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1 Introduction

In this thesis, research is presented in which we investigate the properties of surface plasmon polaritons (SPPs) and
the presence of other surface waves on a metal-dielectic interface. The theoretical existence of surface plasmons,
which are oscillations of the free electron density at a metal surface, was first demonstrated in the late 1950s [1]. An
SPP is a resonant coupling between such a surface plasmon and an electromagnetic field [2]. This resonant coupling
is illustrated in figure 1. An SPP lcan thus be excited by light, and in a reverse process it can also couple out as
light. Normal to the metal-dielectric interface, the SPP is bound and therefore the SPP-field is evanescent as shown
in figure 1; however, parallel to the interface the SPP propagates as a surface wave. The 1960s and 1970s saw the
development of basic experimental methods still in use today [2] to optically excite these SPPs at metal-dielectric
interfaces, using prisms [3, 4], periodic metal gratings [5] and surface defects [6]. In subsequent years, the potential
use of SPPs in practical applications was recognised. For example, SPPs can be controlled with subwavelength
structures and therefore SPPs are useful in nanophotonic circuits [7, 8]. SPPs are also used in sensing applications;
sensors based on SPP activity are widely researched and used commercially today [9]. The promise of practical
applications for SPPs has thus stimulated fundamental and applied research, which has experienced a large growth
since the early 1990s [10].
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Figure 1: Schematic representation of a surface
/(\ /)\ /\ /)\ IE| plasmon polariton at a metal-dielectric interface.
/(\ [)\ /(\ /)\ Normal to the interface, the SPP is bound and its
o RN - / field is evanescent. Adapted from Barnes et al. [2].
metal

Our research has its conceptual roots in the late 1990s, when Ebbesen et al. [11] observed that the transmission
spectra of metal films with subwavelength holes contain much larger maxima than predicted by standard aperture
theory [12]. Such extraordinary optical transmission is due to SPP-mediation: light incident on a hole in a metal
film excites an SPP, which propagates over the film and in turn couples out as light at another hole. In addition,
recent theoretical [13, 14] and experimental work [13, 15] has shown that besides SPPs, two other surface waves
contribute to the extraordinary optical transmission at short and long distance regimes: the quasicylindrical wave
and the Norton wave.

In this thesis we research the properties of SPPs by studying the transmission of light through metal-dielectric
samples with randomly spaced subwavelength holes. The transmission of light through such a sample results in
a random interference pattern (often called speckle pattern). Light is transmitted directly through the holes and
indirectly via SPP-mediation [16]. Thus, both the directly and indirectly transmitted light contribute to the total
speckle pattern. As we tune the wavelength of the incident light, we expect the two contributions to show a differ-
ent wavelength-dependence: the SPP contribution decorrelates after a wavelength detuning of tens of nanometers,
and the direct contribution is practically constant [17, 18]. We use this difference to separate the contributions by
calculating the correlation of the speckle patterns as a function of wavelength. From this correlation function, we
extract information about the losses of the SPPs as they propagate over the surface and about the relative strength
of the direct and indirect transmission processes. We perform this experiment for multiple samples, each with a
different hole density. At very high and very low hole densities we hope to see contributions from the quasicylindrical
and Norton waves. The experiments presented here are a continuation of research done in 2011 [17, 18]. In our
study we use a different light source, extending the potential wavelength tuning range from 70 nm to roughly 400 nm.

In Chapter 2, we present a theoretical model for the speckle patterns. With this model we calculate the theoretical
correlation of the speckle patterns during wavelength detuning, and we discuss what information on SPPs and
other surface waves we can extract. Chapter 3 describes the setup and samples used to measure speckle patterns.
Chapter 4 addresses how we prepare the recorded speckle patterns for correlating. In Chapter 5 we then present our

1Please note that this research only deals with SPPs; for convenience, the terms 'surface plasmon polariton’ and 'surface plasmon’
will be used interchangeably and may be abbreviated to 'plasmon’ from Chapter 2 onwards.



experimental correlation functions, compare them to the model, and present the extracted information about SPPs
and other surface waves. Finally, we discuss the conclusions drawn from the experimental results and present an
outlook on further research in Chapter 6.



2 Theory

We wish to look at the properties of surface plasmon polaritons by studying far-field interference patterns of light
transmitted through metal-dielectric samples with randomly spaced subwavelength holes as we tune the wavelength
of the incident light. In this Chapter we will present our theoretical model [16, 17, 18] for this experiment. We argue
that light is transmitted through the sample in two ways: light may pass directly through the holes and it may pass
through the sample indirectly via surface plasmons (section 2.1). A model for the plasmon-mediated transmission is
presented (section 2.2). We then calculate the theoretical correlation of the transmission as a function of wavelength
detuning and show that this correlation function yields information about the transmission processes (section 2.3).
Finally, the potential contribution of non-plasmon surface waves to the transmission is discussed (section 2.4).

2.1 Direct and indirect transmission of light through randomly spaced subwavelength holes

In this section we present a theoretical model of the far-field transmission of light through a metal-dielectric sample
with randomly spaced subwavelength holes. Just as light transmitted through a sample with ordered hole patterns
produces an ordered interference pattern, a sample with randomly spaced holes produces a random interference
pattern, often denoted speckle pattern. We look at this interference pattern at an angle |5\ in the far-field, as
illustrated in figure 2. For a single hole i at position 7}, the transmitted light at the sample surface is described by
some field E;; in the far-field, this E; acquires a phase factor 1™, In this expression, EII is the component of

the wave vector ko parallel to the sample surface so that k=% sin(|6]), where X is the free space wavelength
of the incident light. Since the hole positions are random, the phase factor is statistically independent for different
holes.

