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CHAPTER 1

Introduction

Already since ancient history, mankind has tried to manipulate light and use
it for their purpose. The fact that a piece of glass can be used to manipulate
light was known by the ancient Greeks, as reports Aristophanes in his comedy
“The Clouds” [1], first performed in 423 B.C.:

STREPSIADES You know in a chemist’s shop... that round thing...
clear, like a pretty stone you can see right through... For fires...

SOCRATES You mean a magnifying glass?

STREPSIADES That’s it. I'll take one with me in court... Stand
behind the clerk with the wax tablets... And when he writes
down the fine, melt it away.

SOCRATES That’s clever. I like it.

Ever since then, a better and better understanding of light went hand in hand
with new inventions, that marked new eras of using and manipulating light.
The microscope made it possible to look at ever smaller objects, and the in-
vention of the laser marked the era of using light as an information carrier. A
final step was made with the advent of nanotechnology. This technology made
it possible to structure materials on a scale of hundreds of nanometers, smaller
than the wavelength of light.

On the one hand, this possibility opened new routes for fundamental physics
research. The (theoretical) invention of the photonic crystal by John [2] and
Yablonovitch [3] paved the way for slowing down and localizing pulses of
light [4]. Photonic-crystal defect cavities [5] gave a possibility to combine
high-Q) resonators with small modal volumes. This boosted the study of new
regimes of light-matter interaction [6]. The possibility to engineer the disper-
sion of light led to studies of nonlinear optics in photonic crystals |7, 8|, and
even a proposal for a nano-source of entangled photon pairs [9].
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On the other hand, a technology-centered route was taken. Plasmonics has
taken a renewed interest, because of its promise to focus light on a nanome-
ter scale [10], and multitudes of nanostructures were conceived to steer and
guide light [11]. The strong wavelength dependence of several resonant effects
inspired people to make photon sorters [12]|, and the sensitivity for minute
changes in refractive index paved the way for nanostructured sensors [13].

1.1 Periodic nanostructures

In this thesis, we study a specific class of nanostructures, that is formed by
structures that have a periodic variation of material, and therefore of the re-
fractive index. The simplest example of such a structure is the so-called Bragg
stack, a periodic variation of thin layers of different materials. At each inter-
face between two adjacent layers, light is scattered. The reflected waves will
interfere, and if the wavelength A\ and the lattice vector k are tuned, such that
all reflected waves add constructively, the reflection can add up to unity, and
transmission through the structure is forbidden.

a) b)
— o
\/ X A
N voummou! - / >
~| ~
W I:II:II:I/:I\I:II:I:I
&~ /1\ ~a

N ¥ | N

Figure 1.1. (a) Bragg stack. A periodic structure of layers of different
refractive index. If the thickness and index difference are tuned right, all
reflected waves will interfere constructively and the stack will give unit
reflectivity. (b) Diffraction grating. Waves scattered from the periodic
structure will interfere constructively in the directions of the dashed
arrows. The solid arrows indicate the incident beam and the directly
reflected and transmitted beams.

Another well-known example of a periodic structure used to control the
propagation of light, is the diffraction grating, that consists of a series of ad-
jacent slits. Each slit act as a line source of radiation that propagates in all
directions. In certain directions, where the path length difference between the
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light emerging from two adjacent slits equals an integer number of wavelengths,
the contributions from all slits will interfere constructively. This will lead to a
series of diffracted beams emerging from the slits. The directions 6,, in which
this occurs are given by the condition

dsin 0, = mA, (1.1)

where d is the distance between two slits, and m is an integer number defining
the diffraction order.

The physics of the diffraction grating, or of any periodic structure, can be
more easily understood by describing both systems in terms of their proper-
ties in reciprocal space. In this space, plane waves of light are described by
their wave vector k = 27 /), and their angular frequency w. For light in an
unpatterned material, their relation is simply given by

w = ck/n, (1.2)

where ¢ is the speed of light in vacuo, and n the refractive index of the material.
The structure of the periodic lattice can also be described in reciprocal
space. The reciprocal lattice of a periodic structure is periodic as well, and is
described by reciprocal lattice vectors G. Each diffraction process can now be
described as adding a reciprocal lattice vector to the wave vector of the light,

such that . L
kin + G = kout, (1.3)

where Ein and Eout are the wave vectors before and after the scattering pro-
cess, respectively. In the case of the diffraction grating discussed before, at
each interface, the component of the wave vector parallel to the interface, is
conserved. The perpendicular component of the wave vector is adapted, such
that the dispersion relation (1.2) is fulfilled. When kou > 27n/A, with n
the refractive index of the medium in which the scattered wave propagates,
no propagating solution exists, and the field of the scattered wave will decay
exponentially in the direction perpendicular to the interface.

1.2 Bound modes in slabs and at surfaces

In a planar material, that only has variation of material parameters in one
direction (the z-direction), solutions of the wave equation can exist, that are
bound to a certain region of z-space, but are propagating freely in the two
remaining dimensions. Such a bound mode can be parametrized by a propa-
gation constant (i.e. the component of the wave vector in the zy-plane), that
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has to obey the following condition:

21 Namb

8> Y (1.4)
where n,mp is the refractive index of the surrounding material. In this thesis,

we study two kinds of bound waves: waveguide modes and surface plasmons.

1.2.1 Waveguide modes

The simplest guided modes in a planar structure are waveguide modes. A
waveguide can be constructed by surrounding a high refractive index dielectric
by media with a lower refractive index. Light in the high refractive index ma-
terial is bound to this medium by total internal reflection from the interfaces.
In a planar waveguide, the waveguide modes can be classified as having the
electric field pointing parallel to the waveguiding plane (TE modes) or perpen-
dicular to this plane (TM modes), and by the number of zeros the field has
in the waveguide (the mode number). Figure 1.2(a) sketches the electric field
distribution of the two first TE waveguide modes for a planar waveguide [14].
The dispersion relation of the different waveguide modes can be calculated
numerically. This is done by imposing a wave solution that is exponentially
decaying outside the slab, and sinusoidal inside the slab. Boundary conditions
at each interface require that the parallel components of the fields are contin-
uous across the interface, which allows us to numerically find solutions for the
waveguide modes.

Figure 1.2(b) shows the dispersion relation of the first waveguide modes for
a slab with refractive index ngj,;, = 3.4, surrounded by air. Note that both the
frequency and the wave vector axis of this graph are scaled by the thickness d
of the slab. This reflects the fact that Maxwell’s equations are scale invariant.
Three different regions can be identified in this graph. The grey area in this
graph shows the light cone. In this region, a continuum of solutions exists for a
chosen parallel wave vector k). These solutions have a propagating component
in directions away from the slab (k| is real everywhere), and are therefore not
bound to the dielectric slab.

In the black region, k,; is imaginary in all regions of space, and no prop-
agating solutions to the wave equation exist at all. Propagation of light is
forbidden in this region. In the region in between, light is bound to the slab by
total internal reflection, and different waveguide modes exist. The solid curves
indicate the dispersion of the TE waveguide modes, and the dashed curves the
dispersion of the TM waveguide modes.

4
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Figure 1.2. (a) Electric field distribution of the first two TE waveguide
modes of a slab with refractive index n = 3.4, surrounded by air. (b)
Dispersion diagram of this structure. The solid and dashed curves give
the dispersion of the TE and TM waveguide modes, respectively. The
grey area indicates the light cone, were propagating solutions exist that
are not bound to the slab. The black area indicates the region where no
propagating modes exist at all.

1.2.2 Surface plasmons

On a metal-dielectric interface, another kind of bound wave exists. This is the
so-called surface plasmon polariton (surface plasmon for short) [15]. A surface
plasmon is a collective oscillation of charges at the boundary between a metal
and a dielectric. For a surface plasmon, the magnetic field points parallel to
the surface, normal to the propagation vector 3. It has a field distribution that
is decaying exponentially in both the metal and the dielectric, as is shown in
Fig. 1.3(a). Its dispersion relation is shown in Fig. 1.3(b) and is given by

o) = 2, Aen)

¢\ €+ em(w)’ (1.5)

where ¢4 and ¢, are the dielectric constants of the dielectric and the metal, re-
spectively. Note that, contrary to a waveguide mode, there is no characteristic
length scale in this equation, that can be tuned to change the surface-plasmon
dispersion. The only length scale is defined by the frequency dependence of
the dielectric constant of the gold.
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Figure 1.3. (a) Magnetic field distribution for a surface plasmon. (b)

Dispersion relation for a surface plasmon on a gold-air interface. For

low frequencies, the surface plasmon is close to the light line, indicated

by the dashed line. The horizontal dotted line indicates the plasmon

frequency.

1.3 Periodic guiding structures

When a planar material that contains guided modes, is patterned with a pe-
riodic structure, diffraction will allow light that is incident, to couple to the
guided waves, and vice-versa. This is most easily visualized by considering
the dispersion relation of the guided wave, and imposing the periodicity of the
lattice to the dispersion relation. Figure 1.4 shows the dispersion diagram of
the first two waveguide modes from Fig. 1.2, where a one-dimensional period-
icity with reciprocal lattice vector G was imposed by repeating the dispersion
relation.

A few things can be noticed in this figure. First, by repeating the disper-
sion relation every reciprocal lattice vector, the frequency w of a particular
mode with well-defined k| is not uniquely defined anymore. Moreover, differ-
ent waveguide modes cross. At the crossing of two waveguide mode lines in
this diagram, interaction between the modes can induce an avoided crossing
between the curves, leading to a more complicated dispersion relation. This
interaction is caused by the Fourier component of the dielectric function, at
the reciprocal lattice vector that links the two crossing curves.

Finally, guided modes show up above the light line (grey area). Where this
happens, diffraction from the periodic structure allows light that would oth-
erwise be confined to the waveguide, to propagate away from the waveguiding



1.3 Periodic guiding structures
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Figure 1.4. Construction of the dispersion relation of the dielectric
waveguide of Fig. 1.2, that is patterned with a one-dimensional array of
infinitesimal lines. The lattice period a = 2.5d, where d is the thickness
of the slab. Only the two first waveguide modes are shown. The grey
area indicates the light cone. The dash-dotted lines indicate diffraction
orders into the surrounding air.

layer. The condition for such a resonance to occur is given by
E” = ,g—i- C_j, (1.6)

where EII is the parallel component of the wave vector of the incident light.
Although this equation gives the frequencies at which resonances occur, the
coupling strength, and therewith the width of the resonance, is determined by
the Fourier spectrum of the dielectric function.

Just as a Bragg stack has certain wavelengths for which no reflection oc-
curs, the reflection and transmission from a periodic nanostructure bears the
signature of the resonances. There are two channels through which light can
be transmitted (or reflected) through a patterned structure. First, there is a
direct channel, where the light is just reflected or transmitted. Furthermore,
there is a resonant channel, in which light is resonantly coupled to the leaky
modes, and diffracted back again. Usually, the non-resonant channel is inde-
pendent of, or slowly varying with, frequency. The reflection or transmission
due to the resonant channel is sharply peaked at the resonance frequency, as
shown in Fig. 1.5(a). The total transmission or reflection will be the coherent
addition of the fields of the two channels, which results in an asymmetric peak
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shape as in Fig. 1.5(b). The asymmetry of the peak will be determined by the
relative phase of the two channels.

1 1 T
b) !
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Figure 1.5. (a) Transmission intensity as function of frequency, for
the direct (dashed line) and resonant (solid curve) transmission channel.
When the two channels are combined, an asymmetric line shape arises
due to the coherent addition of the two channels (b). The relative phase
of the direct and resonant channel determines the asymmetry of the
peak, either red-tailed (dashed curve), or blue-tailed (solid curve).

1.4 This thesis

In this thesis, we investigate how light couples to periodic nanostructures.
We study different structures, and start out with dielectric structures. In
chapter 2 we discuss the fabrication and reflection spectra of two-dimensional
photonic-crystal slabs. We discuss the resonances in terms of a Fano model,
and show that light can be coupled resonantly to waveguide modes in the slab.
In chapter 3 we discuss the line shape of these resonances, and show that the
line shape changes when the angle of incidence is tuned. In chapter 4 we study
one of these resonances in more detail. For this, we change to a direct-imaging
scheme, which allows us to show the propagation of the light through the
resonant modes.

Chapters 5-7 describe experiments using metallic structures. The bound
waves in these structures are surface plasmon polaritons, that propagate on
either the gold-air or the gold-substrate interface of the hole arrays. Chapter 5
describes an experiment where a dielectric pillar was placed in each of the
nanoholes. These pillars act as antennas and increase the coupling to specific
surface plasmon modes. In chapter 6, we use a dielectric glass layer on top
of the metal hole array to achieve index matching. Besides degenerating the
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surface plasmon modes, this dielectric layer acts as a waveguide, which gives
rise to extra resonances in the transmission spectra. Finally, in chapter 7,
we study surface plasmon modes on both sides of the hole array, that are
made degenerate by immersing it in an index-matching liquid, and discuss the
coupling that is a result of this degeneracy.

The last two chapters discuss the optics of a new kind of single-photon
detector, that consists of a very thin superconducting meander. We study
the polarization dependence of these detectors in chapter 8, and we describe
the absorption of light in this thin meander in terms of an optical impedance
model. In chapter 9, we show that the absorption in a metallic film of only a
few nanometers thickness can be as high as 95%, for one single polarization.
Besides that, we extend these results to the geometry of the single-photon
detectors, and show that it is equally possible to make a detector with such a
high absorption efficiency.

1.5 Polarization convention

Throughout this thesis, I tried to consistently use the following classifications
for the polarization of light in experimental setups and for the polarization
of different modes. When a mirror symmetry is present, modes will have a
profile that is either even or odd with respect to this symmetry plane. The
polarization is also defined with respect to these symmetry planes:

e s- and p-polarization define a polarization with respect to the scatter-
ing plane of a reflection. Light that has its electric field perpendicular
(senkrecht) to this plane (i.e., parallel to the reflecting surface) is denoted
with s-polarization, whereas light that has the electric field parallel to
the scattering plane, is denoted as being p-polarized.

e TE and TM polarization have another meaning. In two-dimensional pe-
riodic structures, they define the polarization with respect to the third
dimension. When the electric field is perpendicular to the direction of
translation symmetry, i.e. in the plane of the reciprocal lattice vec-
tors, it has TE (transversally electric) polarization, otherwise it has TM
(transversally magnetic) polarization. For slab waveguides, TE and TM
are defined with respect to the waveguiding layer. TE waveguide modes
have the electric field in the plane of the slab waveguide, whereas TM
waveguide modes have the magnetic field in the plane of the slab.



10



PART |

Photonic-crystal slabs



12



CHAPTER 2

Fano resonances and waveguide
modes in a two-dimensional
photonic-crystal slab

The measured reflection spectra of two-dimensional photonic crys-
tal slabs consist of an asymmetric peak on top of an oscillating
background. For p-polarized light, this asymmetric peak changes
shape, when the angle of incidence is tuned over Brewster’s an-
gle. We explain the observed line shapes with a Fano model that
includes loss and use a waveguide model to predict the resonance
frequencies of the photonic-crystal slab. Finite-difference time do-
main calculations support the model and show that resonances due
to higher order waveguide modes disappear when the substrate
refractive index is increased beyond ng = 2.04. This is readily
explained by the cut-off condition of these modes, given by the
waveguide model.

This chapter is based on E. F. C. Driessen, P. O. M. Heemskerk, D. Stolwijk, E. W. J. M.
van der Drift, and M. J. A. de Dood, Asymmetry reversal and waveguide modes in the
reflection from a two-dimensional photonic-crystal slab, Proc. SPIE 6989, 69890G (2008).

13



2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab

2.1 Introduction

Resonant optical structures, in particular photonic crystals embedded in a
waveguide, form an important class of optical materials. These photonic-
crystal slabs contain a periodic arrangement of holes on a wavelength scale,
and allow control of the propagation of light, guided in the plane of the waveg-
uide [16]. For example, they enable wavelength-dependent steering [17], strong
coupling of atoms to a cavity [18], and enhanced non-linear optical effects [8].

