 0.5 seconds. Only if the five measurements of the power of the incoming wave were the
same within a range of 5 percent of the mean intensity the mean value of the measured ratios
between the reflected beam and the incoming beam was taken to be the ratio of intensities.

Due to the use of filters, lenses and other optical elements the measured ratio of power was
proportional to the reflectivity coefficient. Because of this, the recorded angular reflectivity curves
were normalized to fit for example calculated angular reflectivity curves.
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4 Results

4.1 Angular reflectivity spectrum of a 50 nm Gold film deposited onto a calcium fluoride
prism

In order to measure the angular reflectivity spectrum of this configuration the angle of incidence was

set with a rotational stage. With a power meter (Newport 841-PE) the power of the reflected beam

was measured. As indicated in Figure 4.1 the angle of incidence is defined as the angle of the
incoming beam in air to the normal of the sample.

\ Incoming
beam

8 = Angle of incidence

Prism

Beam without
refraction

Y
5] Normal to
™~ sample

Sample
Figure 4.1: Definition of angle of incidence.

With the refractive indices (n=1.30824 for calcium fluoride, n=1 for air and n=0.27668+7.1706*i for
gold) [8]) and Fresnel’s equations the angular reflectivity spectrum has been calculated. In Figure 4.2
both the measured reflectivity (blue) and the calculated angular reflectivity spectrum (green) are
displayed.

CaF2+50 nm Au at 1064 nm
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Figure 4.2: The theoretical and measured angular reflectivity spectrum of a 50 nm thick layer of gold deposited onto a
calcium fluoride prism. The incoming laser beam had a wavelength of 1064 nm.
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As can be seen, the location of the dip in the calculated angular reflectivity spectrum is located at the
angle where a dip in the measured angular reflectivity spectrum has been observed. However the
measured reflectivity is systematically lower than the theoretical values. This is assigned to the fact
that the theoretical curve does not take all losses into account, such as scattering due to the finite
surface roughness of the involved surfaces.

At an angle of approximately 45 degrees a minimum occurred in the reflectivity. This strongly
indicated SPP resonance and thus the excitation of a SPP. The conclusion that can be drawn from this
result is that SPP resonance can was achieved with this setup.

The theoretically expected value of the width of the dip in the angular reflectivity spectrum is smaller
at a wavelength of 2330 nm than the width of the dip at 1064 nm. Finding and measuring this dip
requires a higher angular resolution than in Figure 4.2

4.2 Divergence of the beam

At higher angular resolution, it turned out to be of importance to investigate effects such as the
divergence of the beam. The incoming beam has a certain divergence, which results in a range of
angles of incidence at the surface of the metal sample. With the manual recordings the whole beam
(or at least 90% of the intensity) was detected due to the relatively large area of the detector (113
mm?). Every data point in Figure 4.2 does therefore not correspond to one angle, but to a range of
angles.

For the automated recordings, a Thorlabs PDA30G photodetector with a width and height of 3 mm
was used to process the recorded data automatically. A slit (with a maximum width of 0.25 mm) was
placed between the prism and the detector at a distance of 51 mm to the rotational axis of the
stages in order to decrease the range of measured angles of incidence for each measurement to
0.005 degrees. With this slit in front of the detector the power of the beam at a wavelength of 2330
nm versus the angle of incidence has been measured (Figure 4.3). The power has been normalised to
the maximum power of the beam.
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Figure 4.3: The power of the beam as function of the angle of incidence (theta).



14

As can be deduced from Figure 4.3 the beam profile has a half-power beamwidth of 0.508 degrees
(relative to the angle axis of the rotational stage). This value is more than 100 times the range of
angles measured for each data point, the range of angles measured at each position of the detector
is thus dependent of the size of the slit rather than on the divergence of the beam.

A second conclusion which can be deduced from the beam profile in figure 4.3 is the importance of
measuring the power of the reflected beam at the right angle. An error in the position of the
detector of for example 0.234 degrees would have caused an error in the measured intensity of 50
percent relative to the maximum value of the intensity.

4.3 Measurements on the blank calcium fluoride prism

Our setup, described in Paragraph 3.2, measures the intensity of the beam at twice the angle of
incidence to the normal of the metal surface with regard to the rotation axis of the rotational stage
(from now on this method will be referred to as the fast method).

This method of recording turned out to cause some problems. Due to refractions in the prism and
alignment errors, the reflected beam did not always propagate from the middle of the rotational
stages, as is shown in Figure 4.4,

s N;i Photodetector

% - Incoming beam

\ /L calculated path

Real reflected
path

Prism
Sample

Rotation axis of
rotational stage

Figure 4.4: Mismatch of the measured beam.

As it turned out, this mismatch has been the cause of systematic errors in the angular reflectivity
spectra recorded in further experiments. The power profile of the reflected beam formed a Gaussian
distribution with the maximum value at the real reflected beam (as defined in Figure 4.4) Due to the
mismatch, the measured intensity with the photodetector placed at the calculated path was lower
than the maximum value. This mismatch will be higher for angles of incidence further away from the
angle of incidence at which the detector has been calibrated. The fast method thus gives a lower
reflectivity at angles further away from to the angle of incidence at which the detector has been
calibrated.