Figure 2: Schematic representation of light trans-
mitted via holes in a sample to a point in the far-
field. 7 is the hole position; ko is the wave vector of
the light; EH is the component of the wave vector
parallel to the sample surface.

Light is transmitted through the sample by two means: it either passes directly through a hole, or light incident at
one hole excites a surface plasmon which propagates over 'Ehe surface and couples out as light at another hole. In
the far-field the directly transmitted light is given by E,4;e?*II'™ for a single hole i. Because the holes are identical,
we assume that the direct field strength is the same at each hole: E;; = E4. The indirectly transmitted light

due to plasmon mediation is given by E57ieikl\'ﬁ. The plasmon-mediated contribution at a single hole involves
excitation at all other holes which are randomly positioned, and we therefore assume that the indirect field E ; has
a random phase which is uncorrelated to its amplitude. Hence, the indirect fields at different holes are statistically
independent. We also assume that the direct and indirect transmission processes are uncorrelated so that F; and
E ; are statistically independent. The total transmitted light in the far-field is then given by the summation of direct
and indirect contributions over N holes:

E

N
> Ba+ B )
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We are interested in the mean intensity of the total transmitted light, which we will later use to calculate the
correlation of the speckle pattern at different wavelengths. We calculate the mean intensity by performing an
ensemble average of the absolute squared value of the field (see equation 1). Keeping in mind that (d_:) = > (*)



and that (AB) = (A) (B) for statistically independent quantities A and B, we write the mean intensity in terms of
the fields at each hole:

N
(1) = (1B?) = Y [(BaEj) + (BoiBLy) + (BaELy) + (EoiE) <eikn-<r‘ﬁm> 2)
i,k

)

To further evaluate this expression we will consider each term separately. First we consider the cross terms between
direct and indirect fields: (EqE7 ) and (Es;Ej). The direct and indirect fields are statistically independent;
moreover the mean indirect fields (E, ) and (E, i) 8O to zero since their phase is random and uncorrelated to their
amplitude, and hence both (E4E?* > and (EsE3) are zero. Secondly we look at the term with only indirect fields:
(EsiE7 ). The fields at different holes i # k are statistically independent and the mean indirect fields (E, ;) and
(Es k) g0 to zero as before, leaving only terms for identical holes i = k. For these terms, the random phase factor

<ei’3\|'(ﬁ'—;’c)> is equal to one. Lastly, we evaluate the term with only direct fields :(E4E}). For k| # 0 (outside

the zeroth-order) the random phase factor (eiEH'(ﬁ_F’C)) goes to zero at different holes ¢ # k and equals one at
identical holes i = k, leaving only terms for identical holes. Since all terms in equation 2 for ¢ # k are zero, the
double summation is replaced by a single summation over N holes. Thus, the mean intensity outside the zeroth-order
is: v

for ky #0:  (I) =Y [(|Ea*) + (| Es

)

)] = N|Ea]* + N (|E|*) (3)

where we have replaced the summation of ensemble averages by N times the ensemble average.

Now we evaluate the mean intensity at k|| = 0 (zeroth-order transmission). The previous analysis only changes for

the direct term (E,E}) as the phase factor (e?*1"("i=7%)) is then always equal to one. Therefore the direct term
contains a double summation over N holes rather than the single summation found previously. Hence, the mean
intensity in the zeroth-order is:

N N
for k|| = 0: = (BaEj) + Y _{|E.il*) = N’|Eg|* + N (|E,|*) (4)
i,k

N 7

Equations 3 and 4 show that in the zeroth-order transmission (k|| = 0) the direct transmission dominates strongly;
outside the zeroth-order transmission (k| # 0) the direct and indirect contributions are typically of the same order
of magnitude. We wish to study the indirect contribution and therefore we perform our experiments outside the
zeroth-order.

2.2 Surface plasmon model of the indirect transmission

To study the indirect contribution <|Eé|2> to the mean transmitted intensity we now formulate a model for the

plasmon-mediated field E; ; at a hole ¢ on a metal-dielectric interface. We assume that surface plasmons excited at

all holes j propagate in a straight line toward hole i and couple out there as illustrated in figure 3. This model is

expressed as:

E,;= Z Me(*ﬂpﬂkspp)m (5)
VT

Where we perform a summation over all holes j to account for each plasmon contribution at hole i. Here, r;; is the
distance between holes i and j; o is the amplitude scattering cross section for a surface plasmon at a hole; p is the
hole density; kspp is the complex surface plasmon wave number, which can be expressed in terms of the free space
wave number kg and the effective refractive index nes of the metal and the dielectric medium as kspp = Kontesr; ¢35 is
the angle between the incident light polarization and the plasmon propagation direction [19]; and Ag(¢;;) describes

both the plasmon excitation efficiency at hole j and the light outcoupling efficiency at hole 7. The factor \/i* reflects
1]




the amplitude reduction of a two-dimensional cylindrical wave after propagating over a distance r;; between holes j
and i. The phase factor of the plasmon field is given by e*R¢ ks»™ii and the amplitude of the plasmon field is given
by e~ (@PHIm kseo)7i; - Traveling from hole i to hole j (see figure 3) a plasmon may encounter another hole and scatter
out part of its field, which is modeled as e=?7"ii. The plasmon may also be absorbed by the sample; the typical
amplitude absorption length is Im kg, = labé Therefore, the plasmonic amplitude losses due to scattering by the

holes and absorption into the sample are given by: loss = op + labg

Figure 3: Plasmon-assisted transmission of light in
@) a sample with randomly spaced holes. Incoming
polarized light Ein, excites a surface plasmon at hole
J which propagates over the sample and couples out

plasmon ™.,

at hole i. r;; is the distance between the holes; ¢;;
propagation is the angle between the incoming polarization and
O hole i the direction of plasmon propagation.
N\

Using equation 5 as our model for the plasmon-assisted transmission, we calculate the indirect contribution <\E5|2>
to the mean intensity:

2
<|E |2> ZN:<|AO ¢;)? 2(0p+lub15)rj> _ p<2W|A0(¢)\ >¢7
S ! (O’p+ labs)

This expression contains a single sum since the plasmon contributions have random phases and amplitudes so
that contributions from different holes are statistically independent and average out to zero. The summation is
subsequently approximated by an integral over an infinite number of holes: >, , == fo% do fooc prdr. Equation 6
shows that at high densities, all excited plasmons are fully scattered out as visible light and then (|E,|?) becomes a
constant; at low densities, most plasmons are absorbed into the sample and (|E,|*) scales linearly with p.

(6)

2.3  Transmission correlation

In the previous sections we have shown that the transmission of light through a sample with randomly spaced holes
produces a speckle pattern that is due to both direct and plasmon-mediated contributions. We expect the two
contributions to show a distinct wavelength-dependent behaviour. Therefore, studying the correlation of the speckle
patterns as a function of wavelength will allow us to separate and analyze them.

We define the correlation of the transmitted intensity at different wavelengths as follows:
(1000, 80)T (0, 01) )
- —— 1 (7)
<I(>\o,90)> <I()\1,91)>

We may write the correlation in terms of fields using lIsserliss’ theorem for Gaussian random independent vari-
ables [20]:

C

o ‘<E()\0,670)E*(>\1751)>‘2 ®

<I(A07§0)> <I(A1,§1)>

We continue our calculations assuming kj(Ao) = kjj(A1), simplifying the calculation because all phase factors
k|| (Xo)-T—ik| (A1) -7

are then equal to one. Moreover, this choice prevents the correlation function from decaying
rapidly with wavelength [21]. To account for this premise in our experiments we must correlate the speckle patterns
under a far-field angle 6 that varies with wavelength as:

sin(lfy]) _,_ sin((63)

ky =2 =
=27 " (9)



We now rewrite the numerator in equation 8 in terms of the direct and indirect fields, similarly to equation 3:

(B0 02 (00.8))| = N (B0 B3 ) + (B o) B2 (). (10)

Assuming E; to be wavelength-independent, the first term in this expression reduces to |E,4|?>. The second term
can be evaluated using the plasmon model described in the previous section, analogously to equation 6. We assume
that neither the coupling and excitation efficiency Ag(¢), nor the scattering cross section o, nor the absorption
length [,;s depend strongly on wavelength. We rewrite the difference of the real parts of the plasmon wave num-

ber, Re [kspp(Xo) — kspp(A1)], to 27Re [”e“/\(i’\”) — 2]~ 97Re ﬁeffﬁ where the only approximation is that

0 A1 A
Re ner(Ao) & Re nefr(A1) &= Re Tierr is a constant, so that Re ke, = %"l”e“. We take Re T to be the average of

Re mefr(A\) over the total wavelength range and determine its theoretical value using the complex indices of refrac-
tion of N-BK7 Schott glass and gold studied by E.D. Palik [22] and E.W. Johnson et al [23]. The second term in
equation 10 is then:

20
Re kspp

(Bo(0) B2 () = (|B[*) =" where X = (op + I3} (11)

A+ iAX abs
For a wavelength detuning AX = Ay — A\¢ of zero from the reference wavelength A, this expression is equal to
equation 6; it now includes a complex Lorentzian factor that depends on the wavelength detuning. The width of the

Lorentzian is given by A, which is proportional to the plasmonic losses; note that A is not a constant, but depends
linearly on AgA;.

- Figure 4: Example of the theoretical intensity corre-
-(% lation as a function of wavelength detuning for the
T transmission of a sample with randomly spaced sub-
38 wavelength holes. The correlation function consists
of a Lorentzian part and a constant background.
0
0

wavelength detuning

Combining the above results yields the speckle pattern correlation as a function of wavelength detuning:

N
(Liot)?