A measurement of the reflectivity as a function of the wavelength is a
relatively easy way to characterize the optical properties of these slabs. At
each angle of incidence, the reflectivity spectrum shows a number of reso-
nant features related to coupling of incident radiation to a leaky waveguide
mode of the photonic-crystal slab [19,20]. The reflection spectra can be calcu-
lated numerically by solving Maxwell’s equations using a scattering-matrix ap-
proach [21,22], Green’s functions [23], or finite-difference time domain (FDTD)
methods [19,24]. Although these numerical solutions of Maxwell’s equations
predict the right frequencies and quality factors of the resonances observed in
the measurements, they do not give physical insight into the origin of the spec-
tral features. Therefore, it is important to develop simpler models to explain
the measured resonances. Such models can be used as a diagnostic tool for
fabricated structures, and can facilitate the first design of a photonic crystal
structure.

Here, we present reflection measurements on a two-dimensional (2-D) photonic-
crystal slab. We use an extended coupled-mode theory to describe the shape
of the measured reflectivity spectra and the line shape of the resonant features.
This theory explains the change in asymmetry that is observed when chang-
ing the angle of incidence, as resulting from the change of sign of the Fresnel
reflection coeflicient of the layered structure at Brewster’s angle. We use a
waveguide model [25,26] to predict the resonance frequencies of a photonic-
crystal slab and compare this model to FDTD calculations. The disappearance
of modes from the spectra when increasing the refractive index of the substrate
is explained by the model in terms of the cut-off condition of the guided modes.

2.2 Photonic crystal fabrication

The GaAs and AlGaAs photonic crystals in this study were fabricated using a
combination of electron-beam lithography and reactive ion etching®. A square
lattice of 1000 x 1000 holes, with a radius 7 ~ 100 nm and a lattice constant a ~

*The detailed fabrication recipe can be found in Appendix A

14
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Figure 2.1. SEM images of photonic crystal structures fabricated by
reactive ion etching in a Cly /Ny plasma. (a) Top view of the photonic
crystal structure used for the measurements in Sec. 2.4. The arrow
corresponds to the direction of k| in the reflection measurements. (b)
Cross section (taken under an angle of 45°) of the etched holes when no
N, is added. The non-passivated side walls are partially etched away by
the plasma. (c) Cross section of the holes (taken under an angle of 55°)
when 10 sccm of Ny is added to passivate the side walls. The silicon
nitride mask on top is still visible.

320 nm, was defined by electron-beam lithography in a ~ 550 nm thick layer
of ZEP 520 positive-tone resist* on top of a ~ 300 nm layer of silicon nitride.
After development, the pattern was transferred to the nitride by reactive ion
etching using a low pressure (< 8 pubar) CHF3:Ar (1:1) plasma. The remaining
ZEP resist was removed with an oxygen plasma.

The resulting hole pattern in the nitride serves as a mask for reactive ion
etching of the (Al)GaAs with a chlorine-based plasma [5,27]. In this process,
the chlorine ions etch the (Al)GaAs, while the nitrogen is used to passivate
the side walls. We used a power of 100 W, a pressure < 5 pbar, and a flow of
15 scecm BClg and 7.5 scem Cly, and varied the Ny flow to tune the profile of the
side walls. The selectivity of the etching process is > 10 : 1, and the etch rate
depends on the hole size and the nitrogen flow, i.e. ~ 200 nm/min for holes
with a diameter of 300 nm, and ~ 1 gm/min for holes with a diameter of 1 um,
with Ng added. Figure 2.1(a) shows a scanning electron microscope (SEM)
image of the photonic crystal after the fabrication process. Figure 2.1(b) shows
a cross section of the holes when using a plasma without No added, showing
damage to the side walls of the holes. In Fig. 2.1(c), we added a flow of 10 sccm
Ny to the plasma, resulting in straight holes. A slight curvature of the holes
is observed in Fig. 2.1(c). The curvature is due to specular reflection of the
ions from the slightly tapered nitride mask, and the depth at which it occurs
depends on the hole diameter. This curvature is therefore not intrinsic to the

*ZEON corporation, http://www.zeon.co.jp

15
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Figure 2.2. SEM images of (a) the cross section of the photonic crystal
used for the measurements in section 2.4 (taken under an angle of 59°).
The approximate shape of the holes is indicated with the white curves.
(b) A large, high-quality, free-standing photonic-crystal membrane. The
GaAs capping layer is not removed from the membranes in this picture.
The inset shows an enlarged image of the holes. The length of the scale
bar in the inset is 500 nm.

process and straight holes as deep as a few microns can easily be achieved. In
the final stage, we selectively removed the silicon nitride mask using the same
CHF3:Ar reactive ion etch used to define the mask.

Figure 2.2 shows SEM images of photonic crystal samples that consist of a
higher refractive index slab layer on top of a substrate with a lower index. The
structure in Fig. 2.2(a) was fabricated in a GaAs substrate using a relatively
low No flow, leading to incomplete passivation of the side walls. The lines in
the figure indicate the resulting tapering of the holes. The undercut effectively
defines a waveguide structure that was used in the optical measurements of
Sec. 2.4.

The same reactive ion etch can be used to define high quality photonic crys-
tals in a free-standing membrane. Figure 2.2(b) shows a part of such a mem-
brane structure, consisting of 1000 x 1000 holes (~ 300x 300 zm?). To fabricate
this structure, we used a GaAs substrate with a heterostructure consisting of
a 1000 nm Aly7rGag sAs sacrificial layer, a 300 nm thick Aly 35Gag.gsAs mem-
brane layer, and a 100 nm thick GaAs capping layer to prevent oxidation.
After transferring the photonic crystal pattern to the heterostructure, we se-
lectively removed the GaAs capping layer, using a wet etch of peroxide and
citric acid [28]. In the last step, a wet etch with hydrofluoric acid was used
to selectively remove the aluminium-rich sacrificial layer [5], thus creating the
free-standing photonic-crystal membrane in Fig. 2.2(b). Note that the curva-
ture of the holes due to the tapered nitride mask occurs in the sacrificial layer
in this case.
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2.3 Theory

2.3 Theory

The reflection spectrum of a photonic-crystal slab typically consists of an os-
cillating background and a number of sharp resonances [19, 20| as shown in
Fig. 2.4 and Fig. 2.6. The spectrum can be explained using a simple scattering
model of a resonator coupled to a continuum of modes. The photonic-crystal
slab, that acts as the resonator, is depicted in Fig. 2.3(a), together with the
input and output ports. Part of the radiation incident on the slab is diffracted
into a leaky waveguide mode (dashed arrows), whereas another part is directly
reflected and transmitted (solid arrows). The radiation that is diffracted back
from the waveguide mode interferes with the directly reflected and transmit-
ted radiation, yielding the characteristic Fano line shape [29]. In Sec. 2.3.1 we
extend a temporal coupled-mode theory [30] to include loss, and describe the
reflection in terms of the parameters of the direct and resonant channels. After
that, in Sec. 2.3.2, we introduce a waveguide model to predict the resonance
frequency of the resonant channel.

2.3.1 Fano model

To calculate the spectrum of the transmitted and reflected light, we proceed as
follows. For each angle of incidence and each wavelength, a scattering matrix
links the amplitudes of the incident, reflected, and transmitted waves. The
scattering matrix S of the system is the sum of the scattering matrices of the
direct and the resonant channel. The direct channel is described by a scattering
matrix C, given by

rl t21 DR
C=| h2 m : (2.1)

that connects the amplitudes of the modes (ports) on both sides of the slab.
When there are no propagating diffraction orders in the media above and be-
low the guiding layer, the components of the scattering matrix are given by the
Fresnel reflection and transmission coeflicients for a homogeneous layered sys-
tem. The contribution from the direct channel gives rise to typical oscillations
in the reflectivity as a function of wavelength (Fabry-Perot fringes). If there
are propagating diffraction orders in the media above or below the guiding
layer, a more elaborate method is needed to calculate the matrix elements of
C.

The resonant channel corresponds to a coupling of the incident radiation
to a single leaky waveguide mode via diffraction from the periodic photonic
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2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab
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Figure 2.3. (a) Schematic drawing of the direct and resonant reflection
and transmission in a photonic-crystal slab. The incident light in port 1
can be scattered via the direct channel (solid arrows) or diffracted into a
waveguide mode (resonant channel, dashed line). The waveguide losses
can be modeled by including a third port (dotted arrow) to the system.
(b) Geometry of the photonic-crystal slab used in the FDTD calculations
in section 2.3.2. The slab of thickness d and refractive index ng contains
a periodic array of air slits with a width w and a periodicity a. The slab
is supported by a substrate with refractive index ng, and covered by air
(no = 1) on the top.

crystal structure. For a fixed angle of incidence, the coupling to a specific
waveguide mode p occurs at a resonance frequency w,, and is characterized by
an escape rate ,. This escape rate parametrizes the life time of light in the
waveguide mode. The coupling to the waveguide mode is described by coupling
constants d; ,, where the index j corresponds to the different ports coupling
to the waveguide mode. The coefficients v,, d;j;,, and the matrix elements
Cji, are not independent. Time-reversal symmetry and energy conservation
put the following constraints on the coupling constants (a derivation of these
conditions is given in Ref. 30):

Z’dj7p|2 = 2%, (2.2)
J

> Cindi, = —djp, (2.3)
k

where the indices j and k refer to the different ports, and Cj;, are the elements
of the direct transmission matrix connecting the different free-space modes.
Equation (2.3) links the amplitude and phase of the coupling constants to the
scattering matrix C' of the direct process.

The matrix elements of the scattering matrix S for the combined system
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2.3 Theory

of direct and indirect coupling are given by

d; vpdk,p
Sik = jk+z (o —wp) + (2.4)

where w is the angular frequency of the incident radiation. The reflection
coefficients for the different ports are given by the diagonal elements of this
matrix, and the transmission coefficients by the off-diagonal elements. This
description which uses a Lorentzian line shape for the resonant channel, is a
simplification which holds as long as w, < I'y, + 7;,. The small frequency shift
that results from describing our resonance with a Lorentzian can be included
in the resonance frequencies w,. It is important to stress that the equations
derived here hold for the case of uncoupled waveguide modes only. For the
modes to be uncoupled, it is necessary that the number of independent ports,
i.e. the rank of the matrix Cj;, is larger than or equal to the number of
waveguide modes p [31].

Losses can be included in the description in this model, by discriminating
between losses in the direct channel, due to absorption or surface roughness,
and losses in the resonant channel. Losses in the resonant channel can also be
due to scattering of the waveguide mode to ports that are not incorporated in
the scattering matrix description.

Absorption losses in the direct scattering channel can be adequately de-
scribed by using a non-unitary scattering matrix C' and the Fresnel coeflicients
of a layered system with complex-valued refractive index. This matrix can be
made unitary by adding an extra port to the description. If we assume that
the input in this extra port is zero, and that the loss port is not coupled to the
resonator mode, then the scattering matrix S includes a block matrix describ-
ing the normal input and output ports of the system, that is not influenced by
the parameters of the loss port. This makes it possible to use Egs. (2.2)-(2.4),
while using a non-unitary scattering matrix C for the direct channel.

Waveguide losses can be incorporated in a similar way, by extending the
model with extra loss ports, which only couple to the specific waveguide modes.
Each waveguide mode couples to its loss port with a coupling constant I',. The
direct scattering matrix for a two-port system with an additional loss port
acquires the form

r1 to1 O
C = t12 9 0 . (2.5)
0 0 1

The loss rates I', are incorporated in Eq. (2.2) in a straightforward way, by
using the convention > |d; > = 2(yp +T,), where the index j now runs over
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2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab

all ports.

For the symmetric case of two ports coupled to only one leaky waveguide
mode, symmetry requires that vy = ro = r and to; = t12 = it, where r and
t are real. Moreover, the coupling constants to the ports should be equal,
except for a plus or minus sign determined by the odd or even symmetry of
the waveguide mode with respect to the mirror plane. The reflectivity in this

case is given by
2

—rFit 7 (2.6)

(Ww—wp)+~v+T

where the F is determined by the even or odd symmetry of the mode [30], and
the parameters w, 7, and I" lost their subscripts since we are dealing with only
one waveguide mode. This expression gives the typical asymmetric Fano line
shape. The reflectivity has a distinct zero if the loss rate I' = 0. To reach 100%
reflectivity, the direct process has to be lossless as well (i.e. |r|? + [t|? = 1).

R=|r+~-
7

2.3.2 Waveguide modes

The model in the previous section gives a description of the line shape in the
reflectivity of a photonic-crystal slab, but it does not predict the resonance
frequencies w,. As we will show in this section, it is possible to calculate
the resonance frequencies and the waveguide modes for a photonic-crystal slab
using a simple model [25,26,32]. In this nearly-free photon approximation, the
waveguide is treated as a uniform slab with an effective refractive index that
depends on the filling factor of the air holes. For the TE waveguide modes,
having the electric field in the plane of the slab, the dispersion relation for a
uniform slab is implicitly defined as [14]

sin(hd) (h* — pq) = cos(hd)(p + q)h, (2.7)

where p, ¢, and h denote the transverse components of the wave vector in the
different media. They are defined as ¢> = 3% — (w2/02) n3, h? = (w2/c2) ng — B2,
and p? = 32 — (w2 / 02) n2, where ng, ng, and ng are the refractive indices of
the top, guiding, and bottom layer, respectively, and c is the speed of light
in vacuo. The condition for coupling to a waveguide mode is given by the
diffraction condition

E” + G= ,g, (2.8)

where EII is the parallel component of the incident wave vector, E is the parallel

component of the wave vector of the waveguide mode, and Gisa reciprocal
lattice vector of the photonic crystal. For normal incidence, this reduces to
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ﬁ = é, which can be used to numerically find the resonance frequencies wy,
from Eq. (2.7).

-
o

Reflectivity
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Figure 2.4. Reflectivity of a 1-D photonic-crystal slab, calculated using
a FDTD method. The grating consists of air slits with w/a = 0.1 in a
dielectric slab with d/a = 0.5 and refractive index ngy = 3.5, on top of
a substrate with increasing refractive index. Two resonances are visible,
on top of an oscillating background. The dashed curve is a fit to the
background of a refractive index of the form described in Eq. (2.9). The
resonance around w = 0.5 disappears for ng > 2.0.

For simplicity, we calculated the reflectivity of an one-dimensional (1-D)
array of slits, using a freely available FDTD package [33]. The cross section
of the structure used in these calculations is given in Fig. 2.3(b). The slab of
thickness d and refractive index ny = 3.5 contains an array of slits of width
w and refractive index ng = 1. The array has a lattice constant a and we
used w/a = 0.1 and d/a = 0.5. The substrate index ng was varied between
1 and 3.0, and the reflection spectra were calculated at normal incidence for
TE-polarized light (E-field parallel to the slits).

Figure 2.4 shows the reflectivity of the array as a function of frequency,
for increasing substrate index ng. Two distinct resonances are visible on top
of an oscillating background. The Fresnel reflection coefficient for the layered
system can be fitted to the spectra, using an effective refractive index of the
form [24]

ng = co+ clw + cow?, (2.9)

with ¢g, c1, and co as only fit parameters. Typical values for the fit parameters
are ¢g = 3.25, ¢; = 0.42, and ¢ = —0.21, yielding an effective index between
3.25 and 3.46. The result of the fit is shown as the blue dashed lines in
Fig. 2.4. The effective index is close to the volume average of the dielectric
constants [34,35] for w < 0.5, but deviates for higher frequencies. This is due
to the fact that for higher frequencies the wavelength becomes comparable to
the lattice spacing and slit width, and simple effective-medium theory breaks
down.
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2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab

a) b)
0.60 pq r e
L / |
1.0 T o055 F / 13
(é o le) oo / |
050 f—-° 4 =
> St 9/ |
= $ - 7 |
g S ousf / =
%0'5 2 o 7/ |
& g 040 , =
g E. M 9’./‘ ® oo ’
r\ oL 035~ — 0 e, I ]
- —
0.0 0.30 AN TN TN

0.6 U110 15 20 25 30

0.2 0.4 I
Frequency o (2n c/ a)

Substrate index ng

Figure 2.5. (a) Calculated reflectivity of the array of slits at 5° angle
of incidence, for a substrate index ny = 1. Two resonances that are not
visible at normal incidence appear at w ~ 0.33 and w &~ 0.48. (b) Reso-
nance frequencies of the Fano resonances as a function of the substrate
refractive index ng. The resonance frequencies can be predicted using a
simple waveguide model (red curves), with n, given by effective medium
theory. This model does not include the avoided crossing between the
two waveguide modes, and therefore calculates the average of the high-
frequency and low-frequency resonances. The dashed curves correspond
to the cut-off conditions of the m = 0 and m = 1 modes. The gray area
indicates the parameter region where higher order diffraction into the
substrate occurs.