With the automated setup, a second way to measure the angular reflectivity spectrum was done by
setting a certain angle of incidence and then scan a range of angles around the predicted angle. The
resulting data points form the angular power profile of the reflected beam at this specific angle of
incidence. With this profile the maximum power of the reflected beam was calculated. This
procedure was repeated for different angles of incidence, and the angular reflectivity spectrum was
then plotted. This method of recording data will be referred to as the slow method.
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Although the slow method was more precise in measuring the reflectivity at a certain angle of
incidence, the fast method was preferred because of random fluctuations in the radiation
parameters of the OPO. To decide which method to use in further experiments, the results of both
methods were compared. The angular reflectivity spectra obtained with both methods are plotted in
Figure 4.5.

CaF2 at 1064nm
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Angle of incidence in degrees

Figure 4.5: Angular reflectivity spectra recorded with the slow and the fast method, using as sample the surface of a
blank calcium fluoride prism at a wavelength of 1064 nm.

It can be seen that the angular reflectivity spectrum measured with the fast method shows the same
curve as measured with the slow method within a range of reflectivity of 0.2. Besides this, the curve
measured with the fast method shows nearly no derivation from one at higher angles whereas the
measured angular reflectivity curve obtained with the slow method does show fluctuations of about
0.2.

The recorded data with the slow method should have shown fewer fluctuations than the fast
method. The cause of these fluctuations was ascribed to a not-Gaussian beam profile. In order to
measure the amplitude of the reflected beam, a Gaussian distribution was fitted to the measured
angular power profile of the reflected beam. The amplitude of this Gaussian distribution was taken as
the power of the reflected beam. A not-Gaussian power distribution of the reflected beam can have
led to a big error in the calculated reflectivity curve.

Taking all this into account, the fast method has been chosen to measure the angular reflectivity
spectra of the following samples.

4.4 Excitation of SPPs with a 50 nm gold film deposited onto a calcium fluoride
prism

The angular reflectivity spectrum of the calcium fluoride prism with a 50 nm thick gold film used in

the first experiment which is measured manually could now be measured automatically with a higher

resolution. Still the wavelength used was 1064 nm, and therefore the angle at which SPP resonance
was calculated was the same (around 45 degrees).



16

In Figure 4.7 the measured curve is plotted together with the same theoretical curve as used in
Figure 4.2.
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Figure 4.7: Theoretical and measured angular reflectivity spectra of a 50 nm gold film deposited onto a calcium fluoride
prism at a wavelength of 1064 nm with the automated setup.

As can be seen the position and the depth of the dip fits the theoretical curve rather well. However,
the measured curve shows an overall decaying function. If Figure 4.7 is compared with the same
measurement for the slow method then the slow method shows no decaying. This is clearly a
disadvantage of the fast method. However, the decaying function does not influence the angle at
which SPP excitation occurs, and still the general shape of the dip can be observed.
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4.5 The GGG prism

In order to compare later results with theoretical values, first the material properties of the prism,
oil, lithium niobate and various metals have to be determined. The measurements in this paragraph
were done with the Ytterbium-fibre pump laser in combination with the OPO, in order to measure
with a near infrared wavelength of 1040 nm as well as with a mid-infrared wavelength at 2330 nm.

In this paragraph the refractive index of GGG is determined for the two named wavelengths. The
refractive index of GGG can be calculated from a measurement of the critical angle. This angle has
been observed by measuring the angular reflectivity spectrum of the GGG prism.

The first thing that is being plotted Figure 4.8 and 4.9 is the measured angular reflectivity spectra, as
shown in blue in. The second step is to use the Fresnel equations together with the refractive index
values from literature to calculate and plot the green coloured theoretical curve. The refractive index
of GGG at these wavelengths [7] is 1.945 at 1040 nm and 1.925 at 2330 nm. In red are the angular
reflectivity spectra plotted which give the best fit to the experimental data by adjusting the refractive
index as parameter. A theoretical curve with refractive index of the GGG of 1.9484 at 1040 nm and
1.928 at 2330 nm fit the data best.

GGG at 1040nm
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Figure 4.8: Angular reflectivity spectrum of the GGG prism at a wavelength of 1040 nm
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GGG at 2330 nm
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Figure 4.9: Angular reflectivity spectrum of the GGG prism at a wavelength of 2330 nm

As can be seen in both figures, the critical angles for total internal reflection of the GGG prism at
both wavelengths match the theoretical critical angles determined with values found in literature in a
range of 0.5 degrees.

The two values for the refractive index of the GGG from the fitted (red) curve will be used in further
analysis.