(I)X

C= A
X+ AN

(12)

where (I;) = |Eq4|? is the ensemble averaged direct transmission (see equation 3), (I) is the ensemble averaged
plasmon-mediated transmission (see equation 6), and (I;,:) = (I + I4) is the ensemble averaged total transmission.
The correlation function is a Lorentzian with a constant background as shown in figure 4, which is set by two
parameters. The first is the width of the Lorentzian (\) which is proportional to the plasmonic losses:

Re kspp~
loss =op+1,. = %)\ (13)
0

In our experiments, the theoretical minimum of Xis typically about 5 nm; we therefore need a wavelength resolution
under 5 nm to resolve the Lorentzian. The second parameter that describes the correlation function is the constant
background, which is set by the ratio of indirect and direct contributions to the transmitted intensity gdi From
equation 6 we see that this intensity ratio is given by:

Ly 1 e(erlA)r)

. . . (
intensity ratio = = 14
Y (o) (La) 2(op+1iy,) -




In conclusion, we can study the plasmonic loss and the intensity ratio by measuring experimental correlation functions
and fitting them with the model in equation 12. The loss and intensity depend strongly on the hole density p, and
the correlation function changes accordingly. The loss and therefore the Lorentzian width increases with density; the
intensity ratio also increases with density, which is seen as a decreasing background correlation.

For completeness, note that equations 11 and 12 are not true Lorentzians in the wavelength detuning A\, but in

the parameter % or equivalently the frequency detuning Aw. This corresponds to the Lorentzian-type resonances

of the form ﬁ that we are familiar with from standard literature, which are also given in the frequency domain.

This form follows naturally from the Fourier-transform of an exponential decay in time, as frequency and time are a
Fourier-related pair.

2.4 Non-plasmon surface waves

In the previous sections, we have assumed that the surface wave-assisted transmission through a sample with randomly
spaced holes is only due to surface plasmons. However, previous theory [13, 14] and experiments [13, 15] have shown
that the total evanescent field radiated by a hole can be decomposed into three fields, which describe the behaviour
of the evanescent field at short, intermediate and long distances: these are termed the quasicylindrical wave, the
surface plasmon wave, and the Norton wave respectively. The quasicylindrical wave, whose field decays more quickly
than the exponentially decaying plasmon field, contributes significantly to the total surface wave field at distances
under 2 plasmon wavelengths [13]. The Norton wave, whose field decays algebraically and thus more slowly than the
plasmon field, contributes significantly to the total field at distances beyond 9 plasmon propagation lengths [13]. If we
encounter contributions of non-plasmon surface waves in our experiments, we expect to see them as follows. At low
hole densities (large distances), a Norton wave contribution will cause the intensity ratio of surface wave-assisted to
direct transmission to become larger; additionally, the surface wave losses will decrease since the Norton field decays
more slowly than the plasmon field. At high hole densities (short distances), a quasicylindrical wave contribution will
cause the intensity ratio to increase; the surface wave losses will also increase since the quasicylindrical field decays
more quickly than the plasmon field.



3 Experimental setup

The goal of our experimental setup is to image the far-field transmission of a sample with a random pattern of
subwavelength holes onto a camera. Subsequently, we wish to vary the wavelength of the incident light. By
calculating the correlation of the resulting speckle patterns as a function of wavelength, we can then compare our
experimental correlation functions to our theoretical expectations. In this Chapter we explain how we reach our
experimental goal by addressing the following five requirements of the setup: a suitable sample (discussed in section
3.1); a narrow band of light with a tunable wavelength (section 3.2); a wavelength-independent beam shape (section
3.3); correct imaging of the far-field transmission of the sample (section 3.4); and automated measurements (section
3.5).

3.1 Samples

For our experiment, we use a gold film perforated with random patterns of subwavelength holes. SEM images of two
representative samples are shown in figure 5. The samples consist of three layers: a glass substrate; a gold layer (150
nm); and a chrome layer (20 nm). The chrome layer damps plasmons on the gold-air interface, allowing analysis
of plasmons on the gold-glass interface only [18]. All samples are 400 pm by 400 pm wide and are positioned on
the same slab to ensure a uniform thickness of the gold layer. We characterize the samples using two parameters:
the hole shape, which is either square (side length = 125 £ 5 nm) or circular (diameter = 120 £+ 6 nm), and the
average sample area per hole, which is ga3 where ap = 450 nm and ¢ € [1, 2, 3, 4, 9, 16, 25, 36, 81, 144]. Because
it is computationally demanding to generate random patterns, the densest patterns have been created by repeating
a single disordered array of 100 um by 100 um. This breaking of disorder limits the size of the beam incident on the
sample to 100 um by 100 pm [17]. For calibration purposes, we also have samples with ordered patterns of circular
subwavelength holes with a rectangular cell structure of sides ag and gag, where ¢ € [6, 7, 8, 9, 10, 12]. This is the
same sample collection that was used in previous work [18, 17].

Figure 5: SEM images of three of the studied
samples and a schematic representation of the
sample layer structure. (a),(b) Two of our set
of twenty random samples, with densities 0.20
um~2 and 4.9 um™? respectively. (c) One of
our set of six ordered samples with a rectangu-
lar cell structure of sides ao and 6ao where ag
= 450 nm. (d) Sample layer structure.

3.2 Filtering the laser light

A schematic picture of our experimental setup is shown in figure 6. The setup consists of three parts, A, B and
C, as indicated in the figure. In this section we discuss part A, where we filter a supercontinuum light source to a
bandwidth of approximately 1 nm and make the light tunable over a wavelength range of roughly 100 nm.