At normal incidence, the resonances corresponding to a specific reciprocal
wave vector G are degenerate. Due to the grating, they are coupled and show
an avoided crossing. A simple explanation of the fact that we only observe
one of the resonances is given in terms of coupled mode theory [36]. For a
sinusoidal 1-D grating with a dielectric function that contains only a Fourier
component e(C_j), no avoided crossing occurs at normal incidence. The inter-
action that creates the avoided crossing is caused by the higher harmonics of
the dielectric function € (7). The coupling to these modes is determined by the
relative phase of the Fourier components. For a 1-D square profile, the first
and second harmonic are out of phase (¢ = 7/2 in the notation of Ref. 36).
The Bloch wave that mediates the coupling to the resonance only has nonzero
overlap with the high-frequency mode. This leads to zero coupling strength
to the low-frequency mode, and as a consequence, the peaks in Fig. 2.4 are
exclusively due to coupling to the high-frequency mode [26]. The fact that we
only observe the high-frequency mode at normal incidence is confirmed by the
calculation in Fig. 2.5(a), that shows a reflection spectrum for the 1-D grating
with a substrate index ng = 1, at an angle of incidence of 5°, calculated using
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2.3 Theory

a rigorous coupled wave analysis [37]. In this figure, the lower-frequency reso-
nances can be seen to appear as narrow resonances at w = 0.33 and w = 0.48.

As can be seen in Fig. 2.4, the two resonances visible for ny < 2.0 at nor-
mal incidence have opposite symmetry. This is consistent with the fact that
these resonances are due to the first and second TE waveguide mode, that
have an even and odd field distribution, respectively. For a refractive index
ng > 2.0, the second resonance is seen to disappear from the spectrum. We
fitted Eq. (2.6) to the calculated spectra, using the refractive index obtained
by the fit of the oscillating background as an input. The only fit parame-
ters are the resonance frequencies wy and wy, and the line widths 9 and ;.
The resulting resonance frequencies are shown as the symbols in Fig. 2.5(b),
plotted as a function of the substrate refractive index, and are compared to
the numerical solution of Eq. (2.7) (solid curves) obtained using n, = 3.34.
The calculated frequencies are below the frequencies obtained from the fits,
because the waveguide model predicts the center frequency and does not take
into account the avoided crossing. In fact, the data in Fig. 2.5(a) for 5° an-
gle of incidence show that the waveguide model correctly predicts this center
frequency.

The disappearance of the resonance is also predicted by the waveguide
model. The cut-off frequency of the m-th mode is given by [14]

C

Wem = 5 >
2mdy [ng — ng

This condition is drawn with dashed curves in Fig. 2.5(b) for the first two
waveguide modes, calculated using an effective refractive index ny = 3.34.
Diffraction into the substrate occurs at a frequency wq, where the propagation
constant 3 becomes equal to the length of the wave vector in the substrate.
This leads to the condition

)
n; — ng

2 _ 2
(mﬂ + arctan n;n0> . (2.10)
g

wq = (kH + G)/ns. (2.11)

The existence of diffraction orders at normal incidence is indicated by the grey
area in Fig. 2.5(b). This corresponds to the situation where the transverse
component of the wave vector in the substrate p = 0. The resonance frequency
of the waveguide mode at cut-off is thus given by the intersection of Eq. (2.10)
and Eq. (2.11).

It is important to mention here that although assigning the different reso-
nances to different modes is quite straightforward in the 1-D case, in the 2-D
case TE-TM mixing will occur [38]. The mixing between different modes in-
duces avoided crossings between otherwise orthogonal modes, and causes TE
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2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab

modes to appear in the TM spectra, and vice-versa. This makes identification
of specific peaks with specific waveguide modes more complicated.

2.4 Reflection measurements

We measured the specular reflection from the GaAs photonic-crystal slab
shown in Fig. 2.1(a) along the I'-X direction (indicated with the arrow) as
a function of the angle of incidence from 25° to 80°. White light from a spec-
trally broad lamp was polarized and focused onto the sample. The specular
reflection was polarization-filtered, imaged onto a fiber, and analyzed in a spec-
trometer with a spectral resolution of ~ 2 nm. The numerical aperture (NA)
of the incoming beam was limited to NA < 0.04. The spot size on the sample
was ~ 100 pm.

s - polarized p - polarized crossed polarizers
c)
x 10
o
o
[Te)
2
=
8
= f)
o x 100
o
o
©
0.2

0.0 =
06 08 10 12 14 1606 08 10 12 14 1606 08 10 12 14 16

Wavelength (um)

Figure 2.6. Experimental reflection spectra of a photonic-crystal slab
for two angles of incidence, 50° [(a) to (c)] and 80° [(d) to (f)], for
s-polarized [(a) and (d)] and p-polarized light [(b) and (e)], and for a
crossed polarizer setup, where the incoming light was p-polarized and
the detected light was s-polarized [(c) and (f)]. The dashed curves are
fits using the model discussed in the text. Figures (c), (d), and (f) are
scaled with the factors indicated, to enhance visibility.

Reflection spectra for angles of incidence of 50° and 80° are shown in
Fig. 2.6 for three different settings of the polarizers. Figures 2.6(a) and (d)
show the spectra for the situation where both polarizers were set to a polar-
ization perpendicular to the scattering plane (s-polarization). An asymmetric
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peak around a wavelength of ~ 950 nm is seen on top of an oscillating back-
ground. The peak position changes with angle of incidence. Similar peaks can
be seen in Fig. 2.6(b) and (e), where both polarizers were set to a polarization
parallel to the scattering plane (p-polarization). In this case, the asymmetry
of the peak is changed when tuning the angle of incidence from 50° to 80°
The symmetry of the peak is the same for both polarizations at 80° angle of
incidence.

The Fano model described in Sec. 2.3.1 can be used to describe the obser-
vations. We use Maxwell-Garnett’s effective medium theory [34,35] to describe
the photonic crystal layer as a homogeneous birefringent layer with an effec-
tive refractive index neg, incorporating the known refractive index dispersion
of GaAs [39]. This includes absorption for wavelengths shorter than 950 nm.
With this effective index, we calculate the polarization- and angle-dependent
Fresnel reflection and transmission coefficients of the layered system.

The dashed curves in Fig. 2.6 show fits of the Fano model to the measure-
ments. The only fit parameters were the resonance frequency wy, the linewidth
v, and the waveguide losses I'. We slightly adjusted the effective index ng for
different angles of incidence, to get a better fit to the oscillating background.
Although the fits deviate on detail from the measurements, qualitatively all
elements of the measurement are contained in the model. We attribute most
deviations to the simplifications we made with respect to the vertical shape of
the air holes, and to the fact that effective medium theories only hold when
all relevant length scales in the system are much smaller than the wavelength.
In fact, the tapering of the holes is essential to observe the resonances. It en-
sures that there is a waveguiding layer in the top part of the photonic-crystal
structure, that provides a discrete mode.

The Fano model also gives a direct explanation for the change in asymmetry
of the peak. Since the peak shape is determined by interference of a resonant
and a direct channel, the relative phase between these two contributions de-
termines the asymmetry of the resulting peak. The Fresnel coefficient r for
s-polarized light is always negative, but the Fresnel coefficient for p-polarized
light vanishes and changes sign at Brewster’s angle. It is exactly this change of
sign that causes the line shape to change when the angle of incidence is tuned
to larger angles (see Ch. 3 and Refs. 40,41). The fact that the asymmetry for
s-polarized light is the same as for p-polarized light at large angles of incidence
indicates that both peaks are due to coupling to a waveguide mode that is even
in the center plane of the photonic-crystal slab.

In Fig. 2.6(c) and (f) the reflection spectra of the photonic-crystal slab is
shown in a setup where the incoming light was p-polarized, and the collected
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2. Fano resonances and waveguide modes in a two-dimensional photonic-crystal slab

light was s-polarized. A small Lorentzian-shaped peak can be observed in
these spectra. The resonance frequencies obtained from the fits of the different
measurements are not exactly identical for the same angle of incidence. This
indicates that the peaks in Fig. 2.6(a), (b), and (c) are due to different waveg-
uide modes. Since Fresnel reflection is polarization-maintaining for s- and
p-polarization, the direct channel is filtered out by the second polarizer. This
results in a resonant contribution only, explaining the Lorentzian line shape of
the peak [42]. The intensity of these peaks is low, because the symmetry of
the photonic-crystal lattice dictates that the polarization (s or p) is conserved
upon transmission and reflection, as long as the wave vector k|| is along one
of the symmetry directions of the lattice. The fact that we do observe a small
peak demonstrates that our structure does not have perfect square symmetry.

2.5 Conclusion

In summary, the typical asymmetric peaks on top of an oscillating background,
observed in the reflection from a photonic-crystal slab, are due to interference
between a direct and a resonant reflection channel. The observed change of
asymmetry of the peak, for p-polarized light, is caused by a change of sign
of the direct reflection at Brewster’s angle. This asymmetry change will be
discussed in detail in Ch. 3. The rough shape of the holes in our experiment
causes relatively broad spectral features that are easily resolved. The fact that
we are able to describe our data with a coupled mode theory and observe the
change in asymmetry of the spectral line shows that the description is robust
and also valid for less-than-perfect photonic crystals.

The frequencies of the resonances can be predicted using a simple waveg-
uide model, using the effective index of the guiding layer as the only adjustable
parameter. This model can be used to predict the disappearance of certain res-
onances from the reflectivity spectrum, when changing the substrate refractive
index. The predictions for waveguide cut-off of the second TE mode are con-
firmed by FDTD calculations of the reflectivity. The ability to control the
coupling to specific modes can be an important design parameter for photonic
crystal structures, if coupling to a specific mode is undesirable. Another pos-
sible application is to create an optical switch, where a change in the optical
parameters of the guiding layer can be used to temporarily transform one of
the guided modes into a leaky mode.
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CHAPTER 3

Asymmetry reversal in the reflection
from a two-dimensional photonic-
crystal slab

The measured, angle-dependent, reflection spectra of a 2-D GaAs
photonic-crystal slab consist of an asymmetric peak on top of an
oscillating background. At large angles of incidence (> 70°), the
asymmetry of the peak is observed to flip for p-polarized light.
We explain the observed spectra with a Fano model that includes
loss and interference between a resonant waveguide component and
direct Fresnel reflection of the layered structure. We show that the
reversal of the asymmetry of the line is due to a change in sign of
the direct reflection at Brewster’s angle.

This chapter is based on E. F. C. Driessen, D. Stolwijk, and M. J. A. de Dood, Asym-
metry reversal in the reflection from a two-dimensional photonic crystal, Opt. Lett. 32,
3137-3139 (2007).
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3.1 Introduction

Optical reflectivity measurements of two-dimensional photonic-crystal slabs
are a relatively easy way to characterize the properties of these slabs. The
wavelength dependent spectra show a number of features related to the leaky
waveguide modes of the slab [19,20]. A lot of effort has been devoted to calcu-
lating these spectra by rigorously solving Maxwell’s equations, using scattering
matrices [21,22], Green’s functions [23] and finite difference time domain meth-
ods [19,24|. Although being able to reproduce the spectra, these calculations
do not give physical insight into the origin of the spectral features. Therefore
it is important to develop simpler models that can explain the measured reso-
nances. Such models are an important diagnostic tool for fabricated structures
and can facilitate the first design of a photonic crystal structure.

In this Chapter, we present reflection measurements on a 2-D photonic-
crystal slab. We study the line shape of a resonance in this spectrum, as a func-
tion of the angle of incidence. The asymmetry of the (Fano) line shape [29,30]
in the reflection spectra is observed to change for p-polarized light. Our obser-
vations can be described with an extended coupled mode theory, linking the
reversal of asymmetry to the change of sign of the Fresnel reflection coefficient
of the layered structure. This change of sign occurs at Brewster’s angle.

3.2 Experiment

The photonic crystal in this study was fabricated in GaAs using e-beam lithog-
raphy and reactive ion etching. It consists of a square lattice of 1000x 1000
holes with radius r &~ 100 nm and lattice constant a ~ 320 nm. Figure 2.1(a)
shows a scanning electron microscope (SEM) image from the top, and Fig. 2.2(a)
a cross-section (made with a focussed ion beam). Due to details of the fab-
rication process, the cross-section of the holes consists of two slightly tapered
parts, as can be seen in figure 2.2(b). The holes become wider until a depth of
~ 600 nm, and then narrow down until a depth of 1.5 — 2 um.

We measured the specular reflection from the photonic crystal along the
I-X direction [indicated with the arrow in figure 2.1(a)|, as a function of the
angle of incidence from 25° to 80° in steps of 2.5°. White light from a spectrally
broad lamp was polarized and focused onto the sample. The specular reflection
was polarization-filtered, imaged onto a fiber and analyzed in a spectrometer
with a spectral resolution of ~ 2 nm. The numerical aperture (NA) of the
incoming beam was limited to NA < 0.04. The spot size on the sample was
~ 100 pm. We measured the spectra for both polarizations, but show only the
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results for p-polarized light.

Reflection spectra for angles of incidence of 50, 70 and 80° are shown in
figure 3.1. The spectra show a large, asymmetric peak, on top of an oscillating
background. By changing the angle of incidence, the peak shape in figure 3.1
changes from asymmetric with a tail on the red side (a), to symmetric (b), to
asymmetric with a tail on the blue side (c).
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Figure 3.1. Experimental reflection spectra of the photonic-crystal slab
for 3 angles of incidence: 50° (a), 70° (b) and 80° (c¢). The dashed lines
are fits using the model discussed in the text. The insets show the
reflection coefficient r; for an interface of air and n.g = 2.5, as function
of angle of incidence. The circles indicate the angle of the measurement.

3.3 Model

In order to explain our measurements, we extended the temporal coupled-
mode theory in Ref. 30, by including an additional loss port. Light incident
onto the photonic-crystal slab can be reflected through different channels: a
non-resonant (direct), and a resonant loss channel. The direct channel cor-
responds to the Fresnel reflection of the layered system, while the resonant
channel is created by coupling to a (leaky) waveguide mode. This waveguide
mode has a well-defined dispersion relation and coupling at a specific frequency
occurs via diffraction. The asymmetric Fano line shape can be explained by
interference between the direct channel and the resonant channel. A loss port
is added to include the effects of scattering from surface roughness and diffrac-
tion into the substrate. All input and output ports of the system are linked
by a direct-scattering matrix C' and a resonant scattering matrix U. Coupling
of the resonant mode to the three different ports is described by the complex
coefficients d;.

The direct channel contains the reflection and transmission coefficients of
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the layered system. At each angle of incidence, we use Maxwell-Garnett’s
effective-medium theory [34, 35| to describe the photonic crystal layer as a
birefringent layer with refractive index neg. We then calculate the Fresnel
reflection and transmission coefficients [43] of the layered system shown in
figure 3.2(a), incorporating the known refractive-index dispersion of GaAs [39|,
that includes absorption for wavelengths shorter than 950 nm. Taking the loss
port into account, we write the scattering matrix for the direct process as

T t 0
C=|t r 0], (3.1)
0 0 1

where 71, r9 and t are the (complex) Fresnel reflection and transmission coef-
ficients for the electric field.