Comparing the measured and the theoretical curves, the measured reflectivity for angles lower than
the critical angle for total internal reflection was higher than the theoretical reflectivity predicts. It
could be possible that the measured intensity was indeed higher than the theoretical reflectivity at
these angles, but it could also have been that the measured reflectivity at higher angles was lower
than the theoretical curve at points above the critical angle. This would then influence the
normalization, resulting in the displayed changes of the slopes between the curves.

4.6 Lithium niobate attached to a GGG prism with a film of immersion oil

For the main experiments, various different metal films were deposited onto a lithium niobate wafer.
The wafer was then attached to the GGG prism using immersion oil. In order to investigate the
influence of the attachment of these two layers, namely the lithium niobate and the oil layer, the
angular reflectivity spectrum of this system; the GGG prism attached to a layer of oil of unknown
thickness followed by a layer of 0.2 mm lithium niobate has been measured. In Figures 4.10 and 4.11,
the measured and the theoretical angular reflectivity spectra of this system are given for a
wavelength of 1040 nm and 2330 nm. What is peculiar is that the measured curves show ripples in
the angular reflectivity spectrum.
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Figure 4. 10: Angular reflectivity spectrum of the system Figure 4.11: Angular reflectivity spectrum of the system
GGG-0il-LINbO3 at a wavelength of 1040 nm. GGG-0il-LiNbO3 at a wavelength of 2330 nm.

The ripples in the angular reflectivity spectrum were caused by interference of the reflected waves
inside the thin layer of oil and the layer of lithium niobate. In order to determine what caused the
ripples a theoretical curve was modelled in which the thickness and refractive index of the lithium
niobate and oil were used as a parameter.

Neither the refractive index nor the thickness of the layer of oil was determined, and the theoretical
curves shown in Figures 4.10 and 4.11 were calculated using a refractive index of 1.5, which is typical
of immersion oils [9]. The thickness of the layers was chosen to fit the data.

The influences of the refractive index and the thickness of the lithium niobate are small compared to
the influence of the immersion oil. The period of the ripples caused by the lithium niobate was
approximately 5 times as long as the period of the ripples due to the oil film. The amplitude of the
ripples caused by the lithium niobate was less than half the amplitude of the ripples caused by the
immersion oil.

After the measurement the thickness of the layer of oil could be calculated to 0.054 mm in the setup
for the wavelength of 1040 nm and 0.032 mm for 2330 nm. This difference in thickness between the
1040 nm and 2330 nm measurement are due to a change of the amount of oil used for the two
measurements.

For angles higher than the critical angle all light should reflect back, and the ripples should not be
present. The fact that in these measurements the ripples are still present above the critical angle
means that not all the light was reflected. This could be caused by s-polarized light present in the
incoming beam. Even though a beam splitter in combination with a half wave plate has been used, s-
polarized light could still be present, and could interfere in the oil-layer.

The thickness of the oil film changed every measurement. For a full modelling of the measurements
in systems containing more layers, all parameters would have to be found. The layers of oil and
lithium niobate only cause ripples with reflectivity changes small comparable to the change in the
reflectivity due to SPP resonance (approximately 20 percent of the depth of the dip). In the
experiments with a metal film deposited onto a LiNbO; wafer the measured curve was fitted by the
theoretical curve of a system of GGG, metal and air, hereby ignoring interference in the oil film.
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4.7 Metal films onto Lithium niobate, attached to a GGG prism with a film of

immersion oil

In Figure 4.12 two curves are plotted. The blue curve gives the measured ratio between the intensity
of the incoming laser beam and the intensity of the reflected beam from a configuration GGG-oil-
lithium niobate- aluminium-air. This curve was normalized in order to fit the calculated curve.

The red curve gives the calculated reflectivity of the configuration GGG-aluminium-air. The following
parameters have been used to calculate the red curve: a thickness of 12.9 nm of the aluminium layer
was measured with a profilometer (see Appendix E), the refractive index of the prism has been
determined in the previous paragraphs (n = 1.945) and the refractive index of the aluminium was
found in literature (i = 1.39438 4+ 9.9727 - i) [10].
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Figure 4.3: Theoretical curve (red) and measured ratio between the photo detectors (blue).

As can be seen in Figure 4.12 the angle of maximum SPP resonance is the same for the model as for
the measured ratio. However, there are some differences. First the measured data is zero for angles
lower than approximately 8 degrees. We found that this is because the detector blocked the
incoming beam for these small angles. Secondly, the measured curve shows an increasing trend for
angles in the range 9-16 degrees. We address this to the mismatch in the angle of the detector for
the calculated position of the beam and the angle corresponding to the real position of the maximum
of the beam.