Our supercontinuum light source is a fianium WhiteLase SC-340-2 laser. The laser emits coherent light over a
wavelength range in excess of 400-2000 nm with an average spectral power density of >1 mW/nm [24]. The output
divergence of the laser is strongly wavelength-dependent and therefore the output of the laser is difficult to focus. This
issue is resolved by pre-filtering the laser light to a band of roughly 100 nm using a set of longpass and shortpass filters.

We use a Jarrell-Ash 82-410 monochromator to filter the laser light to a tunable wavelength and a narrow bandwidth.
The linear dispersion of this monochromator is specified as 3.3 nm/mm [25]. Hence, to obtain the desired bandwidth
of 1 nm, the incident beam diameter must be approximately 300 um. We use lens M (f = 750 mm) to focus the laser
beam onto the entrance of the monochromator. The available power in the laser beam after the monochromator is
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Figure 6: Top view of the experimental setup, which consists of three parts: (A) reduction of the bandwidth and wavelength
tuning of the laser light; (B) shaping the light to an appropriate size and profile; (C) imaging the far-field transmission of
the sample. In part A, the beam of our supercontinuum source is filtered and subsequently imaged onto the entrance of the
monochromator via lens M. The output of the monochromator is imaged onto a single mode fiber via lenses SMF1 and SMF2.
In part B, the light coupled out of the single mode fiber passes through a linear polarizer and illuminates a pinhole via lenses
P1, P2 and P3. The pinhole is imaged onto the sample via lenses S1 and S2. In part C, a Fourier-transform of the illuminated
sample is imaged onto a camera using lenses F, R1 and R2. A rod blocks the zeroth-order transmission of the sample. An
analyzing polarizer may be placed before the camera.

roughly 150 puW.

Lenses SMF1 (f = 500 mm) and SMF2 (f = 8 mm) image the exit slit of the monochromator onto a single mode
fiber, where the magnification is chosen such that the beam diameter matches the mode field diameter of the fiber.
Using an OceanOptics USB2000+ spectrometer with a resolution of 1 + 0.1 nm, we measure the bandwidth of the
single mode fiber output to be 1.8 + 0.3 nm. This bandwidth provides us with the resolution needed to determine
changes in the far-field transmission due to wavelength tuning (see Chapter 2). The power in the laser beam behind
the single mode fiber is 10-50 puW.

3.3 Shaping the laser beam

In part B of the setup shown in figure 6 we image a spot onto our sample that is <100 gm in diameter and which
size does not depend on wavelength. To this end, we illuminate a pinhole with the output of the single mode fiber
using lenses P1 (f = 8 mm), P2 (f = 250 mm) and P3 (f = 50 mm), where P1 collimates the fiber output and P2
and P3 reduce the output beam diameter. A linear polarizer is placed between lenses P1 and P2. The pinhole is
imaged onto the sample using lenses S1 (f = 200 mm) and S2 (f = 75 mm), resulting in a spot diameter on the
sample of ~ 75 um. An adjustable aperture on lens S2 reduces the numerical aperture of this lens to 0.09 + 0.02
to block light from the pinhole incident at large angles.

We choose to use a pinhole for the following reason: when the single mode fiber output is imaged onto the sample,
the spot size will increase with wavelength [26]. Hence, the beam spot will illuminate different holes in the sample
during wavelength tuning, an effect which is not incorporated in our theoretical model. By contrast, the image of
an illuminated pinhole on the sample is practically constant with wavelength if the illuminating spot is larger than
the pinhole. Thus, using an illuminated pinhole results in a trade-off between power and constant spot size. We
have chosen the magnification of P2 and P3 such that only half of the beam power is cut away by the pinhole. The
intensity at the edges of the pinhole is then 50% of the intensity at the center and the power of the light incident
on the sample is 5-25 puW. Note that the reduced numerical aperture of lens S2 re-introduces a small wavelength
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dependence to the spot diameter on the sample; however, this effect is modest since the diffraction introduced by
the cutoff corresponds to about 10 % of the spot diameter.

3.4 Imaging the far-field transmission

In part C of the setup, as indicated in figure 6, we image the far-field transmission of the sample onto an Apogee
Alta Ul CCD camera. Here, the challenge is to place the sample in the front focal plane of Fourier-transforming
lens F(f = 8 mm) and at the same time to image the back focal plane of lens F onto the CCD camera. It is not
possible to image the far-field transmission of the sample directly onto the camera: firstly, the Fourier plane is not
physically accessible to the camera; secondly, the zeroth-order transmission of the sample needs to be blocked, since
it is roughly 103 times more intense than the speckle pattern we wish to measure. Therefore we use a relay system
consisting of two lenses. The first relay lens R1(f = 100 mm) images the back focal plane of lens F onto a blocking
rod. The second relay lens R2(f = 75 mm) then images the rod and the speckle pattern onto the CCD camera.
A linear analyzing polarizer may be placed before the camera to do polarization-dependent measurements. Unless
indicated otherwise, the measurements presented are performed without this polarizer.