The resonant channel, due to the leaky waveguide, is formed by the pho-
tonic crystal layer. As pictured in figure 3.2(b), the incident light is partially
diffracted into the waveguide and confined by internal reflection. The light
that is diffracted back, interferes with the directly reflected and transmitted
light (ports 1 and 2 in figure 3.2). The resonance angular frequency wy is
determined by the dispersion relation of the waveguide mode involved. The
average lifetime in the waveguide is parameterized by an escape rate « and is
a function of angle of incidence. The scattering matrix describing the resonant
channel is given by
dj;dy,

U= —F—"—.
T i (w —wo) v

(3.2)
where w is the angular frequency of the incident light.

In our experiment, the tapered form of the holes effectively ensures that
there is a waveguide in the upper part of the photonic crystal layer. However,
since the refractive index of the substrate is higher than the effective index of
the photonic crystal layer, light propagating in the waveguide mode can still
leak to the substrate without being diffracted. In order to incorporate these
losses in the model, we added a third port to the scattering matrix [port 3 in
fig. 3.2(b)]. In this relatively simple model, we assume that a fraction of the
light is irreversibly lost by leaking out of the resonant channel. This is valid as
long as losses in the resonant channel are much larger than losses in the direct
channel. This generally holds when the losses in the direct channel are small,
since in this case the interaction length for light in the resonant channel is
much larger than that in the direct channel. The effect of adding a loss port is
that the reflectivity no longer reaches 100% nor 0% as is the case for a system
without loss [30].
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a) Non-resonant b) Resonant

port 1 port 1

n=nGaAs

port 3

[t 2 port 2 (loss)

Figure 3.2. Model for the non-resonant (a) and resonant (b) channels
in the model. The numbers indicate the different ports in the scattering
matrix model. (a) The non-resonant channel is modeled by applying
effective medium theory to the photonic-crystal layer and calculating the
Fresnel reflection and transmission coefficients of the layered system. (b)
For the resonant channel, the incident light is diffracted into a waveguide
mode, which can diffract back to ports 1 and 2, but can also propagate
into the substrate (port 3) constituting loss.

Time-reversal symmetry and energy conservation put the following con-
straints on the coupling constants d; [30]

Y Cudi, = —d (3.3)
k

doldil? = 2(y+1D), (3.4)
i

where I is the loss rate from the resonant mode. Furthermore, the diffractive
coupling to the resonant mode is assumed to be equally large on both sides
of the photonic crystal slab (i.e. |di| = |d2]). With these constraints, we can
write the coupling constants d; in terms of the Fresnel coefficients and the
parameters wo, v and I'. The reflectivity R = |Uj; + C’H\Q for the system is
then given by
i[(w—wo)ry Fyt] +Try|?
i(w—wo)+v+T
After setting the fill fraction and the thickness of the photonic crystal slab
once, the Fresnel coefficients are fixed and there are only three free parameters

left in the model: the resonance angular frequency wq, and the loss rates v and
r.

R=

(3.5)

The dashed curves in figure 3.1 show the best fit of the model to our data.
Although the fits deviate on detail from the measurements, qualitatively all
elements of the measurements are contained in the model. We attribute most
deviations from the measurements to simplifications we made with respect to
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3. Asymmetry reversal in the reflection from a two-dimensional photonic-crystal slab

the vertical shape of the air holes. Also, Maxwell-Garnett effective medium
theory is only valid when all relevant length scales in the system are much
smaller than the wavelength. This condition is not fulfilled in our structure.

Using the model described here, one can understand the origin of the change
in asymmetry of peak shape when changing the angle of incidence. Since the
peak is a product of interference between a resonant Lorentzian line and a
non-resonant direct contribution, the relative phase between these two contri-
butions will determine the asymmetry of the resulting line shape.

The Fresnel reflection coefficient (r1) for p-polarized light, for a dielectric
interface, vanishes and changes sign at Brewster’s angle. This is shown in the
insets of figure 3.1, for an interface between air and a dielectric with n.g = 2.5.
It is exactly this change of sign that causes the line shape to vary from red-
tailed asymmetric to Lorentzian at Brewster’s angle to blue-tailed asymmetric
for larger angles. For s-polarized light, we observed the line shape to be blue-
tailed asymmetric for all angles of incidence, which confirms this explanation
since the Fresnel reflection coefficient for s-polarized light is always negative.

The rough shape of the holes causes relatively broad spectral features that
are easily resolved. The fact that we are able to describe our data with an
extended version of a coupled mode theory and observe a change in asymmetry
of the spectral line shows that the description is robust and also valid for less-
than-perfect crystals.

3.4 Conclusion

In summary, the reflection spectra from a 2-D photonic-crystal slab show a
large asymmetric peak on top of an oscillating background. With increasing
angle of incidence, the asymmetry of the peak reverses. We explained all obser-
vations with a scattering matrix model [30] that is extended to include losses.
The reversal of the asymmetry is a consequence of the change in sign of the
Fresnel reflection coefficient when crossing Brewster’s angle. The ‘model gives
good qualitative as well as quantitative agreement with the measurements,
while having only three fit parameters describing the resonance frequency and
lifetime of the resonant waveguide mode, and its losses.

Although the model does not predict the position of the resonances for a
given structure, these can be estimated for the case of a true waveguide (i.e.
Neff > Nsubs, With ngyps the refractive index of the substrate) [44,45]. The
model can easily be extended to incorporate multiple uncoupled waveguide
modes, thus forming a powerful tool in explaining the observed phenomena in
reflection spectra from 2-D photonic crystals.
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CHAPTER 4

Imaging of a Fano resonance in a

two-dimensional photonic-crystal slab

We investigate a resonance of a photonic-crystal slab by imaging
the reflection from the slab of a strongly focused beam of monochro-
matic light. Polarization-dependent k-space imaging allows us to
identify the resonance as originating from diffraction into a TMg
waveguide mode. In real-space images of the reflection, we can spa-
tially separate the direct and resonant contributions of the Fano
resonances that are observed in the reflection spectra. We observe
decay lengths of the resonant contributions of up to 7 pm. From
the normal-incidence reflection spectrum we determine the escape
rate. Combined, this allows us to estimate a group refractive index
ng = 2.6 and a phase index neg = 1.5 of the resonant mode.
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4. Imaging of a Fano resonance in a two-dimensional photonic-crystal slab

4.1 Introduction

Reflection spectra from waveguides that are patterned with a periodic array of
holes, so-called photonic-crystal slabs, contain a multitude of sharp, resonant
features. These features are caused by diffraction from the periodic array of
holes into a (leaky) waveguide mode. Light that is coupled into these leaky
modes diffracts back, and interferes with the direct (Fresnel) reflection from
the layered structure. This interference leads to the typical asymmetric (Fano)
line shape as described in the previous chapters. Usually, information about
the dispersion of these resonances is only obtained by measuring spectra at
different angles of incidence [20]. These spectra are compared to calculations,
and information about the resonance is distilled, most notably the specific
waveguide mode that the light is coupled into. This method has the obvious
disadvantage that it only works well for structures of which the constitution is
reasonably well known, but even then, complications arise, since TE waveguide
modes can show up in p-polarized reflection spectra, and vice-versa [46].

In this chapter, we use a different approach to obtaining information about
a specific resonance of a photonic-crystal slab. We use a strongly focused,
monochromatic beam to illuminate the photonic crystal at a specific spot. We
image the reflection of the sample both in real space and in k-space. From
the k-space images, we were able to unambiguously identify the resonance as
a first-order diffraction process into the TMy waveguide mode. Real-space
images allow us to separate the resonant and non-resonant contributions of
the Fano resonance. In these images, we can measure the decay length of the
resonant contribution directly. From this length and the decay time, obtained
from a separate measurement of the reflection spectrum, we can determine the
group refractive index of the leaky waveguide mode.

4.2 Sample

The photonic-crystal slab used in this chapter is made using the techniques
described in Ch. 2. It consists of a 160 nm thick, free-standing membrane of
Aly.35GaggsAs that is patterned with a 250 x 250 um? large square array of
holes with a radius r =~ 120 nm and a lattice constant a = 480 nm. Due to a
small lattice mismatch of the lattice constants of the AlGaAs and the GaAs
substrate, there is a small compressive strain in the membrane layer, that is
released when the sacrificial layer is etched. This causes the membrane layer
to buckle up, resulting in a variable distance between the membrane and the
GaAs substrate when moving along the membrane.
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Figure 4.1. Normal-incidence reflection spectrum of the photonic-
crystal membrane (solid curve). Two asymmetric Fano resonances are
visible, centered around wavelengths of 725 nm and 882 nm. The dashed
curve is a fit of a Fano model with two resonances to the measurements,
as discussed in the text.

4.3 Normal-incidence reflection spectrum

The photonic-crystal slab two distinct resonances in the near-infrared spectral
region. Figure 4.1 shows the reflectivity of the membrane at normal incidence,
as a function of the wavelength of the incident light. To record this curve,
we used an unpolarized, fiber-coupled xenon lamp and imaged the 50 pm-
diameter fiber facet onto the sample, while limiting the numerical aperture of
the incident light to < 0.01. The reflected light was collected with a 200 pm
core-size fiber and sent to a grating spectrometer®, to analyze the spectral
content. The detected signal was normalized to the reflection from a silver
mirror.

The measurement in Fig. 4.1 shows two asymmetric (Fano) resonances,
centered around wavelengths of 725 nm and 882 nm. We ascribe the small
peak that is observed around 670 nm to luminescence at the band edge of

*Ocean Optics USB2000, resolution 1.2 nm.
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4. Imaging of a Fano resonance in a two-dimensional photonic-crystal slab

the AlGaAs material, and not to a resonance that is caused by the patterning
of the membrane. This assumption is confirmed by the fact that the peak
does not change spectral position when changing the angle of incidence of the
illumination. To obtain a better understanding of the reflection spectrum, we
used the Fano model described in Ch. 2. In this model, the reflection is given
by

2
r =+t
_T_E , 4.1
’Yp (w— wp +v + 1y (4.1)

where r and t are the reflection and transmission coefficients of the direct con-
tribution, respectively, w is the angular frequency of the light, w,, the resonance
angular frequency, v, the radiative loss, and I, the irreversible (scattering) loss
of waveguide mode p. In order to fit this model to the measurements, we as-
sumed that the reflection 7 is constant over the wavelength range. Furthermore,
we assumed that the transmission ¢ is given by [t|> = 1 — |r|?, i.e. that there
are no losses in the direct channel. We checked this assumption by adding
some loss in the direct channel (i.e., |r|?> + |[t|*> < 1). This addition of loss did
not change the overall quality factor Q = w,/(vp + I'p) of the resonances sig-
nificantly. It does change the relative contributions of «, and I', in Eq. (4.1),
which makes a reliable independent fit of these two parameters impossible.
The buckling of the membrane structure causes a variable distance between
the free-standing membrane and the GaAs substrate. This results in an am-
biguity of both the precise angle of incidence and the vertical structure of the
different layers. Combined, this makes it impossible to calculate the Fresnel
coeflicients for direct reflection and transmission for this structure, contrary to
the structure discussed in chapters 2 and 3.

The dashed curve in Fig. 4.1 shows the best fit of this model to the measure-
ments. The fit parameters are summarized in Table 4.1. The fit was performed
using two resonances with opposite symmetry [set by the + sign in Eq. (4.1)].
The symmetry of the two resonances in Fig. 4.1 is determined by the symmetry
(even or odd) of the waveguide modes relative to the plane in the middle of
the slab [30]. For the wavelength range of these measurements, the only two
waveguide modes that are below cut-off are the TMy and the TEy waveguide
mode. Since these two waveguide modes have opposite symmetry, we conclude
that each of the two resonances is caused by coupling to a different waveguide
mode. Since the phase of the direct reflection cannot be determined from this
measurement, it is impossible to tell from the shape of the resonant peaks,
which resonance corresponds to which specific waveguide mode, however.
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4.4 Imaging of the resonance

Table 4.1. Fit parameters and 95% confidence intervals of the two-
resonance Fano model.

Parameter Value
Resonance 1 Resonance 2

r 0.238 £0.002

2mc/wp (nm) 725.4+0.3 881.8 £0.6

Q 53+1 37+1

4.4 Imaging of the resonance

In order to gain more insight into the character of the resonance around 725 nm,
we image the reflection of a strongly focused beam of light from the photonic
crystal slab. Figure 4.2 shows a schematic overview of the setup used in the
experiments. Light from a tunable picosecond Ti:Sapphire laser or from an
external-cavity tunable diode laser is attenuated using neutral-density filters
(ND), sent through a single-mode optical fiber (SMF), and collimated with
a f =5 cm lens to a beam of ~ 1 cm diameter. The beam is polarization-
filtered using a polarizer (P). A glass plate that is anti-reflection coated on
one side is used as a beam splitter (BS) to direct the beam to an aspheric lens
L3 (f = 8 mm, NA = 0.5), that focuses the light onto the photonic-crystal
membrane. The membrane is aligned such that the beam axis is parallel to its
surface normal. The reflection from the membrane is collected with the same
lens and sent back onto the beam splitter. The reflected light is transmitted
through this beam splitter, and the surface of the photonic crystal membrane
is imaged onto a CCD camera using a f = 250 mm lens L4. A second lens
L5 (f = 125 mm) can be inserted into the imaging setup, to make a k-space
image of the photonic crystal reflection. The solid and hatched beam paths
depicted in Fig. 4.2 show the imaging of the real-space and k-space reflection,
respectively. A polarization analyzer was placed between lenses L4 and L5 to
probe the polarization properties of the reflected light.

For our experiments, we selected a part of the membrane that was locally
parallel to the GaAs substrate, to minimize the pattern of interference fringes
caused by the (partial) reflection from the substrate of light that was transmit-
ted through the membrane. We recorded the real-space and k-space reflection
image of an unpatterned piece of the substrate next to the membrane, as a
reference. We aligned the crystal axes of the photonic crystal such, that the
I'X-directions were parallel to the horizontal and vertical directions of the im-
ages.
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C—1P

Beam
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Figure 4.2. Experimental setup. Light from a tunable laser is focused
on the photonic-crystal sample via a beam splitter (BS). By inserting
the lens L5, the imaging is switched from real-space imaging (solid beam
path) to k-space imaging of the reflection from the photonic crystal slab
(hatched beam path). Details of the setup are found in the text.

4.4.1 k-space imaging and polarization properties

Figure 4.3(a) shows the recorded reflection in k-space, when the photonic-
crystal slab was illuminated at a wavelength of 762.5 nm, red-detuned from
the resonance at 725 nm, with horizontal polarization. Most obviously, a dark
and bright ring pattern, that is centered around the normal-incidence (I') point
(the center of the image) is visible. These Fabry-Perot fringes are caused by
the partial reflection from the GaAs substrate underneath the photonic-crystal
slab, that interferes with the reflection from the slab. The fact that the rings
are concentric indicates that locally the membrane is parallel to the GaAs
substrate.

Besides the Fabry-Perot fringes, a resonance is observed on the left and
right sides of the normal-incidence point. Most obviously, the dark minimum
of the Fano resonance is observed. The azimuthal angular dependence of the
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4.4 Imaging of the resonance

Figure 4.3. k-space image of the reflection of the photonic-crystal slab,
when illuminated at a wavelength of 762.5 nm. (a) and (b) show the
reflection when no analyzer is placed in the detection path and the illu-
minating light was polarized horizontally (a) and vertically (b). In these
images, a resonance is visible (indicated with the arrows). In figures
(¢) and (d), the illumination was polarized vertically, and an analyzer
was placed in the detection path, either parallel (c) or perpendicular (d)
to the polarizer. The full image spans a numerical aperture NA = 0.5.
The solid arrows in the upper right corner of the figures indicates the
polarizer setting, the dashed arrows indicate the analyzer settings.