Then, at angles around the SPP resonance, the amplitude of the measured dip is lower than the dip
in the calculated angular reflectivity spectrum. As a possible explanation the calculations have been
based on the ideal case of a perfectly p-polarized plane wave. In the experiment, the beam might
have been partly s-polarized, causing a higher reflectivity at all angles of incidence (whereas the
theoretical curve does only account p-polarized light). After normalization of the measured data, the
average value was matched to the average value of the theoretical curve, but the reflectivity at the
angle where SPP resonance occurs was too high in comparison to the calculated reflectivity.
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By fitting a theoretical curve to the measured curve with the appropriate parameters, the complex
refractive index of this aluminium sample was determined to a value of fi;; = 1.409+9.9-i (at a
wavelength of 1040 nm) and the thickness of the layer was 12.9 nm. The maximum propagation
length of a SPP if only the Ohmic losses would have been taken into account is given in equation
(2.9). With the dielectric constant of air assumed to be one (and thus the losses in air been
neglected) and the dielectric constant of aluminium being calculated with use the relation € = fi?,
the maximum propagation length of a SPP excited at this sample could be calculated to a maximum
of 59 um if only Ohmic losses are taken into account.

As noted before, the propagation length of a SPP is not only finite due to Ohmic losses in the metal,
but also due to radiation back into the coupling medium. In order to give an indication of the
maximum propagation length of the SPP due to coupling back into the prism the width of the dip in
the angular reflectivity spectrum has been determined. If the dip in the angular reflectivity curve of a
certain configuration is narrow, the coupling of an incoming wave to the SPP occurs at stricter
conditions than in a configuration with a wide dip.

In the reverse process; radiation of the SPP to the coupling medium, a narrow dip corresponds to
stricter conditions for coupling back into the coupling prism, making it ‘harder’ for the SPP to lose
energy by radiating back into the coupling prism. The conclusion which can be drawn is that a wider
dip in the angular reflectivity curve of a configuration indicates more energy losses due to radiation
back to the coupling prism, causing a shorter propagation length (if only radiation losses back into
the prism are taken into account) than a configuration with a narrower dip in the angular reflectivity
curve [11].

In order to give an indication of the width of the dip in the angular reflectivity curve the following
definition has been made (Figure 4.13)
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Figure 4.4: Definition of the width of the dip.
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In Figure 4.13 the measured angular reflectivity spectrum of a 12.9 nm thick aluminium layer
mounted on a GGG prism has been displayed in red. The blue lines are the asymptotic values of the
reflectivity and the minimum reflectivity. The yellow line lies between the blue lines. At the angles
where the angular reflectivity spectrum intersects the yellow line vertical green lines were drawn.
The difference in the two angles of the green lines was defined as the width of the dip in the angular
reflectivity spectrum. In this case the width of the angular reflectivity spectrum of a 12.9 nm thick
layer of aluminium at 1040 nm wavelength was calculated to be 0.99 degrees.

In total 6 samples were measured at the two available wavelengths. This corresponds to 12 angular
reflectivity spectra, displayed in Appendix D. Each angular reflectivity curve has been analysed in the
way described above. The maximum propagation length with only Ohmic losses taken into account
and the width in the dip in the angular reflectivity spectrum are summarized in Table 4.1.

Wavelength=1040 Wavelength=2330

nm nm

Prop. length Width of Prop. length Width of
Sample due to dip due to dip
number | Metal d (nm) | Ohmic losses (um) | (degrees) | d (nm) Ohmic losses (um) | (degrees)
1. Copper 30.9+4 44.5+22.4 0.74 70.0£10 91.2+21.8 0.52
2. Copper 23.0+3 69.3+25.8 1.59 130.0+20 20.2+11.2 2.23
3. Gold 36.4+4 96.0£17.2 0.32 4415 198.7+£25.5 0.47
4, Gold 14.02 181.3+30.4 0.78 100.0+20 32.5+18.7 1.13
5. Aluminium |[12.9£2 59.0+32.8 0.99 Not determined
6. Aluminium Not determined 23.0+3 148.5+20.2 0.72

Table 4.1: Determined thicknesses, maximum propagation lengths due to Ohmic losses and widths of the dip in the
angular reflectivity spectrum for 6 samples measured at two wavelengths.

In Table 4.1 the thicknesses are determined by fitting the theoretical curve to the measured curve.
The error in the thickness given in Table 4.1 has been estimated by changing the value of the
thickness. If approximately 90 percent of the theoretical curve did not match the range of error in
the measured curve, the error limit has been reached and the difference between this value and the
optimal value was taken as the error.

The error in the calculated propagation lengths are in the range of 12 to 57 percent of the value of
the propagation length. The calculated propagation lengths were dependent of the imaginary part
and the real part of the dielectric constant of the metal (equation 2.9). A big change in the imaginary
part (10%) however caused only a small change (approximately 2%) in the theoretical curve. A small
error in the measured angular reflectivity spectrum caused a big error in the dielectric constant of
the material and thus a big error (12 to 57 percent of the calculated value) in the calculated
propagation length.
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5 Discussion

In general, minima in the measured angular reflectivity spectra (Appendix D) were observed. In order
to exclude an error in the measurements as an explanation of these dips, the errors involved with
this experiment were estimated. As can be seen, errors in the recorded data cannot a structural dip
in the angular reflectivity spectrum as deep as the observed dips.