To ensure that all planes are correctly aligned, we use the following procedure. Assume that relay lens R2, the
blocking rod, relay lens R1, Fourier-transforming lens F, the sample, and lens S2 are not yet placed. We start by
placing the blocking rod. We then add lens R2 to image the blocking rod onto the camera. The sample is then
placed at about 42 cm from the blocking rod, and we introduce lens F to image the sample onto the blocking rod.
Then we add S2 to image the pinhole onto the sample. We can now calculate the positions of the front and back
focal planes of F with respect to the sample, using the object and image distances in this configuration and the
technical specifications of F. The distance of the sample to the front focal plane is 150 + 5 um, and the distance
between the focal planes of F is 17.46 mm (which also takes into account the effective thickness of the lens). We
then remove lens F and move the sample 17.61 mm towards the blocking rod to the calculated position of the back
focal plane of F. We add lens R1 to image the sample onto the blocking rod. We then move the sample to the
calculated position of the front focal plane of F, which is 150 um closer to F than the initial position of the sample.
F is then returned to the setup. As the last step, S2 is moved toward the sample by 150 um to image the pinhole
onto the sample. The Fourier plane of the sample is now imaged onto the camera with a magnification of 1.06 £+
0.05.

3.5 Automation

We have automated the wavelength tuning of the laser light and the capturing of camera images. To this end,
we use a Newport ESP300 Motion Controller/Driver system in conjunction with LabVIEW to control the dial on
the monochromator and the shutter on the camera. We have calibrated the wavelength of the monochromator
using a Helium-Neon laser and an OceanOptics USB2000-+ spectrometer. We have also checked the linearity of the
wavelength with the dial on the monochromator, using a white light source and the USB spectrometer.

In our experiments, we use a wavelength scan range of 690-790 nm. Within this scan range, an image of the far-field
transmission is taken after each wavelength step of 1 nm. We adjust the integration time for each image such that
50-60% of the saturation level of the camera is reached; typical integration times range from 0.01-10 s per image.
After scanning over the wavelength range, a dark measurement of corresponding integration time is taken for each
image and subsequently subtracted.
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4 Data analysis method

In this Chapter, we address how we analyze the recorded speckle patterns to produce experimental correlation
functions that we subsequently compare to our theoretical model. First we describe the data analysis method (section
4.1). We explain that to correlate the speckle patterns, we must first rescale them as a function of wavelength,
reflecting our theoretical premise that we compare intensities at different wavelengths at the same value of k|| (see
Chapter 2). A data analysis challenge is presented (section 4.2): we found that the image of the Fourier plane on
the camera is slightly deformed. Investigation of this imaging deformation using the transmission of samples with
ordered hole patterns yields deviations up to 3% with respect to perfect imaging. We explain that we subsequently
solve this issue by changing the way in which we rescale our speckle patterns (section 4.3).

4.1 Processing speckle patterns

We wish to compare the correlation of the recorded speckle patterns as a function of wavelength detuning to our
theoretical model for the correlation function (see Chapter 2). In this model, we correlate the transmitted far-field
intensities at different wavelengths, but at the same value of k|| (see equation 9):

sin(|6]) _ o . sin(|01])

:2 .
k= 2= " A

(15)
where A is the wavelength and g is the far-field angle. At this value of k||, we subsequently perform an ensemble
average to obtain an expression for the correlation function. In our experiments, we correlate the transmitted
intensities at different wavelengths by comparing the speckle patterns pixel by pixel and approximating ensemble
averaging by averaging over the speckles. Most importantly, each position within our recorded speckle patterns
corresponds to a decreasing value of k| for increasing wavelengths. This relationship between image position and
kj|-value is partially defined by equation 15, which relates k| to g; and partially by the specifications of our imaging
setup as indicated in figure 7, which allow us to relate 6 to 7. The corresponding imaging formula is:

tan(|d]) = M|;1()\) (16)

where 7 is the position in the Fourier plane; g is the far-field angle; f(\) is the wavelength-dependent focal length
of lens F; and M is the magnification of the imaging system.

Figure 7: Schematic of the imaging setup (part C in fig-
ure 6), where the far-field transmission of the sample is
imaged. 7 Indicates the position in the plane; G is the angle

:lf between the ray diffracted from the sample and the optical

:—“é axis; f(\) is the wavelength-dependent focal length of lens
image relay Fourier lens F sample F; and M is the magnification of the imaging system.
plane system plane

To correlate recorded speckle pattern images analogously to the theory, we must therefore rescale the images at
all wavelengths such that corresponding pixels in different images have identical values of k. We perform the
rescaling procedure as follows. We first choose a speckle image « at wavelength A, as the rescaling reference for the
remaining images {3} at wavelengths {A\g}. Given position 7, in speckle image « at wavelength ), we calculate
the corresponding value of k| using equations 15 and 16. We then calculate the position 75 in speckle image 3 at
wavelength \g that corresponds to the same value of k||. Schematically:

R eq.16 , eq.15 eq.15 , eq.16 .
|7l k| |7s] (17)

For illustration, in figure 8 we show two areas at wavelengths A, (690 nm) and Ag (790 nm) where corresponding
positions 7, and 73 have the same values of k||. The last step is to create a rescaled version 3,,c,, of speckle pattern
B, where the speckle pattern intensity value at 7 in the unscaled image is moved to 7 pew = 7o in the rescaled
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intensity (10" counts) Figure 8: Example of areas in a speckle pattern at two
6.0 different wavelengths with identical values of k| at corre-
sponding positions. Shown here is a false-colour CCD im-
age (resolution: 9 pm/pixel) of the far-field transmission
4.0 through a sample with randomly spaced sub-wavelength
holes. The white circle indicates the location of the zeroth-
order transmission, which is blocked by the black rod. The
20 white solid outline indicates the reference area at initial
wavelength Ao, = 690 nm. The white dashed outline in-
dicates the corresponding area at final wavelength \g =
790 nm. The white corner boxes indicate two positions of

0 150 300 450 600 750 identical k)| for wavelengths Ao and \g respectively.
X—position (pixels)

5.0

3.0

y—position (pixels)

1.0

image for each value of 7%,. The resulting collection of rescaled speckle patterns {3,,c.,} has the same values of &,
at each pixel as speckle pattern a.