39



4. Imaging of a Fano resonance in a two-dimensional photonic-crystal slab

resonance suggests that the resonance originates from the (£1,0) reciprocal
lattice points. The resonances are not visible in the vertical direction. When
the polarization of the illumination is rotated 90° (b), only the resonances in
the (0,£1) direction are visible. A comparison with a calculation of the waveg-
uide modes of a uniform slab with an effective refractive index (not shown),
and folding these modes back into the first Brillouin zone, confirms that the
resonance is caused by coupling to the TMy waveguide mode, by diffraction
from the (1,0) reciprocal lattice points. On changing the wavelength towards
the blue, the resonances are observed to shift towards the I'-point. This allows
us to identify this resonance with the resonance around 725 nm, observed in
the normal-incidence reflection spectrum.

Figures 4.3(c) and (d) show a polarization analysis of the reflection for
vertically polarized light. In Fig. 4.3(c), an analyzer is placed parallel to the
polarization of the incident light. In Fig. 4.3(d), the analyzer is placed per-
pendicularly. Most of the reflected light is polarized the same as the incident
light, except for four small areas in the (diagonal) I'M-directions. Along the
directions of high symmetry, the resonances of a photonic-crystal slab can be
characterized by the polarization properties of the radiating field, as either s-
or p-polarized [38]. The incident polarization is aligned with the I'X symmetry
direction, such that it is p-polarized in the vertical, and s-polarized in the hor-
izontal direction. Since these are the eigenpolarizations of the resonant modes,
no polarization mixing occurs and the reflected light has the same polarization
as the incident light. Away from the I'X directions, the incident light is both
s- and p-polarized, nor polarized in an eigenpolarization of the resonant mode.
Light that is coupled into the leaky waveguide mode will therefore undergo
a polarization rotation, which shows up in the k-space image with crossed
polarizers |Fig. 4.3(d)].

4.4.2 Real space imaging

Figure 4.4 shows the real-space reflection of the photonic-crystal slab, using
the same illumination conditions as before, for horizontally (a) and vertically
(b) polarized illumination, on a logarithmic scale. Besides a very bright spot
where the slab is illuminated, two tails are visible, in the direction of the inci-
dent polarization. These tails are formed by light that is coupled into a leaky
waveguide mode, and propagates in this mode before being diffracted back.
The fact that we only observe a tail parallel to the incident polarization con-
firms again that the mode we couple into is a TM-like waveguide mode. The
distortions in the images are caused both by the fact that the membrane is not
flat, and could also be due to the fact that a resonantly excited mode propa-
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gates in the direction of the group velocity, which is not necessarily the same as
the direction of the reciprocal lattice vector that causes the resonance [47,48|.
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Figure 4.4. Real space image of the reflection of the photonic-crystal
slab, when illuminated at a wavelength of 762.5 nm, on a logarithmic
scale, for horizontally (a) and vertically (b) polarized illumination. The
two long tails that emerge from the pump spot are caused by light that
is resonantly coupled to a leaky waveguide mode of the slab, and that
decays exponentially from this waveguide mode.

In Fig. 4.5 we show a cross-section of the vertical resonance of Fig. 4.4(b).
To obtain this plot, we summed the intensity over a horizontal box of width
4.5 pm, in order to capture all intensity in the resonant tails. In this im-
age, the direct and resonant contributions to the Fano resonance are spatially
separated [49]. The central peak is Gaussian in shape, and corresponds to a
direct image of the illuminating spot. As a comparison, the reflection from an
unpatterned piece of the sample is given as the dash-dotted curve, showing a
perfect agreement with the peak of the measured curve. The resonant tails
decay exponentially on both sides of the central spot. A fit of a single expo-
nential to these tails is shown by the dashed lines. The resonant contribution
can be traced over 2.5 orders of magnitude, and up to a distance of 30 pm
away from the center of the illumination spot. An interference between the
resonant and non-resonant contributions, as observed in similar experiments
with surface-plasmon polaritons [49], was not observed in these measurements.

We measured the real-space image of the resonance for different wave-
lengths from 700 to 800 nm. From these images, we obtained the decay length
of the resonant contribution by fitting a single exponential to the intensity of
the resonant tail. The result of these fits are shown in Fig. 4.6 and varies from
~ 3 pum at wavelengths around 750 nm to ~ 7 pym at 795 nm.
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Figure 4.5. Logarithmic plot of the measured reflected intensity, taken
along the vertical resonance in Fig. 4.4(b) (solid curve). The two con-
tributions to the Fano resonance are spatially separated. The reflection
arising from the direct (Fresnel) contribution is giving rise to the central
spot, whereas the exponentially decaying tails are caused by light that
is resonantly coupled to a waveguide mode. The dashed lines show a
linear fit to the resonant tails. The dash-dotted curve is the profile of
the pump spot, measured on an unpatterned region of the substrate.

The decay length [ of the resonant tails can be parametrized by
Q, (4.2)

_ vy A
_’y+F_27rng

l

where vy and ng are the group velocity and the group index, respectively, v and
I" are the escape rates as defined before, and A is the wavelength of the light in
vacuo. @ is the quality factor of the resonance, as defined before. Using this
equation, we determine the group refractive index at normal incidence (725 nm)
to be 2.6. Although this value is small compared to the refractive index of the
AlGaAs material (n =~ 3.5), it is large compared to the effective index of the
TMqy waveguide mode of the slab, which we estimate to be neg ~ 1.5. This
estimate was made noting that the resonance at the I' point occurs when
the condition A\ = nega is met, and assuming no avoided crossing around the
I'-point. At this wavelength, the TM( waveguide mode is still very close to cut-
off, which explains why the calculated effective index of the waveguide mode
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Figure 4.6. Decay length of the TM(1,0) resonance as a function of
wavelength. The circles and crosses show the fitted decay length on
either side of the non-resonant reflection spot. The lines are guides to
the eye.

is so close to the refractive index of the surrounding air. The group index is
actually comparable to both the group index calculated from the waveguide
dispersion of an unpatterned waveguide, and to the group index that is caused
by the refractive-index dispersion of the AlGaAs material. We do not observe
a considerable increase of the group index around the band gap at the I point.
This is due to our illumination scheme where we illuminate the photonic crystal
with a high numerical aperture. We therefore excite the resonance at different
angles of incidence, but the resonance that is excited with the largest decay
length, i.e. the highest group velocity, will be most pronounced in the imaging.

The variation of the decay length with wavelength can be explained as
follows: both the group index and the decay time of the resonance change with
changing angle of incidence. The group index is proportional to (dw/dk)*.
At the I'-point, an avoided crossing occurs. The resonant modes consist of
standing waves, which causes ny — oo. When moving the resonance away
from the I' point, the group index will lower, leading to a longer decay length.
At the same time, the decay time will change [38], which also leads to a change
in decay length, as observed in the measurements. Some precaution has to be
taken with the resonance that is observed at 883 nm. With increasing angle
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of incidence, we expect this resonance to split, and obtain a branch that shifts
to lower wavelengths. Since this resonance can be linked to a TE waveguide
mode, however, we do not expect this resonance to couple strongly to the
TM-like resonance that is described in the rest of this chapter.

4.5 Conclusion

The imaging technique described in this chapter allowed us to directly measure
the decay length of a photonic-crystal resonance. In principle, this decay length
can be linked to the group refractive index at this specific wavelength. This
would require exact knowledge of the variation of the resonance decay time
with wavelength, which could be obtained by measuring the reflection spectra
of the photonic-crystal slab at different angles of incidence, which in turn
would also yield the group refractive index. The advantage of the technique
used in this chapter lies in the fact that an unambiguous identification of the
specific waveguide mode and reciprocal lattice vector is possible using a k-space
image. Moreover, it allows to spatially separate the resonant and non-resonant
contributions of a Fano resonance, which is principally impossible using a series
of reflection spectra.
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Metal hole arrays
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CHAPTER 5

Enhanced coupling between plasmons
in hole arrays with periodic dielectric
antennas

We compare the angle-dependent transmission spectra of a metal
hole array with dielectric pillars in each hole with that of a con-
ventional metal hole array. The pillars enhance the optical trans-
mission as well as the interaction between surface-plasmon modes.
This results in an observed splitting Aw/w as large as 6%, at nor-
mal incidence, for the modes on the pillar side of the array.

This chapter is based on D. Stolwijk, E. F. C. Driessen, M. A. Verschuuren, G. W. 't
Hooft, M. P. van Exter, and M. J. A. de Dood, Enhanced coupling of plasmons in hole arrays
with periodic dielectric antennas, Opt. Lett. 33, 363-365 (2008).
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5.1 Introduction

Metal films perforated with an array of subwavelength holes have intrigued re-
searchers ever since the discovery that these arrays show extra-ordinary trans-
mission of light [50]. It is generally accepted that the enhanced transmission is
mediated by surface plasmons, electro-magnetic surface waves that are bound
to a metal-dielectric interface. On a smooth interface these waves cannot be
excited directly because their momentum is larger than that of light incident
from the dielectric. Diffraction from a regular array of holes enables efficient
excitation of the plasmon modes and increases the optical transmission. Due
to this surface-plasmon excitation, the transmission of the hole array exceeds
that, what is expected based on the transmission through a set of independent
single holes [51].

The transmission spectra of metal hole arrays show a number of asym-
metric resonances that correspond to different diffraction orders. Each of the
resonances can be labeled by a specific reciprocal lattice vector [52]. The
asymmetric lineshape of the resonances can be explained in terms of a phe-
nomenological (Fano) model [29,53-55]. Each peak features a maximum in
transmission and a profound minimum, known as Wood’s anomaly [56]. The
frequencies of these features depend on the angle of incidence and can be com-
pared to the dispersion relation of a plasmon on a smooth surface, folded back
to the first Brillouin zone of the periodic lattice [52].

Figure 5.1. SEM image of the metal hole array created using an im-
printing technique. The holes are 132 nm in diameter and each hole
contains a ~650 nm long glass pillar. The array has a lattice constant
a = 760 nm.
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5.2 Experiment

In this chapter we study the polarization-dependent transmission spectra
of metal films perforated with a square lattice of subwavelength holes. We
compare the transmission of an array with a dielectric pillar in each of the holes
with that of a conventional hole array. Transmission spectra of conventional
hole arrays have been studied previously [57,58], and show that different modes
can be excited depending on the input polarization. The p-polarized input light
dominantly excites plasmon modes which propagate in the direction parallel
and anti-parallel to the projected wave vector of the incident light. For small
angles of incidence, coupling to modes that propagate in the approximately
orthogonal direction is inefficient. We show that the excitation of these modes
is strongly enhanced for the hole array with pillars. The pillars in the holes act
as antennas that enhance the coupling to these modes. This provides a way of
controlling the interaction between light and surface-plasmon modes.

5.2 Experiment

The metal hole arrays in the experiment were made using an imprinting tech-
nique. An array of pillars was defined by e-beam lithography and was used
to create a rubber stamp. A replica of the array was created by pressing the
stamp into a layer of liquid sol-gel glass. This second array was then coated
with a layer of gold. The gold was selectively removed from the pillars with
a wet etch, by making use of the fact that the gold layer deposited on the
side of the pillars is thinner than the layer on the substrate. The result is a
metal hole array with a ~650 nm long glass pillar sticking out of each hole,
as shown in Fig. 5.1. The 0.5x0.5 mm? array was created on an AF45 glass
substrate with n &~ 1.52. A 100 nm thick layer of sol-gel glass with a refractive
index n ~ 1.41 was left between the substrate and the gold layer. The gold
layer is 200 nm thick and is perforated by a square array of pillars with a
lattice constant a = 760+4 nm* and a diameter d = 13545 nm. After mea-
suring the transmission of this array, we selectively removed the glass pillars
using hydrofluoric acid, to create a conventional hole array, and repeated the
transmission measurement.

The optical transmission of the hole array was measured using an incan-
descent lamp coupled to a 200 pm multimode optical fiber. A set of lenses
was used to create a ~300 pum diameter spot on the sample. The transmitted
light was sent to a fiber-coupled grating spectrometer with a CCD detector
(resolution 1.2 nm) to measure the spectral content. Apertures limited the
numerical aperture of the incident and transmitted light beam to less than

*The lattice constant was obtained from diffraction measurements with an He-Ne laser.
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0.01. Polarizers were placed in parallel parts of the incident and transmitted
beam to control the polarization. To measure the angular dispersion, the sub-
strate was placed on a rotation mount with the rotation axis aligned to the
(0, 1)-direction of the hole array. The wave vector of the incident light was in
the plane perpendicular to this direction.

Figure 5.2 shows measured transmission spectra (normalized to the lamp
spectrum) of the metal hole array both before (dashed lines) and after (solid
lines) removing the pillars. Spectra are shown for normal incidence (bottom)
and 15° angle of incidence (top). The maximum transmission decreases, and
at the same time the resonance narrows while the maximum shifts to shorter
wavelengths. The observed change in line shape corresponds to a Fano res-
onance for which the amplitudes of both the direct and resonant channel, as
well as the linewidth of the resonance, are reduced by a factor 2. Note that
the spectral positions of the transmission minima do not shift when the hole
size is reduced [56,59]. The marginal shift that we do observe is attributed to
the fact that the pillars change the effective index of the surface plasmon.

5.3 Coupling to surface plasmons

Each resonance in the transmission spectra can be labeled with a specific re-
mprocal lattice vector. The labels (i, j) in Fig. 5.2 refer to the reciprocal lattice
vector G = iGy + ]Gy, where Gy .y are the two basis vectors of the reciprocal
lattice. The condition for exciting a surface-plasmon mode is given by:

ky = ksp + G, (5.1)

where Ell is the projection of the wave vector of the incoming light onto the

metal-dielectric interface, and Esp is the propagation constant of the surface
plasmon. To describe the dispersion, we approximate the propagation con-
stants of the surface plasmons on both sides of the metal hole array with that
of a plasmon on a smooth metal-dielectric interface:

ksp(w) = = (M)lma (5.2)

¢ \ €4+ em(w

where ¢ is the speed of light, €4 is the dielectric constant of the dielectric and
em(w) is the frequency-dependent dielectric constant of the metal.

Figure 5.3 shows grayscale plots of the transmission as a function of the
angle of incidence (horizontal axis) and the wavelength (vertical axis) for the
sample without pillars (top) and with pillars (bottom). The dark bands in
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Figure 5.2. Transmission spectra of a conventional metal hole array
(solid curve) and a metal hole array with pillars (dashed curve), for p-
polarized light. Spectra are shown for normal incidence (bottom) and 15°
angle of incidence (top). The arrows indicate the (0,£1) resonance for

15° angle of incidence. The inset shows the wavevector k||, a reciprocal

lattice vector G in the (0,1) direction and the propagation direction of
the two (0,£1) surface-plasmon modes.

the figure correspond to the minima in the transmission spectra. The white
curves are the frequencies calculated from Egs. (5.1) and (5.2) for different
reciprocal lattice vectors C_j, using the tabulated frequency dependence of the
dielectric constant of gold |60], and an effective index of n ~ 1.46 for the glass
substrate*. A distinction is made between surface-plasmon modes on the air
side (dashed curves) and on the glass side (solid curves). The (£1,0) and
(0, £1) modes on the air side are degenerate at normal incidence. When the
angle of incidence is changed, the degeneracy is lifted and the resonance splits
into a (1,0), a (—1,0), and a degenerate (0,%1) resonance. The (1,0) and
(—1,0) modes have a strong dispersion, because k?” and G are parallel. For the

*The effective index is based on the calculated propagation constant of a surface plasmon
on an interface of gold with a 100 nm layer of sol-gel glass.
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Figure 5.3. Grayscale plots of the measured transmission as a function
of angle of incidence and wavelength, for the metal hole array without
pillars (top) and with pillars (bottom). The grayscale ranges from 0 to
3% transmission. The white curves indicate the frequencies calculated
from Egs. (5.1) and (5.2). The solid curves are for modes on the glass
side, while the dashed curves are for modes on the air side.



5.4 Coupling between surface plasmons

(0, £1) modes the dispersion is limited, because k:_“‘ and G are perpendicular.
For the conventional array the (0,+1) resonance is barely visible for small
angles, consistent with earlier work [58]. The resonance is strikingly visible in
the transmission of the array with pillars. The large difference in amplitude
for this resonance is also clearly visible in the top part of Fig 5.2 (arrows).