The measured angle at which SPP resonance occurs (the dip) did fit the angle of resonance of the
theoretical curve, the depth of the measured dip did however not match the depth of the theoretical
dip, calculated with dielectric constants found in literature and thicknesses at which the layers has
been deposited. A theoretical curve calculated with parameters to fit the data led to big deviations of
these parameters relative to the values in literature. A big change in the parameters of the metal (10
percent of the value) caused a small change in the amplitude of the dip (less than 2 percent of the
total depth). As a result, a small error in the amplitude of the dip in the angular reflectivity spectrum
led to a big error in the parameters of the metal layer.

Errors of 12 up to 57 percent were determined in the calculated propagation lengths. The main
reason for these high errors is that the propagation lengths were calculated with the parameters of
the metal. A large error in (especially) the determined imaginary parts of the dielectric constants of
the used metals led to large errors in the calculated propagation lengths. To illustrate this, these are
compared with the imaginary part of the used materials found in literature (Table 5.1).

Wavelength| Im(f) Im(fi)

Metal (nm) measured | literature | Source
Copper 1040 5.8+0.5 6.9 [9]
Copper 2330 8+0.8 12.4 [9]
Copper 1040 6.710.7 6.9 [9]
Copper 2330 4.8+0.5 12.4 [9]

Gold 1040 6.9+0.5 7.1 [9]
Gold 2330 10.5+0.9 14.6 [9]
Gold 1040 8.51+0.7 7.1 [9]
Gold 2330| 5.7+0.4 14.6 [9]
Aluminium 1040 9.9+0.5 9.9 [10]
Aluminium 2330 23.5%1.2 23.5 [10]
Aluminium 2330 13+0.8 23.5 [10]

Table 5.1: Measured and literature values of the imaginary parts of the refractive index.

As can be seen, the measured imaginary parts of the dielectric constants of the metals are only
roughly comparable to the values in literature.
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Besides the large error in the imaginary part of the dielectric constants of the used metals, large
error were also observed in other parameters, such as the thickness of the metal films. The metal
films are deposited onto the lithium niobate. For some layers the deposited thicknesses could be
measured with a profilometer. The first column in Table 5.2 gives the thickness of the layer at which
the deposition machine was set. The second column gives the thickness measured with a
profilometer (if measuring this thickness was possible) and the third column gives the thickness
determined with the angular reflectivity spectrum at 1040 nm and the fourth column gives the
thickness of the film determined with the angular reflectivity spectrum at 2330 nm.

Sample deposited | profilometer | 1440 nm | 2330 nm
number Metal d (nm) d (nm) d (nm) d (nm)
Copper 34 30.92 30.9t4 70.0+10
2. Copper 23 X 23.0£3 |130.0£20
3. Gold 30 36.42 36.414 44.045
4. Gold 20 24.05 14.0+£2 |100.0£20
5. Aluminium 13 X 12.9+2 X
6. Aluminium 23 X X 23.0+3

Table 5.2: Measured thicknesses of the layers.

As can be seen, the measured thicknesses with the use of the angular reflectivity spectrum deviate
strongly from the measured thicknesses with the profilometer and are not the same at different
wavelengths. This is assigned to the fact that determination of the thickness was based on the
angular reflectivity spectrum, which might have had systematic errors due to normalisation, beam
divergence or losses in intensity of the beam at different angles of incidence. All quantities which are
dependent on the absolute value of reflectivity are less trustworthy (the thickness of the layer, the
imaginary part of the refractive index and thus the propagation length if only Ohmic losses are taken
into account) than quantities which are dependent on the general shape of the curve, such as the
angle at which SPP resonance occurs.
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6 Conclusion

The motivation of this research was to excite surface plasmon polaritons with a long propagation
length (more than 100 um). The goal of this experiment was to excite surface plasmon polaritons
with a long propagation length via excitation with a near infrared and mid-infrared wavelength
radiation.

The excitation of a SPP shows up at a certain angle in the angular reflectivity spectrum, as can be
derived from the Fresnel equations and the dispersion relations of the SPP and the coupling medium.
In our measurements, performed with near infrared light of a laser (1040 nm) and an optical
parametric oscillator (2330 nm), dips in the angular reflectivity spectra of 6 different metal samples
were observed. It can thus be concluded that we excited SPPs in the near- and mid-infrared
wavelength range.

In Table 5.1 the measured propagation lengths if only Ohmic losses are taken into account were
given. A 14 nm thick layer of gold at a wavelength of 1040 nm, a 40 nm thick layer of gold at 2330 nm
and a 23 nm thick layer of aluminium at 2330 nm were measured to give a propagation length of
more than 100 um. These propagation lengths were a maximum value, and did only take account the
Ohmic losses.

Further experiments have to be done in order to determine the propagation length of the excited
SPP if also radiation and scattering are taken into account. Variations in thickness of the layer or the
growth of the layer in so-called islands could have caused the radiation of the SPP to be high. The
real propagation length of a SPP might, for example, be determined by use of an AFM.