We subsequently use the rescaled images to calculate the correlation of the speckle pattern image at a reference
wavelength with respect to the images at increasing wavelength detuning, using matrix correlation as was done
in previous work [17]. In this way we obtain an experimental correlation function as a function of wavelength
detuning.

4.2 Imaging challenges

So far, the way in which we rescale our speckle patterns assumes perfect imaging of the far-field transmission of
the sample onto the camera; however, we experimentally find small deviations from a perfect imaging system in
our setup. To correctly compare our data to the theoretical model, we therefore need to characterize the image
deformation and adapt our image rescaling to compensate for this deformation.

We investigate the deformation along the x-axis of our image using the diffraction orders of the transmission of
ordered samples. An example of the far-field transmission of an ordered sample is shown in figure 9. Using a 2-D
Gaussian fit, we determine the positions of the diffraction orders along the x-axis. We can then compare the measured
order positions to their expected positions in the case of perfect imaging (when Sin(\é\) = ;’;—i‘ for the m*" order), as
a function of three parameters: the position along the x-axis of our image; the wavelength; and the distance between
Fourier-transforming lens F and the sample.

intensity (104 counts)

3.0
@ 25
) Figure 9: False-color CCD image (resolution: 9 pm/pixel)
= 2.0 of the far-field transmission of an ordered array of sub-
E 15 wavelength holes as described in Chapter 3. We use the
B position of the transmission orders to characterize imaging
|8. 1.0 deformations in our setup along the x-axis.
>

0.5

0 150 300 450 600 750
X—position (pixels)

In figure 10a, we plot the measured versus the expected diffraction order positions along the x-axis of the image at a
wavelength of 690 nm to qualify the deformation as a function of position. On the scale in this figure, the imaging ap-
pears to be linear and thus perfect. However, fitting with a quadratic function Z,,cqsured = a+b’xmpectad+C'szpected
yields a small quadratic dependence a = 379.2+ 0.8, b = 1.024 +0.003, ¢ = 6 - 1072 2 - 1075, implying some
deformation. Here, a is the position of the zeroth-order transmission, b is a correction on the magnification M

previously indicated in figure 7, and ¢ indicates an asymmetric deformation which stretches the image left of the

13



’Q‘ O qa, = 2.7 pm
@ O ga =3.1um 2 O
2 600¢ 0™ Q
e O 9a,=3.6um ~ Of
@ _ v 8
% O aga,= 4.0 pm 2
s = o
g 450+ ga, =4.5um }_:
o qa, =5.4 ym 3 -3r O da;=2.7um
g quadratic fit % O aa,= 3.1um
= = a =3.6 um
S 3007 g -6/ 0 q0—4ou
E g O ga,=4.0um
5 = ga, = 4.5 ym
(2]
8 qa, = 5.4 um
g 1507 < -9r quadratic part of fit
-300 -150 0 150 300 -300 -150 0 150 300
expected diffraction orders (pixels) expected diffraction orders (pixels)
(a) (b)
3 -
60" Az =-0.6mm
increasing A
= Of )
(O] (0]
x X 30
£ R
) increasing A )
S -3 =
S S
8 8 o
§ 60" - g
2 C? O @a,=2.7um 2
= —31 =
@ O aa, i pm _30
qa, = 4.5 pm
-9r quadratic part of fit
-300 -150 0 150 300 -300 -150 0 150 300
expected diffraction orders (pixels) expected diffraction orders (pixels)
(c) (d)

Figure 10: Characterization of image deformation using diffraction orders of ordered samples imaged onto the CCD camera.
(a) Position-dependent deformations: measured positions of diffraction orders versus expected positions at wavelength 690
nm. On this scale, their relation looks linear, indicating perfect imaging. The fitted line is quadratic. (b) Position-dependent
deformations: residue of the measured positions of diffraction orders at 690 nm with respect to the linear part of the quadratic
fit in (a), expected for perfect imaging. The position-dependent deformations vary up to 6 pixels. (c) Wavelength-dependent
deformations: residue of measured positions of diffraction orders with respect to the linear part of the quadratic fit in (a) at
690 nm, for multiple wavelengths between 690 nm and 790 nm. The wavelength-dependent deformations vary up to 8 pixels.
(d) Lens position-dependent deformations: residue of measured positions of diffraction orders at various distances between
the Fourier-transforming lens and the sample (relative to the optimum distance Aziens = 0) with respect to a linear fit at the
optimum distance. The lines are a guide to the eye. The deformations vary strongly with the lens position, increasing up to
30 pixels at 0.4 mm from the optimum.

zeroth-order and shrinks the image right of the zeroth-order. To get a better overview of the size of this deformation,
we subtract the linear part of the fit from the data and plot the residue along with the quadratic part of the fit
in figure 10b. We see that the deformation has a maximum of about 6 pixels over a range of 300 pixels, or 2%.
The data have a random scatter of roughly 2 pixels, caused by asymmetric fringes in the intensity profiles of the
diffraction orders, which make center positions difficult to determine using a simple 2-D Gaussian fit.