For the geometry of our structure, the scattering plane coincides with a
(1,0) direction of the square lattice. This plane is a mirror plane of the hole
array, and the modes can be classified as either odd or even relative to this
plane. The p-polarized input light has an odd H-field distribution relative to
this plane, and therefore only plasmon modes with an odd H-field distribution
can be excited. At normal incidence, this corresponds to plasmon modes that
propagate in the direction of the E-field vector [61], i.e. the (£1,0) directions.
For finite angles of incidence it is possible to couple to a combination of (0,+1)
modes. The direction of propagation of these modes is sketched in the inset
of Fig. 5.2. The pillars in the holes do not change the symmetry, but act
as antennas and affect the efficiency with which the modes are excited. The
interaction between light and a dielectric pillar is strongest when the E-field
is parallel to the long axis of the pillars. As a result, when pillars are placed
in the holes, the coupling to the (0,41) modes on the air side is enhanced for
p-polarized light.

5.4 Coupling between surface plasmons

For both arrays, the angle dependent transmission in Fig. 5.3 shows that the
(£1,0) air modes have an almost-linear dispersion at sufficiently large angles
of incidence. For smaller angles, this only holds for the conventional hole
array. For the hole array with pillars, the (£1,0) modes on the air side are
clearly coupled. At normal incidence we observe two minima in the spectra
at 775 and 825 nm. The minimum at 825 nm coincides with the minimum
of the (1,1) glass modes. At normal incidence, the excited plasmon modes
are standing waves. The resonances occur at different energies depending on
the position of the nodes and anti-nodes of the standing waves relative to the
holes [36,54]. Without pillars, this energy difference is small and the splitting
is not resolved. The pillars lower the energy only of the mode that has anti-
nodes at the position of the pillars. For our array, with a filling factor of pillars
of only 2.3%, this leads to an observed splitting of the resonances of 6% of the
center frequency. Note that we used the separation between the minima as
a measure of the splitting, because the minima do not shift when radiation
losses are increased [56,59]. We have compared this splitting to a two-band
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5. Enhanced coupling between plasmons in hole arrays with periodic dielectric antennas

model and to a model that uses the polarizability per unit volume. We find
that the calculated splitting from these simplified models is much smaller than
the observed splitting.

Increasing the filling factor of pillars will certainly increase the energy dif-
ference between the modes. However, a larger hole size also leads to larger
radiation losses [54], and broadens the spectral features. This may obscure
the effect. Similar effects are expected when dielectric hole arrays are placed
on top of a metal hole array, although the interaction with p-polarized light
is generally weaker, when compared to pillars. This kind of hybrid structures
can be used to (locally) tune the dispersion of the surface modes of a metal
film. By locally adding or removing pillars (holes), control of the excitation
and propagation of plasmons on the wavelength scale can be achieved. When
the interaction between plasmon modes can be increased, it becomes conceiv-
able that two-dimensional periodic metal-dielectric structures exist that do
not allow coupling of light waves to surface modes in any direction, for a cer-
tain range of frequencies. This effect would be analogous to the existence of
photonic bandgaps in two-dimensional dielectric structures.
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CHAPTER 6

Waveguide modes in solid-state
index-matched metal hole arrays

We investigate the surface-plasmon modes of a metal hole array
covered with a thin layer of glass. The glass layer diminishes the
asymmetry of the structure, which leads to degenerate surface plas-
mon modes propagating on both sides of the metal hole array, when
the glass layer is sufficiently thick. Besides the plasmon resonances,
we observe a number of sharp dips in the transmission spectra,
that are caused by waveguide modes in the glass layer on top of
the metal hole array. Calculations of the dispersion of these guided
modes show perfect agreement with the measurements.

This chapter is based on M. J. A. de Dood, E. F. C. Driessen, D. Stolwijk, M. P. van
Exter, M. A. Verschuuren, and G. W. 't Hooft, Index matching of surface plasmons, Proc.
SPIE 6987, 698713 (2008).
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6. Waveguide modes in solid-state index-matched metal hole arrays

6.1 Introduction

For sensing applications, it may be interesting to design structures in which
the plasmons on different sides are index matched. In this chapter, we attempt
to achieve index matching of the surface plasmon resonances on both sides of
the metal hole array that was investigated in Ch. 5. For this purpose, it was
covered with a thin (~ 400 nm) layer of sol-gel glass. This layer serves as an
index matching layer and should make the surface plasmons that propagate
on different sides of the metal film indistinguishable. The thin layer of glass
however acts as a waveguide. The modes of this waveguide cause extra sharp
resonances to occur in the transmission spectra. In section 6.2 we investigate
these waveguide modes. In section 6.3 we discuss the effect of the finite thick-
ness of the glass layers on the effective index of the surface plasmon modes,
and show that it is possible to fabricate a structure where the surface-plasmon
modes on both sides of the gold layer are degenerate.

6.2 Waveguide modes

In Fig. 6.1, we compare the transmission spectra for the metal hole array
with (top) and without (bottom) the dielectric layer deposited on top of the
structure. A number of changes is observed. Most notably, the increase of
intensity of the peak that is associated with the (1,0) surface plasmon resonance
on the glass side of the structure. The resonances belonging to the air side of
the structure are shifted in wavelength, and a number of new features are
observed in the spectra.

Figure 6.2 shows the measured transmission as function of the angle of in-
cidence. Several strong, relatively broad, minima (black lines in Fig. 6.2) are
clearly visible. These minima in transmission are associated with the Fano-
type line shape caused by the coupling to a surface-plasmon mode. Two such
modes can be observed, which correspond to a surface plasmon mode propa-
gating on the substrate side and a surface plasmon mode propagating on the
side covered with the dielectric layer. These modes can still be distinguished
because the AF45 substrate has a higher refractive index (n =~ 1.52) than the
sol-gel material (n =~ 1.40), making the structure slightly asymmetric.

In addition to the surface plasmon modes that are clearly visible, the new
features that are observed in Fig. 6.1 also clearly show angular dispersion. For
instance, at normal incidence a resonance appears at a wavelength of 700 nm,
which cannot be explained by a surface plasmon mode. The extra resonances
are characterized by a sharp symmetric dip instead of the asymmetric line
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Figure 6.1. Measured transmission of the metal hole array of Ch. 5.
The bottom curve shows the transmission spectrum for the structure
without a glass layer on top, the top curve shows the transmission spec-
trum when a ~ 400 nm thick layer of glass is deposited on top of the
structure. The positions of the different resonances are indicated with
lines, as well as the character of the resonances.

shape of the surface plasmon modes, and are caused by coupling to a waveguide
mode supported by the dielectric superstrate [62]. Similar to the case of surface
plasmons, the resonance condition to excite a mode is given by

EH = ﬁm + é, (6.1)

where ﬁm is the propagation constant of the mode, and lgH and G are defined as

in Ch. 5. For this layered structure, Bm has to be found numerically. The modes
can be classified as either transverse electric (TE) or transverse magnetic (TM)
depending on whether the F-field or the H-field vector is perpendicular to the
surface normal of the structure. Following the notation of Ref. [63], we define
the z-direction as perpendicular to the interface and the z-direction as the
propagation direction of the guided mode. The dielectric constant e(x) of our
structure is stepwise continuous and equal to €; for 0 < z, €3 for —d <z <0
and equal to 1 for x < —d. Here, d is the thickness of the dielectric layer,
and €1, €2 and €3 are the dielectric constants of the metal, the dielectric layer
and the dielectric above the structure, respectively. The metal-to-dielectric
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6. Waveguide modes in solid-state index-matched metal hole arrays
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Figure 6.2. Grayscale plot of the measured transmission of a metal
hole array covered with a dielectric layer as function of angle of inci-
dence. The lines in the figure correspond to the calculated position of
the different resonances. Each of the resonances corresponds to a specific
reciprocal lattice vector and has an additional label to indicate the na-
ture of the mode; i.e. surface plasmon (SP), fundamental TE waveguide
mode (TEj) or fundamental TM waveguide mode (TMj).

interface is positioned at x = 0. The H-field of the m-th order TM mode that
propagates in the positive z-direction can be written as

— —

Hp (7o) = Hpp(z) '@ Fm?) (6.2)

where (3, is a propagation constant, that can be interpreted as the component
of the wavevector parallel to the interface. For modes that are guided, the
H field is confined either to the metal-to-dielectric interface (surface plasmon)
or to the dielectric layer. Outside the region of the dielectric layer, the field
H,,(z) decays exponentially. The H-field points in the y-direction (i.e., parallel
to the interface), and it is given by

€152

o2 exp(—S12) 0< o
zlgf cosh(Sex) — sinh(Saz) —-d< z <0
Hm(w) = €159 h . (63)
g cosh(Sad) + smh(Sgd)} X
exp[Ss(z + d)] r < —d

where the transverse momentum in the layer with dielectric constant ¢; is

given by S; = /32, — (w?/c?)e;. A mode of this form can only exist when
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6.3 Effects of layer thickness

the boundary conditions from Maxwell’s equations are fulfilled at z = 0 and
x = d, leading to the condition

2
tanh(Sod) = 2 <S . S) / ((S) N SS) | 6.4
€2 €1 €3 €9 €1 €3

This last equation can be used to numerically find the propagation constant
Bm as function of frequency for all TM modes, including the surface plasmon
mode. A similar approach can be applied to find all TE waveguide modes.

The curves in Fig. 6.2 are the numerically calculated resonance conditions
for the surface plasmon on the sol-gel side (solid curves) and the waveguide
modes in the structure (dashed curves). The calculated resonances due the
surface plasmon on the substrate side are slightly red shifted and have been
omitted from the figure for reasons of clarity. Each of the calculated reso-
nances in the figure is labeled by a combination of reciprocal lattice vector
and an identifier to indicate the nature of the mode. The modes are classified
as a surface plasmon (SP), a fundamental TE waveguide mode (TEj) or a
fundamental TM waveguide mode (TMjy). In our calculation, we adjusted the
thickness d of the sol-gel layer to get good agreement with the measured data
and find a value of 480+10 nm. For this layer thickness, the cut-off frequencies
of the higher order TE and TM waveguide modes are beyond the frequency
range probed in the experiment.

6.3 Effects of layer thickness

The formalism discussed in the previous section can be used to design struc-
tures where the surface-plasmon resonances on both sides of the structures are
index matched, by using a dielectric layer. A numerical algorithm is used to
find the propagation constant 3 of the surface plasmon at a given wavelength
as function the layer thickness d of the dielectric layer. This calculation is done
for the surface plasmon modes on the “air” (n = 1.0) side of the structure as
well as on the substrate (n = 1.52) side of the structure. In both cases, the
dielectric layer has a refractive index of 1.4. This calculation allows to find the
minimum required thickness of the dielectric layer, on each side, that is needed
to create a structure in which the surface plasmon modes on the two interfaces
are indistinguishable.

Figure 6.3 shows the real part of the calculated effective index, defined
as Neff = Pm(w)c/w, for gold covered with a dielectric film, as a function of
the layer thickness d, for a wavelength of 800 nm (solid curve). The dotted
curves show similar calculations for slightly different wavelengths of 700 nm
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6. Waveguide modes in solid-state index-matched metal hole arrays

and 900 nm. We have included results for both sides of the metal film, with
insets next to the curves to show the configuration that corresponds to the
curves. For a thin dielectric layer inserted between the metal and air, the
surface plasmon propagates mostly in the air and the effective index is close to
that of a surface plasmon propagating on a bare air-to-gold interface. When
the layer thickness is increased, the effective index approaches that of a surface
plasmon on a single dielectric-to-metal interface. From the figure it is clear
that this situation is reached for a layer thickness ~ 500 nm. As expected, the
required thickness becomes smaller for shorter wavelengths.
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Figure 6.3. Effective index for a gold interface covered with a dielectric
film, as a function of the thickness of the dielectric layer. The dielectric
layer has a refractive index n = 1.40. Results are shown for an ambient
with a lower refractive index (n = 1.00), and with a higher refractive
index (n = 1.52). The solid curves are calculated for a wavelength of
800 nm. The dotted curves indicate the change when the wavelength is
700 nm and 900 nm.

The effective index for the configuration that corresponds to the substrate
side of the metal film behaves differently. As shown in the figure, the curves
start at an effective index of a surface plasmon on a glass-to-gold interface. As
long as a very thin layer of dielectric is used, the effective index of the surface
plasmon is always larger than that of the dielectric with the highest €, for
frequencies below the plasmon frequency [64]. If the layer thickness is increased
this is no longer the case and bound modes cease to exist for thicknesses larger
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6.3 Effects of layer thickness

than 200 nm. At this point, the effective index of the surface plasmon mode
becomes equal to the refractive index of the substrate and the surface mode
transforms into a leaky mode. However, for a sufficiently thick dielectric layer,
the coupling to radiation modes will be weak and the mode resembles the
plasmon mode of a single glass-to-gold interface with n = 1.4. Based on the
calculation of the surface plasmon mode on the air side, we estimate that the
typical thickness required for this regime is also around 500 nm for a wavelength
of 800 nm.

In Fig. 6.4, we show a grayscale plot of the transmission of such a symmetric
structure. This structure was fabricated on a sol-gel glass layer of thickness
1000 nm, and after the deposition of the gold layer, another thick sol-gel glass
layer was deposited on top of the structure. Again, the waveguide modes
that are supported by the thick glass layer on top are clearly visible. From
a fit of the waveguide mode dispersion, discussed before, we determined the
thickness of the top layer to be ~ 2100 nm. Besides the waveguide modes,
the surface plasmon resonances are also clearly visible, as the dark diagonal
bands. The surface plasmon modes on either side of the hole array have become
indistinguishable.

Wavelength (um)
Transmission (%)

0
Angle (degrees)

Figure 6.4. Gray scale plot of the measured transmission of a metal
hole array covered with a ~ 2100 nm thick dielectric layer, as a function
of angle of incidence and wavelength. The surface-plasmon modes on
either side of the hole array (broad dark bands) have become indistin-
guishable. The waveguide modes that are supported by the dielectric
layer are clearly visible as sharp black lines.
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6.4 Conclusion

In this chapter, we have shown that it is possible to make the resonances
that correspond to surface plasmons that propagate on either side of a metal
hole array indistinguishable. To achieve this, a sufficiently thick layer of glass
needs to be deposited on top of the hole array. If the glass layer is too thin,
the exponential tail of the surface plasmon will extend beyond the layer, which
lowers the propagation constant of the surface plasmon. The transmission
spectra of the metal hole arrays with a glass layer on top show a number
of extra resonances, that are caused by resonant coupling to the waveguide
modes that are sustained by this glass layer. Calculation of the dispersion of
these modes gives perfect agreement with the measurements, and allowed us
to determine the thickness of the glass layer. The surface-plasmon resonances
in the (close to) index-matched structures change intensity and width. This
change is further investigated in the next chapter.
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CHAPTER 7

Observation of coupling between

surface plasmons in index-matched

hole arrays

We measured the transmission of a large array of holes in an op-
tically thick gold film, immersed in liquids of different refractive
index. For a large difference in refractive index between the sub-
strate and the liquid (An 2 0.05), the transmission spectra contain
separate resonances, due to coupling to surface plasmons propagat-
ing on each of the metal-to-dielectric interfaces. When the index
difference is reduced, we observe an avoided crossing between a
strong low-energy mode and a weak high-energy mode. The low-
energy mode becomes broader and gains amplitude at the expense
of the high-energy mode. For an index-matched array, a single
broad resonance remains. These observations provide direct evi-
dence that the two surface-plasmon modes on different sides of the
interface are coupled.