An important improvement in future experiments would be the normalisation of the angular
reflectivity spectrum. So far, in this experiment the process of fitting the theoretical curve with
appropriate parameters to the measured curve, in combination with normalisation of the measured
curve to the theoretical curve, has led to a big error in the determined thicknesses, imaginary part of
the refractive indices and maximum propagation length due to Ohmic losses. Before each
measurement the prism should be taken off the stage and the intensity of the beam should be
measured with the photodetector. The ratio of the intensities is in that case equal to a reflectivity of
one.
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7 Appendices

7.1 Appendix A: Dispersion relation of a SPP

Electromagnetic waves in matter

In Paragraph 2.1 the properties of a SPP were discussed. A SPP is an electromagnetic wave which can
thus be described with a classical wave equation derived from Maxwell’s equations:

v2p = 1 0%E (A.1)
T v2 gt2
Where E is the electric field and v is the speed of light in the medium (v =c/n).

Figure A. 1: An interface of two media with dielectric constants €1, €2.

Defined are two layers of different materials, with dielectric constants €, for z<0 and ¢, for z>0 (see
Figure A.1)

The wave equations have two different solutions, one for s-polarized waves and one for p-polarized
waves. As can be shown, a SPP can only be a p-polarized beam, with the solution of equation A.1 in
layer number j [2] :
Ej=| 0 |etkamiwtelkjzz for j=1,2.

Ej,Z
Where E; and E;, give the amplitude of the electromagnetic wave in the x- respectively z-direction.
k. and k, are the wave vectors in the x and the z direction and w is the frequency of the wave.

If (A.2) is substituted in (A.1) then the following must hold:
kZ+ kP, =€k?,  j=1,2. (A.3)

Where k is the total wave vector amplitude in vacuum, k = w/c. The displacement field in both half
spaces has to be free of source charge, V- D = 0 leads to

kxEj’x + kj.ZEj,Z = 0, ] = 1’ 2 (A4)
Solving ( A.4 ) for E;4 and substitution this into ( A.2) gives:
(A.5)

1
E] — E],JC( 0 >eikx—iwteikj_zz } =1,2.
_kx/kj,z
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Boundary conditions

On the interface between two materials boundary conditions must be taken into account. If there is
no free charge or free current at the interface, then

€1Er = ,E3 (A.6.1) El = E! (A.6.2)
Bi = B3 (A.6.3) gl _1pl (A.6.4)
H1 1 U2 2

Surface plasmon polariton solution

Combining equation (A.4) for j= 1,2 with the boundary conditions (A.6.1) and (A.6.3) will form a 4x4
matrix. Setting the determinant of this matrix equal to zero leads to

t'f-lkl,z = 6-Zkz,z (A.7)
For the last step we combine (A.7), (A.3) for j=1 and j=2 and then solve for k,, which leads to a

dispersion relation between the wave vector along the direction of propagation of the SPP and the
angular frequency w.

X

L2 = ( €16, )wz (A.8)
~\e; + 6,/ 2

If the last three equations are solved for k;, instead of ky, the following expression will appear

) e \w? (A.9)
Kz = € +6) c?
1 2

This is the wave vector of the SPP which is perpendicular to the interface in the j* layer.

2. (e wgpp? (A.10)
XSPP T \e, + €,/ 2
2 2
€1 Wspp (A.11)
k2 =|—- z>0
2,SPP <61 + 62> c?
2 2
€2 Wspp (A.12)
kg,spp = (61 n €1> 2 z<0

Analyses of s-polarized waves [8]
For z>0 we can write for the electric and magnetic field:

E, = (0,E,,, 0)ekx*—kzzz-l0t (A.13)

Hz — E (kz - 0, ikx)eikxx—kz'zz—iwt (A-14)
Lw !

Referring to Figure (A.1) for the interface orientation. For z<0 the electric and magnetic fields are:

E; = (0,E;, 0)etka¥—kuzz=iot (A.15)
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Fry€ ' j A.16
H =—2~ (=kyz, 0, iky)etkax ke z-lwt ( )

lw

The continuity of the tangential components of the electric and magnetic field s across the interface
at z=0 yields the pair of equations:

¢ ¢ A17
El,y = Ez,y' EZ,yEkZ,Z = _El,yakl,z ( )

which can be combined into the single equation:
(ki +koyz)Esy =0 (A.18)

Both k, vectors are positive, because we have in both media decaying waves away from the
interface. Then E,, must be 0, then E; , also is equal to 0. Concluded must be that s-polarized surface
plasmon polaritons cannot exist.
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7.2 Appendix B: Drude model

In section 2.1 the wave vector solution was modelled with the Drude model. The basic optical
properties of a metal can be modelled in the approximation of a plasma model, in which a gas of free
electrons is moving in an immobile background of ion cores. Lattice potential and electron-electron
interactions are not taken into account.