We then investigate the wavelength dependence of the deformation by plotting the positions of the measured and
expected diffraction orders for multiple wavelengths between 690 and 790 nm. To keep a good overview over the
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data, we subtract the linear part of the fit at 690 nm from our data and plot the resulting residue in figure 10c ,
analogously to figure 10b. Here, we see that there is an additional wavelength dependence of the deformation, with
a maximum deformation of about 8 pixels over a range of 300 pixels, or 3%. Once more the data have a random
scatter of roughly 2 pixels.

Lastly, we study whether the deformation depends on the distance between the Fourier-transforming lens F and the
sample. To quantify this deformation, we plot the measured and expected positions of the diffraction orders at a
wavelength of 690 nm for various distances between lens and sample that deviate from the optimum distance. To
keep a good overview, we again show the residue of the measured positions with respect to a linearly fitted function
that represents perfect imaging. The result is shown in figure 10d. We can see that the deformations depend
strongly on the alignment of lens F (f = 8 mm), deforming between 10 and 30 pixels over a range of 300 pixels, or 3
to 10%, at only 0.4 mm from the optimum lens position. At the optimum lens position, the residue has a quadratic
shape indicating an asymmetric deformation similar to figure 10b which stretches the image right of the zeroth-order
and shrinks the image left of the zeroth-order. At non-optimum lens positions, the residue can be approximated by
a cubic function which indicates a position-dependent magnification that is symmetric around the zeroth-order, and
additional higher-order terms that indicate further deformations. We cannot use the diffraction orders as a guide to
align this lens, because the alignment precision of the lens is too small.

4.3 Imaging solutions

Although we have qualified the deformations that our speckle patterns are subject to, it is not possible to precisely
quantify them and incorporate them directly into the rescaling method we use for the speckle patterns. There are two
reasons for this: first of all, the scatter in our data is nearly of the same order of magnitude as the deformation we
try to quantify, and therefore any model will have a large error margin; secondly, the deformations depend strongly
on the alignment of the setup, varying as much as 6 pixels between alignments. Therefore, instead of using one
rigid characterization of the deformation, we use dynamic adaptation during rescaling based on the assumption that
deformation can only lead to decorrelation and that therefore the rescaling that leads to the highest correlation best
reflects the deformations.

We perform dynamic rescaling to compensate for image deformations by subdividing a large correlating area into
an array of small areas of approximately 100 by 100 pixels. For each small area and each wavelength we use the
standard rescaling method described in section 1, and additionally shift the reference image along the x- and y-axes
to maximize the correlation. We subsequently average the correlation over these areas. Effectively, this method
adjusts the position of the speckle pattern to compensate for deformations. This rescaling method provides the
following advantages: firstly we perform a rescaling iteration for each wavelength, which means we are able to filter
out part of the wavelength-dependent deformation; and secondly the use of small correlating areas ensures that we
compensate for a part of the position-dependent aberrations.

intensity (104 counts)

Figure 11: Example of dynamic rescaling of corre-
lating areas in a speckle pattern as discussed in sec-
tion 3. Shown here are correlating areas at 100 nm
wavelength detuning from the reference. Displayed
in each area is the shift (Ax,Ay) along the x- and
y-axes required for the corresponding reference area
to maximize the correlation.
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The effect of dynamic rescaling on our experimental correlation functions depends on the quality of the alignment
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of the setup, which largely dictates the character of the image deformations. On average, using dynamic rescaling
prevents 3-15% decorrelation at 100 nm wavelength detuning. The required shift of the reference areas is comparable
in size to the deformations presented in figure 10 and varies from -5 to +5 pixels, where the sign and size of the
shift qualifies the type of deformations in our image. For comparison, the average speckle size is roughly 15 by 15
pixels. In figure 11 a representative example is shown of correlating areas in a speckle pattern, along with the shift
of their respective reference areas over 100 nm wavelength detuning. As an example, we take a closer look at the
bottom left corner area: the reference area shift of (Ax, Ay) = (4, —4) indicates that the reference area has been
shifted 4 pixels to the right and 4 pixels upward in the speckle image. Effectively, this shift increases the distance
between the reference and correlating area when compared to a zero shift (perfect imaging). This fits with the type
of deformations seen in figure 10b, which imply that the leftmost side of the images is stretched.
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5 Results

In this Chapter, we test our model (see Chapter 2) which describes the correlation of the far-field transmission of
a metal-dielectric sample with randomly spaced subwavelength holes as a function of wavelength detuning. We
present our experimental correlation functions and fit them with the model (section 5.1). We study the correlation
functions for different hole densities, where we expect to see both the plasmon contributions and the plasmonic
losses to increase with density due to increased scattering. Subsequently we address issues encountered while fitting
the correlation functions and our solutions to these challenges (section 5.2). If there is a good correspondence
between correlation model and data, we can extract the plasmonic losses and the ratio of surface wave and direct
contributions to the transmitted intensity from the fit parameters. We plot the experimental losses and intensity
ratios as a function of hole density (sectio