This chapter is based on M. J. A. de Dood, E. F. C. Driessen, D. Stolwijk, and M. P.

van Exter, Observation of coupling between surface plasmons in index-matched hole arrays,

Phys. Rev. B 77, 115437 (2008).
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7. Observation of coupling between surface plasmons in index-matched hole arrays

7.1 Introduction

It is well known that coupling of different surface plasmon modes on the same
interface, via Bragg scattering, leads to the formation of bright and dark modes
in 1-D arrays of slits or wires [54,65,66]|. Alternatively, plasmons on a single
interface can be coupled to a waveguide mode [67,68]. The coupling between
plasmons on different interfaces is more difficult to observe, because in most
cases the plasmon resonances on different sides of the metal film are detuned
in frequency. This is due to the inherent asymmetry of a metal film on a
substrate. This asymmetry can be removed by either fabricating a symmetric
sample or by using index matching liquids [69-71]. The observed transmission
spectra generally resemble the calculated spectra [70,72], but the finite size of
the arrays and the numerical aperture of the incoming beam limit a proper
observation of the coupling between the modes.

Here, we present transmission measurements on a large two-dimensional
metal hole array, using a white light beam with a numerical aperture that
is small enough to resolve the coupled modes. We obtain the frequency, the
linewidth, and the amplitude of the resonances by fitting multiple Fano reso-
nances to the transmission spectra [53,54]. When the index difference between
substrate and liquid is reduced we observe an avoided crossing between a broad
low-energy mode and a narrow high-energy mode. At the same time, the
linewidth and the amplitude of the low-energy mode increase at the expense of
the high-energy mode. These modes correspond to the two peaks in the trans-
mission spectrum, which can be identified as surface plasmons propagating on
either the substrate or the liquid side of the metal film. Our observations can
be described by a coupled-mode theory, and are consistent with calculations
that use tunneling of light through the holes as the coupling mechanism [70,72].

7.2 Experiments

For our experiments, we mounted a metal hole array on a glass substrate in-
side a closed glass cuvette with a 2.5 mm optical path length. The array was
immersed in different refractive-index solutions. We used mixtures of ethanol
and benzyl alcohol to cover the range n=1.36-1.54 and mixtures of benzyl al-
cohol and bromo-naphtalene for the range n=1.54-1.66. The refractive index
of each mixture was determined by Abbe refractometry, and is close to the
volume average of the refractive index of the two liquids. The glass substrate
(Schott-BK7) has a nearly constant refractive index n=1.51 over the wave-
length range of interest. The metal hole array is a large (1x1 mm?) square
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7.2 Experiments

array of 200 nm diameter holes with a lattice constant ¢ = 700 nm, in an
optically thick (200 nm) gold film. A 2 nm thick Ti bonding layer ensures
proper adhesion of the gold layer. The optical transmission was measured at
normal incidence. We used a fiber-coupled lamp to illuminate a ~ 300 pm
diameter spot on the sample, thus avoiding edge effects. The transmitted light
was sent to a fiber-coupled grating spectrometer with a Si CCD array (res-
olution 1.2 nm, 550-1000 nm) or an InGaAs linear array (resolution 3.0 nm,
900-1700 nm). Apertures in the incident and transmitted light beam were used
to limit the numerical aperture below 0.01.

Wavelength (nm)

Transmission (%)

\re

1.0 1.2 1.4 1.6 1.8
Frequency (um'1)

Figure 7.1. Transmission as function of frequency for a metal hole array
in air (solid curve, n;, = 1.00) and nearly index matched (dashed curve,
ny, = 1.50). The vertical lines indicate the calculated spectral positions
of the different plasmon resonances on the substrate (S) and air (A) side
of the array for ny, = 1.00.

Figure 7.1 shows the measured transmission as function of frequency. Spec-
tra are shown for the metal hole array in air (solid line), and immersed in a

65



7. Observation of coupling between surface plasmons in index-matched hole arrays

n=1515
1.4_ T T T T T \| — T T
| \ :
F 500 Bs 00 ]
[ \ :
BE s N
- s N 0 0 ~ =
[ " \ Ll I 2\\ Tl e
1.2 AN L LN
- [ N | ~ 7 =
.E B \\ : ii N g
=. B e =2
=11 N\ <
> [ N =
(&) B AN _ (o))
c - AN : S
[} B LN : Qo
S 1.0 | AN : — 1000 ©
o [ LS : =
(0] - ] ©
e [ 0y .
w s s ] =
ooF * 0 0 00p. %000 ]
B | I E
R L
[ ® s 1200
0.8 |- E
0_7- 1 | 1 1 1 | 1 1 1 | 1 | 1 | [ 1400
1.0 1.2 1.4 1.6

Refractive index

Figure 7.2. Frequencies of the maximum in transmission as a function
of the refractive index obtained directly from the transmission data.
The dashed curves show the calculated resonance frequencies according
to Eq.(7.1).

liquid with refractive index ny, = 1.50 (dashed curve). The spectra show a
number of resonant peaks for which the transmission is enhanced. This is a
result of coupling of incident radiation to surface plasmons that propagate on
either the metal-to-air or the metal-to-substrate interface. The condition for
coupling to such a surface plasmon is given by EH = Esp + é, where ];H is the

component of the wave vector of the incident light along the interface, kgp is
the wave vector of the surface plasmon and G is a reciprocal lattice vector. For
normal incidence this condition leads to a set of resonance frequencies given
by

Gle n?
—| | 1+

n €m(w)

; (7.1)

Wres =

where c¢ is the speed of light in vacuum, n is the refractive index of the
dielectric, and €,,(w) is the frequency-dependent dielectric constant of the
metal. For a square lattice, the length of the reciprocal lattice vector is

](_j| =,/(NZ2+ N}?)27T/CL, with Ny and Ny integer. Therefore, the resonances
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can be labelled as (Ny, Ny)g A, where the subscript indicates whether the res-
onance occurs on the substrate (S) or on the air (A) side of the metal hole
array. To calculate the resonance frequencies we use literature values of the
dielectric constant of gold [60] and take the dielectric constants of air and glass
as constant. The vertical lines in Fig. 7.1 indicate the calculated positions of
the different resonances. For an asymmetric structure with air on one side and
glass on the other side, the resonances from the two sides are well separated.

When the air is replaced by a nearly index-matching liquid, the transmis-
sion spectrum changes drastically (dashed curve in Fig. 7.1). The (1,0)s mode
on the metal-to-liquid interface shifts in frequency from 1.387 ym~=' (721 nm)
to 0.922 pm~! (1085 nm) to coincide with the (1,0)s mode on the metal-
to-substrate interface. The peak transmission of the combined (1,0) mode is
roughly a factor of two higher, and a significant broadening of the resonance
is observed.

The frequencies of the maxima in the transmission spectra are plotted in
Fig. 7.2 as a function of the refractive index of the liquid (symbols). The dashed
lines are the frequencies of the different modes as predicted by Eq. (7.1). The
modes can be classified in two categories: modes on the metal-to-substrate in-
terface (labelled ‘S’), which do not shift when the index of the liquid is changed,
and modes on the metal-to-liquid interface (labelled ‘L’), which show a strong
red-shift in frequency when the refractive index of the liquid is increased. To
correctly predict the resonance frequencies from Eq. (7.1) the frequency depen-
dent dielectric constant of the metal should be included. The index dispersion
of the liquids and the glass can be neglected.

7.3 Model

The transmission through a metal hole array can be described as a combination
of a non-resonant direct transmission through the holes, and a resonant com-
ponent that couples to surface plasmons [53, 54, 72-74]. Interference between
these two contributions gives an asymmetric line shape. The transmission

spectra T'(w) = [t(w)|? can be expressed as a sum over a finite number of
(uncoupled) resonances
b;I'j exp(t
Hw) = amw +Z p( 2i) (7.2)

(w—wj) +i(ly +“Yj)7

where I'; is the radiative loss and +; is the intrinsic Ohmic loss of mode j. The
resonance at frequency w; has an amplitude b; and a phase ¢;. The slowly
varying non-resonant contribution has an amplitude a,, and is proportional
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Figure 7.3. Detail of the crossing between the (1,0) modes (a) and
corresponding spectra (b). The crosses are the peak frequencies obtained
directly from the measured data, while closed symbols are the frequencies
w; from fitting the transmission data to 4 Fano resonances. The solid
curves are a fit to coupled-mode theory (see text). The dashed lines are
the calculated frequencies for the uncoupled surface-plasmon resonances.
The measured transmission (b) is shown for different refractive indices
of the liquid (dots) and can be fitted to the Fano expression (curves)

to w? to reflect the fact that the transmitted intensity through a single sub-
wavelength hole is proportional to w* for a single, sub-wavelength hole in a thin
film of a perfect conductor [51]. In the limit of long wavelengths, the dielectric
constant of the metal approaches that of the perfect conductor, while the film
thickness relative to the wavelength becomes negligible and Eq. 7.2 gives the
correct result. In principle, Eq. (7.2) allows a separation of resonant and non-
resonant contributions, but in practice the number of separate resonances that
can be identified in measured transmission spectra is limited. This complicates
the interpretation of a,, because the non-resonant term now also contains a
contribution from resonances at higher frequencies.

Figure 7.3 shows the frequency of the peaks as a function of the refractive
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index in more detail (a), and corresponding transmission measurements in
the frequency range between 0.7 and 1.1 ym~! (b). The solid curves are fits
of Eq. (7.2), containing up to 4 resonant contributions. In these fits, the
Ohmic losses 7; were set to zero*. This description is valid for the typical
situation that the radiative loss is much larger than the intrinsic Ohmic loss.
The number of fit parameters can be reduced by setting all phases ¢; equal
to w. This corresponds to the normal situation, where the resonant channel is
out of phase with the direct channel. This choice does not affect the values of
the other fit parameters significantly.

The crosses in Fig. 7.3(a) indicate the frequencies of the transmission max-
ima determined directly from the experimental data. These maxima are close
to the resonance frequencies obtained from the fits (solid symbols). When the
refractive index of the liquid is close to that of the substrate, the transmission
spectrum is reduced to a single peak. Two distinct peaks can be observed for
an index difference between liquid and substrate larger than ~0.05. In addi-
tion, the linewidth and amplitude of the resonances depend strongly on the
refractive index. The low-frequency resonance broadens and grows in ampli-
tude when the refractive index is increased, while the high-frequency resonance
narrows and diminishes in amplitude.

Figure 7.4 shows the linewidth I'; and square amplitude b? obtained from
the fit of Eq. (7.2) to the transmission data. The triangular symbols refer
to a fit where all parameters were kept free, while the circular symbols refer
to a fit with all phases ¢; equal to m. The data in Fig. 7.4 confirm that
the low-frequency mode (mode 1) gains amplitude and broadens while the
high-frequency mode (mode 2) is reduced in amplitude and narrows. Note
that a typical value of I' = 0.01 um™' corresponds to a propagation distance
x = 1/(27T") &~ 16 pym. This is much smaller than the illuminated spot size
(300 pm) and the coherence length D ~ \/NA, which we estimate > 100 pm
for a NA of less than 0.01. The avoided crossing together with the data in
Fig. 7.4 prove that the two surface plasmons on different sides of the optically
thick metal film are coupled.

A coupled-mode theory with only 2 modes is sufficient to describe our
data. These modes correspond to the two surface plasmons that propagate
on either the substrate or the liquid side of the metal film. In this analysis,
we treat the plasmon modes on the same interface that are coupled via Bragg
reflection [54,65,66| as a single mode. The time evolution of the amplitudes a

*The parameters b;, I'; and v; are not independent and cannot be determined by a fit
of the data to Eq. (7.2).
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Figure 7.4. Linewidth I' and square amplitude b2 for the lowest two
resonances as function of refractive index. The low-frequency mode (c,d)
is always present and both linewidth and amplitude show a maximum
around the index matched situation (nr, = 1.515, dotted line). At the
same time, the second mode shows a minimum in linewidth and ampli-
tude and disappears from the spectra for nearly index-matched samples.
The solid curve is a fit to coupled-mode theory (see text).

and b of the two modes in our model is given by the equation of motion

i a
'\ b

)-(1)

(7.3)

The Hamiltonian H that describes the coupled system has the following form:

70

H

(

wa +V —il,

W +il'c

W +1il'c
Wb—FV—in

).

(7.4)



7.3 Model

Table 7.1. Fit parameters of the coupled-mode theory described in the

text
V' : Frequency shift —0.013 £+ 0.028 ym™!
'y : Damping rate of mode a 0.0067 + 0.0004 pm™*
I'y, : Damping rate of mode b 0.0100 + 0.0005 pm~*
W . Conservative coupling rate  0.0046 + 0.0015 pm~!
I'c : Dissipative coupling rate 0.0068 =+ 0.0011 pgm™*

The diagonal elements of the matrix contain the frequencies w, 1, and linewidths
I’y b of the uncoupled modes, and a frequency shift V. The off-diagonal ele-
ments contain parameters W and I'c that describe conservative coupling (lead-
ing to mode splitting and an avoided crossing), and dissipative coupling (lead-
ing to mode pulling or frequency locking), respectively [75,76]. The complex
eigenvalues of the Hamiltonian H give the frequencies wy 2 and linewidths I'; »
of the coupled modes.

The solid curves in Figs. 7.3(a) and 7.4 are a fit of the model to the ex-
perimental data®. The fit parameters are summarized in Table 7.1. There is a
small frequency red-shift V', compared to the resonance frequencies predicted
by Eq. (7.1), which is consistent with the theory in Ref. |72]. The conservative
coupling rate W causes the avoided crossing in Fig. 7.3(a). The frequencies
wj can be fit satisfactorily by setting the dissipative coupling rate I'c to zero.
However, a system with only conservative coupling gives line widths I'1 o that
are independent of refractive index. This is inconsistent with the data in
Fig. 7.4. To describe the fact that the line width of one mode increases while
the line width of the other mode decreases, a dissipative component in the
coupling is needed. Conservative coupling is still important because a model
with only dissipative coupling (W = 0) gives significant mode pulling, which is
not observed in our measurements. As a comparison, Fig. 7.5 shows the fitted
line widths for coupled mode theories with only conservative coupling (a), only
dissipative coupling (b), and both conservative and dissipative coupling (c).

As a refinement of our model, we have also used damping rates I'; }, that
depend on the refractive index of the liquid via the optical density of states |54,
77,78|. Introducing these extra fit parameters indeed results in a better fit.
However, it does not affect the values of the fit parameters V, W and I'c
significantly, and thus does not change our interpretation of the measurements.
The fit parameters in table 7.1 indicate that the mode on the liquid side is

*The fit was obtained by fitting the frequency and linewidth data simultaneously, giving
equal weight to each of the points.
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Figure 7.5. Frequencies and linewidths of the (1,0) resonance as func-
tion of the refractive index of the liquid. The values are obtained from
a Fano fit of the measured transmission spectra at normal incidence and
compared to coupled mode theory with only conservative coupling (a),
only dissipative coupling (b) or both conservative and dissipative cou-
pling (c). The closed symbols (data) and dashed curves (theory) indicate
the low-energy mode, while the open triangles and solid curves indicate
the high-energy mode.

somewhat more lossy than the mode on the glass side. It is reasonable to
assume that this is due to the fact that the roughness of the metal-to-liquid
interface is larger than the interface between the metal and the polished glass
substrate. From AFM measurements on the sample, we indeed find roughness
(rms) values of 4.4 nm for the gold surface, and 0.8 nm for the glass surface.
In addition, some residual particles from the fabrication process are present on
the gold-air interface, which will add to the scattering of surface plasmons on
this interface.

The modes in our coupled-mode theory are consistent with the states cal-
culated using a scattering formalism [70,72]. On resonance, the eigenmodes
correspond to a situation where the plasmons on the two interfaces oscillate in
phase (low-frequency mode) or out of phase (high-frequency mode). Close to
resonance, the calculated spectra show a split resonance (avoided crossing) and
a linewidth of the low-energy mode that becomes larger, while the linewidth
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of the high-energy mode becomes smaller. Without absorption the amplitude
of the modes is equal. If absorption is included, the amplitude of the peaks is
reduced depending on the linewidth (resonance time) of the mode [70]. This
explains the dependence of the squared amplitude big of the modes as function
of refractive index given in Fig. 7.4.