The electrons oscillate in response to an applied electromagnetic field and the motion of the
electrons is damped via collision occurring at a characteristic collision frequency y=1/t. t is the
relaxation time of the free electron gas.

The equation of motion of an electron in the plasma subject to an electric field is:
mXx + myx = —eE, (B.1)
where m is the mass of an electron, x is the displacement, e is the charge of an electron and E is the

applied electric field.

We assume a harmonic time dependence E(t) = Eoe‘i“’t with frequency w of the driving field. The
response of the electrons to this applied field is:

e
x(t) =———E(t (B.2)
(©) m(w? + iyw) (©)
The displacement contributes to a polarizationP = —n - e - x, with n the number of electrons per
unit volume:
ne? (B.3)
P=——FE
m(w? + iyw)
Inserting (B.3) into D = €4E + P the displacement field can then be written as:
2
W (B.4)
D=¢ (1 — 2—‘”) E,
w* +1lyw

where wpzz ne?/eom is the plasma frequency of the free electron gas. D is also equal to D = €o€E.
From (B.4) the dielectric constant is given by [1]:

w3 B.5
e(w)y=1- 2—? (6.5)
w* + ilyw
The real and the imaginary components are:
% . wpT? (B.6)
(e(w) = 1+ w?7?
w3t (B.7)
J(e()) = .

w(1+ w?1?)
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7.3 Appendix C: Fresnel’s equations [4]

Throughout the text there were theoretical red and green coloured curves plotted with the purpose
for comparing them with the measured curves and extract parameters from them. The calculation of
these theoretical curves is based on Fresnel's equations which will be derived next.

Suppose there is a system of N layers described by the (complex) refractive indices 17,1, 13,....., 1ty
where 7, = n; + i - k; and the relation between an incoming wave and a reflected wave is needed.

The Fresnel’s coefficients give the amplitudes of the reflected (r) and the transmitted light (t). If we
consider an incoming wave in medium j and the transmitted light in medium k for a two layered

system:

For s-polarized waves:

s 7, - cos(6;) — fy - cos(6y) C.1
7k - cos(6;) + iy, - cos(By)
e, 2.1, - cos(6;) C.2

Jk = fi; - cos(6;) + 7y - cos(6y)

And for p-polarized waves:

P ny - cos(8;) — 7, - cos(Oy) C.3
sk - cos(6;) + A, - cos(6k)
P 2 -7, - cos(6;) Cc.4
TE iy - cos(6)) + 71, - cos ()

where 6; is the angle of the incoming wave to the normal of the interface. 6yis the angle of the
transmitted light to the normal of the interface. If the refractive indices and 6; are known, 6.can be
calculated using Snell’s law.

The situation considered so far was the case of two layers and one interface. In the case of multiple
layers the total reflected wave is the sum of all the reflections in the middle layers, that is, the layers
that are between the first and the last layer. To illustrate this we consider a system containing one
layer sandwiched between two other layers (see Figure C.1)

Figure C. 1: A three layered system of three different dielectric materials.
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In this case the reflected light wave at the surface between media 2 and 3 gets reflected again and
again, and the total reflected light will have an amplitude:
r=rpttip gty ttip st eyt Ftia st Ty Tyt C5
Or, more compactly:
r=ri,+ttip X C.6
X ETyg+ 137 Tyq +103° 1512 + o c.7

Equation C.7 can be written as an infinite series:
X = T2'3 * (1 + 7‘2’1 * T'2’3 * (1 + rz’l * T'2,3 M (1 + rz'l * 7‘2’3 * (1 + T'2’1 * T2'3 * (... C8
Or
X = 7'2‘3 M (1 + Tz'l * x) C9

Especially in the case of thin layers, compared to the coherence length of the incident light, the
phase differences of the different reflected waves have also to be taken into account.
A wave travelling back and forth in layer number j gets an extra phase 2 - §; where

_2-m- dj - 7, - cos(6)) c.10
i J)
So the constant x should be redefined to:
x=e?t% s (1415, %) C.11
@262 o C.12
TR "T23 121

Notice that, if the thickness of a layer n is zero, then also §,, = 0 and x can be written as equation
c.9.

Using the relations:

T'2’1 - _TLZ C.13
tr1 tizgtr1 121 =1 C.14
And combining these with equations C.12, equation C.6 can be written as:
r=ri,;+ttizty1 X C.15
CERLLEY C.16
T=rethe e 1—e2id2. 23121
T+ e2idz . a3 C.17

1 + ez'i"SZ * T2'3 * Tz,l

In the same way, the amplitude of the transmitted wave (t) can be written as:

t = t1,2 * t.2'3 * y C.18
62'1'62 C.19

YT T ez 72,3121
ez.i.sz M tl'z M t2'3 C.ZO

= 26 . .
1+est%2.-1,-153

Equations C.17 and C.20 give the reflectivity resp. Transmittance of one layer sandwiched between
two other layers.
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When considering multiple layers, it is useful to make some definitions, shown in Figure C.2;

Yn+1 Xn+

Figure C. 2: Schematic view of layer number n.

Xn is the amplitude of the transmitted wave of the layer n-1, y,.; is the amplitude of the reflected
light from layer n+1, y, and x,,; are the amplitudes of the reflected resp. transmitted light of layer n.

The amplitudes are related in the foIIowing way:

[ ] _ [ Th— 1n] [ —i:8n ] . [xn+1] C.21
Tl 1n Th- 1,n "6 Yn+1

Or, defining M,,:

xn _ xn+1 C.22
) [yn]_M“ [yn+1]
T —i-6p .
T
tn—l,n Tn—l,n l

This formula gives the relation between the four waves given in Figure C.2. The parameters needed
are the Fresnel’s coefficients (equations C.1-4) and the phase shift in this layer (equation C.10).

If there are N layers, and thus N+1 interfaces, the reflectivity of the whole system can be calculated
by multiplying all the matrices of each layer (C.21):

X1 XN+1
yl] =M1‘M2'M3'M4' ...... 'MN_l'MN‘MN+1'[yN+1] c.24
X1 _ ) XN+1 C.25

| = ey
with
Mri1 Mryp C.26
MT: M M :IEMl'MZ' ...... 'MN'MN+1
T2,1 T2,2

Setting yy,1to zero makes it possible to calculate the ratio of amplitude between the incoming wave
and the reflected wave. yy ;1 = 0 leads to

X1 = Mrpy1 - Xn41 C.27
Y1 =Mry1 - Xy41 C.28
The ratio between an incoming wave (x,,) and the reflected wave (y;) is given by
X1 MTl 1 C.29
Y1 MT2,1
Which gives a direct relation between the parameters of the system and the reflectivity (R):

2
MT1,1> C.29



7.4 Appendix D: Angular reflectivity spectra of the samples

In Figures D.1 to D.11 the measured angular reflectivity spectra were plotted in blue at a range of
angles around the angle of SPP resonance. In red are the theoretical curves plotted which fitted the
experimental results the best. In yellow were plotted the maximum and minimum value of the

reflectivity taking into account the maximum errors in the measurements.
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Figure D. 1: Angular reflectivity spectrum measured for

GGG + Al 12.9 nm at 1040 nm
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Figure D. 2: Angular reflectivity spectrum measured for

GGG + Au 24 nm at 1040 nm
GGG+Cu 23.6 nm at 1040nm
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Figure D. 4: Angular reflectivity spectrum measured for

GGG + Cu 23.6 nm at 1040 nm

GGG+Au 36.4 nm at 1040nm
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Figure D. 3: Angular reflectivity spectrum measured for
GGG + Au 36.4 nm at 1040 nm
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Figure D. 5: Angular reflectivity spectrum measured for
GGG + Cu 30.92 nm at 1040 nm
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GGG+AI 12.9 nm at 2330 nm
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Figure D. 6: Angular reflectivity spectrum measured for
GGG + Al 12.9 nm at 2330 nm

GGG+Au 24 nm at 2330 nm
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Figure D. 8: Angular reflectivity spectrum measured for
GGG + Au 24 nm at 2330 nm

GGG+Cu 23 nm at 2330 nm
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Figure D. 10: Angular reflectivity spectrum measured for
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GGG + Cu 23.6 nm at 2330 nm

The error in the angle of incidence was estimated to be about 0.05 degrees, which was five times the
typical size of the step in angle used to measure the curve. The error in the reflectivity was
dependent on the shape of the power profile of the beam and the specifications of the
photodetector. The error in the reflectivity of the system was set at 5 percent of the measured

reflectivity.
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Figure D. 7: Angular reflectivity spectrum measured for
GGG + Al 23 nm at 2330 nm
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Figure D. 9: Angular reflectivity spectrum measured for
GGG + Au 36.4 nm at 2330 nm

GGG+Cu 30.92 nm at 2330 nm
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Figure D. 11: Angular reflectivity spectrum measured for
GGG + Cu 30.92 nm at 2330 nm
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7.5 Appendix E: Measured thicknesses with a profilometer

The deposition technique used to make the thin films cannot make the layers precisely the thickness
wanted. Errors of 6 nm are not rare and therefore the thicknesses of the layers were measured with
a profilometer. With a knife a scratch was made in the sample. In figures E.1 to E.3, the measured
profiles were displayed for 3 layers. The profiles of the other 3 layers show too much noise, and the
thickness of these layers were therefore not determinable.

1

Figure E.1: The profile of a 33.6 nm thick copper layer. The measured thickness with the profilometer was 30.92 nm.

1

Figure E.2: The profile of a 30.0 nm thick gold layer. The measured thickness with the profilometer was 36.42 nm.
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q>

Figure E.3: The profile of a 20.2 nm thick gold layer. The measured thickness with the profilometer was 24.05 nm.
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