7.4 Conclusion

In conclusion, an experiment where surface-plasmon resonances on either side
of a metal hole array are tuned into degeneracy, gives insight into the coupling
between these surface-plasmon modes. Two plasmon modes, on different sides
of the metal film, can be identified if there is a large mismatch in refractive
index. The resonance in the transmission spectra is reduced to a single broad
resonance when the sample is index matched. This behavior can be explained
by a coupling between the two surface plasmon modes through the hole-array.
A coupled-mode analysis shows that the modes have an avoided crossing and
correctly predicts the change in linewidth of the coupled modes when the re-
fractive index is changed.
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CHAPTER &

Polarization-dependent optical
absorption of superconducting
single-photon detectors

We measured the single-photon detection efficiency of NbN super-
conducting single photon detectors as a function of the polarization
state of the incident light, for different wavelengths in the range
from 488 nm to 1550 nm. The polarization contrast varies from
~5% at 488 nm to ~30% at 1550 nm, in good agreement with
numerical calculations. We use an optical-impedance model to de-
scribe the absorption for polarization parallel to the wires of the
detector. For lossy NbN films, the absorption can be kept constant
by keeping the product of layer thickness and filling factor constant.
As a consequence, we find that the maximum possible absorption is
independent of filling factor. By illuminating the detector through
the substrate, an absorption efficiency of ~ 70% can be reached for
a detector on Si or GaAs, without the need for an optical cavity.

This chapter is based on E. F. C. Driessen, F. R. Braakman, E. M. Reiger, S. N. Doren-
bos, V. Zwiller, and M. J. A. de Dood, Impedance model for the polarization-dependent
optical absorption of superconducting single-photon detectors, European Physical Journal -
Applied Physics (2009).
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8. Polarization-dependent optical absorption of superconducting single-photon detectors

8.1 Introduction

Superconducting single-photon detectors (SSPDs) [79], that consist of a mean-
dering NbN wire, are an interesting new class of detectors that may outperform
single-photon counting avalanche photodiodes. SSPDs feature a relatively high
quantum efficiency at infrared wavelengths, combined with low time jitter, low
dark counts, and high counting rates [80]. This makes these detectors promis-
ing for quantum optical studies and long-distance quantum cryptography ap-
plications [81].

A lot of attention has been given to the electronic operation of these de-
tectors [82-84], leaving the optical design of the detectors less explored. In
fact, due to the highly anisotropic nature of the wires, the detection efficiency
shows a strong polarization dependence [85]. This is important, since a com-
mon way to encode quantum information is to use the polarization state of
photons [86]. Detection of a photon thus comprises a simultaneous measure-
ment of the polarization, which may be undesirable for some applications. At
the same time, knowledge of the polarization dependence may simplify exper-
imental schemes that require a polarization measurement, or can be used to
optimize the detection efficiency.

The efficiency 7 to detect a single photon can be decomposed in an elec-
tronic and an optical contribution and can be expressed as

N = N4, (8.1)

where A is the optical absorption efficiency of the detector, and 7, is the elec-
tronic efficiency of the detector, i.e. the probability that an absorbed photon
leads to a measurable voltage pulse across the detector.

The microscopic working principle of the detectors, which is essential to un-
derstand 7, is still under active investigation [87,88|. On a macroscopic level,
a photon that is absorbed by the superconducting wire triggers a temporary
loss of superconductivity, which gives rise to a finite voltage pulse across the
detector. The optical absorption efficiency A is determined by the geometry of
the detector and the dielectric constants of the substrate and the NbN layer.
Since the energy of the incident photons is much larger than the superconduct-
ing gap of the NbN, the complex dielectric constant of the NbN layer at room
temperature can be used.

The polarization dependence of NbN SSPDs has been investigated at a sin-
gle wavelength and compared to finite-difference time domain calculations [85].
In section 8.4, we experimentally investigate the wavelength dependence of the
polarization contrast, in the range between 488 and 1550 nm, and report a
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strong dependence of the polarization contrast on the wavelength. We in-
troduce an analytical optical-impedance model in section 8.5 to describe the
optical absorption in thin lossy films and describe different ways to increase
the detection efficiency by changing the parameters of the detector. We find
that the optimum thickness is a strong function of the filling factor, while the
maximum achievable absorption is independent of the NbN filling factor.

The optical impedance model also provides more insight into the cavity
enhancement reported for a NbN detector inside a Fabry-Perot type cav-
ity [85,89]. We show, in section 8.5.3, that the absorption of the detector
is enhanced by a factor n, with n the refractive index of the substrate, when
the detector is illuminated from the substrate. This factor was not accounted
for in earlier work and thus leads to an overestimate of the resonant enhance-
ment. For a high index Si or GaAs substrate this factor becomes dominant
and an absorption efficiencie of ~ 70% can be reached without the need for an
optical cavity.

8.2 Experimental setup

The detectors in this experiment were two commercially available supercon-
ducting single-photon detectors (SSPD) [80]. These detectors nominally consist
of a 4 nm thick and 100 nm wide NbN strip on an R-plane sapphire substrate,
which is folded into a meandering structure of dimensions 10 x 10 pm? and
filling factor 50%. Figure 8.1(a) shows a scanning electron microscope image
of a detector similar to the ones used in our experiments.

SSPDs can be used to detect single photons when cooled below the critical
temperature T, of the NbN. When the detector is biased with a current close to
the critical current, the absorption of a single photon deposits sufficient energy
to locally bring the NbN material from the superconducting to the resistive
state. The Ohmic heating due to this resistivity in turn switches a large part
of the detector to the resistive state. The corresponding voltage pulse over the
detector can be amplified and detected.

Figure 8.1(b) shows the electrical setup of the detectors. The dashed box
shows an equivalent model circuit of the detector. It consists of a resistor of
magnitude Ry in parallel with a switch. When the NbN wire is supercon-
ducting, the switch is closed. When a photon is absorbed, the switch shortly
opens [83], leading to an increased impedance of the detector circuit. The
inductor Ly is a model of the kinetic inductance of the superconducting wire.

Bias current [}, is provided to the detector by a voltage source V4, in series
with a resistor R = 400 k€. Unless otherwise specified in this chapter, the
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Figure 8.1. (a) SEM image of a NbN SSPD similar to the one used in
the experiments. The 100 nm wide NbN line is folded into a meander
with an area of 10x10 um?. (b) Schematic diagram of the readout elec-
tronics. The bias current is provided by a voltage source and a resistor
of 400 k2. The dashed box contains a phenomenologically equivalent
circuit of the detector. (c) Schematic overview of the optical setup.
Wavelength-filtered light from a lamp is sent through an optical fiber
with a 50 pm core, and is imaged onto the detector through a telescope
and a moveable lens mounted inside the cryostat.

bias current was set such that I, = 0.91g, where Iy is the current at which the
detector switches to the normal state. A coupling capacitor C, transfers the
high-frequency components of the voltage pulse over the detector to a 66 dB
amplifier chain®, with an input resistance R;, = 50 €. The resistor Rpc = 1 k2
ensures that when the detector is in the normal state, the current I}, does not
flow through the detector, enabling it to cool down to the superconducting

*In our experiments we used a Miteq, JS2-01000200-10-10A (gain 36 dB), amplifier,
followed by a MiniCircuits ZKL-2R5 (gain 30 dB) amplifier
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state. The voltage pulse Vot was either measured with a 1.5 GHz oscilloscope,
to retrieve the pulse shape, or sent to pulse counting electronics to obtain count
rates.

We mounted the SSPD in a “He-cryostat and cooled it to a temperature
of ~5 K. The temperature remained constant within 10 mK during each mea-
surement run. Unpolarized light from an incandescent tungsten lamp was
wavelength-filtered and sent through a 50 um core size multimode optical
fiber. The output of the fiber was imaged onto the detector using 4 lenses,
with the final lens mounted on a piezo stage inside the cryostat, as shown in
Fig. 8.1(c). The outermost two lenses form a telescope that makes a 3x de-
magnified image of the fiber facet on the detector. The 1:1 telescope that is
formed by the middle two lenses ensures that, with a small displacement of the
optical fiber, the light entering the cryostat still impinges onto the last lens.
To probe the polarization dependence of the detection efficiency, a linear po-
larizer with an extinction ratio better than 100 : 1 for the wavelength range of
interest was placed in the parallel part of the beam. To probe the wavelength
dependence, we used different narrow bandpass filters (<10 nm FWHM) in
combination with several edge filters to ensure that the light on the detector
was monochromatic.

8.3 Characterization

Figure 8.2 shows the voltage pulse corresponding to a single detection event
on the detector (dotted curve) together with an average over 100 pulses (solid
curve). The initial steep rise corresponds to the detector switching to the
normal state. The rise time is limited by both the 2 GHz bandwidth of the
amplifier chain, and the 1.5 GHz bandwidth of the oscilloscope. After the
detector switches back to the superconducting state, the voltage Vimp at the
input of the detector is given by

t
Vamp(t) = Rinlp exp <—> , (8.2)
T

where 7 is the reset time of the detector. The pulse shape after the detector,
Vout (t) is modified by the finite bandwidth of the amplifier chain. It is given by
the convolution of the impulse response function of the amplifier chain, H ()
and the voltage at the input of the detector Vamp(t). The dash-dotted curve in
Fig. 8.2 gives the best fit for 7, using the measured impulse response function
of the amplifier chain, given in the inset of Fig. 8.2. This fit yields a reset time
7T=85=%1 ns.
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Figure 8.2. Detector pulse shape. The solid line is an average over 100
pulses. The dotted line is a single pulse, showing the noise level. The
dash-dotted line is a fit to the measured pulse shape, of an exponential
decay, convolved with the amplifier response shown in the inset.

The reset time of the detector should be compared to the time that is
needed to restore the current through the superconducting wire, given by [83]
Ly
Rin‘

T = (8.3)
From this, we determine the kinetic inductance of the detector to be Ly =
425 4+ 50 nH, which corresponds well to the specific kinetic inductance of
0.87 nH/pm [90] for a 4 nm thick, 100 nm wide line of NbN.

In Fig. 8.3 we show the count rate of a detector as a function of the bias
current I,. When the bias current increases, less energy is needed to switch
the superconductor to the normal state. This means that the probability that
an absorbed photon leads to a voltage pulse increases [91]. The efficiency of
the detector is ultimately limited by the optical absorption of the metal wire.
The saturation of the count rate that corresponds to this limit [80] was not
observed in our experiments, due to the relatively high temperature of the
detectors. This indicates that n, < 1 in our measurements. The squares show
the count rate when no light impinges onto the detector. The slope of this
curve is comparable to the slope for an illuminated detector, indicating that
the dark count rate in this case is dominated by detection of stray light, and
not by the intrinsic dark count rate of the detector [92].
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Figure 8.3. Detector count rate as a function of bias current, for light
with a wavelength of 780 nm (circles) and 1550 nm (triangles). The
squares show the count rate when no light impinges onto the detector.
The inset shows the ratio between the count rate at 780 nm and the
count rate at 1550 nm, subtracted by their ratio when I, — I, on
a logarithmic scale. Note that the absolute power impinging onto the
detector was not calibrated, so that the curves at different wavelength
cannot be compared directly.

The detection efficiency depends on the wavelength of the incident light as
well. The circles and triangles show the count rates at a wavelength of 780 nm
and 1550 nm, respectively. Although the power of the incident light was not
calibrated in this experiment, it can be seen that the count rate for 1550 nm
light increases more rapidly with bias current than that for 780 nm light. The
ratio of these two count rates R7gyp and Ris50, is a single exponential

Rs ( Iy, > ( Rrs )
=exp| —a— | + . 8.4
Ris50 P Isw Riss0 ) 1,1, (84)

In the limit I}, — Igy, the ratio between the two curves exponentially reaches
a constant value, as shown in the inset of Fig. 8.3. This behavior is not fully
understood yet, although it has already been shown that it can be used to
operate such a detector as a spectrometer [93].
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8.4 Polarization dependence

Figure 8.4 shows the count rate of the detector as a function of linear polariza-
tion for a wavelength of 1550 nm (squares) and 532 nm (triangles). Note that
the absolute count rates at different wavelengths cannot be compared directly,
due to a difference in incident power. The insets show the orientation of the
FE-field relative to the detector. The measured count rates follow a sinusoidal
dependence as a function of polarization and are minimal when the E-field is
perpendicular to the lines of the detector.
We define the polarization contrast C' as

N =Ny

- ) 8.5
N|| + N | ( )

where N and IV, are the count rates of the detector when the light is polarized
parallel and perpendicular to the wires, respectively. This definition of the
contrast is a direct measure for the polarization effects, independent of the
electronic quantum efficiency (1), and the incident power. We extract the
contrast from the sinusoidal fits to the data (solid curves in Fig. 8.4). It varies
with the wavelength of the incident light and is independent of the bias current
and temperature of the detector in our experiment.

The circles in Fig. 8.4 show the count rate as a function of polarizer angle, at
a wavelength of 1550 nm, when two wedge depolarizers under a relative angle
of 45° were placed after the polarizer. These wedge depolarizers effectively
depolarize the incident light by imposing a position-dependent rotation of the
polarization. Indeed, the polarization contrast in this case is reduced to below
3%. The lower average count rate can be attributed to the extra four air-glass
interfaces in the optical setup, leading to an increased reflection of the incident
light, and can also be caused by a small displacement of the beam impinging
onto the detector.

The polarization effect can be understood by comparing the periodic struc-
ture of the detector to that of a wire grid polarizer [94| that consists of a grid
of parallel, highly conductive metal wires with a subwavelength spacing. For
a perfect conductor the E-field should be perpendicular to the metal surface.
As a consequence, only light with a polarization perpendicular to the wires is
efficiently transmitted. A similar argument holds for lossy metals, albeit that
in this case the field penetrates into the metal, leading to absorption. This
absorption is largest when the E-field is parallel to the wires, since in this case
the field penetrates more into the metal.

For the typical dimensions and spacing of the NbN wires, an effective
medium approach that is accurate for both polarizations is difficult [95, 96].
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Figure 8.4. Count rate of the SSPD (corrected for stray light counts) as
a function of linear polarization, for a wavelength of 1550 nm (squares)
and 532 nm (triangles). The circles show the count rates for 1550 nm
light when two wedge depolarizers (under a relative angle of 45°) are
placed after the polarizer. The insets show the orientation of the F-field
relative to the detector, for the different polarizer settings. The solid
curves are sinusoidal fits to the data, used to extract the polarization
contrast.

Instead, we calculated the absorption at normal incidence for an infinitely-
sized detector, using the rigorous coupled-wave analysis (RCWA) developed
in Ref. [37]. This method finds an exact solution of Maxwell’s equations by
expressing the electromagnetic fields in the different materials as a summation
over all diffraction orders. The Fourier components of the periodic dielectric
constant couple the diffraction orders in the patterned region. The continuity
of the parallel component of the wavevector, together with the boundary con-
ditions for the E and H fields fully determine the field in all regions. From
this the intensity in all reflected and transmitted diffraction orders can be cal-
culated. The absorption in the grating is then simply given by A=1—-R—-T,
where R and T are the reflected and transmitted intensity.

The effects of focusing of the incident beam can be taken into account by
decomposing the beam into plane waves with wave vector k. Each of these
plane waves will experience a different absorption A(E) The effect of finite
detector size can be incorporated in a similar way, by multiplying the beam
profile in the near field by an aperture function D(7) which is 1 at the location
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of the detector, and 0 elsewhere. Taking both into account, the total absorption
is given by the convolution integral

—

A= /k AR [u(E) *D(E)]Qdk, (3.6)

where (k) is the Fourier transform of the beam profile, and D(k) is the Fourier
transform of the aperture function D(7).
The k-spread of the incident waves is determined by the detector size [de-

-

termining the spread in D(k)| and the numerical aperture of the last lens in
the illuminating system, determining the spread in u(k). The latter is the most
important factor in our experiment, since we used a large-NA lens to focus the
incoming light onto the detector. Calculations of the absorption of the grat-
ing as a function of angle of incidence (i.e., as a function of E) show however,
that the absorption only varies appreciably from the absorption at normal in-
cidence for angles of incidence corresponding to NA > 0.5. Therefore, the
total absorption given by Eq. (8.6) can be approximated by a product of the
absorption coefficient at normal incidence and the total intensity impinging on
the (finite-sized) detector. This justifies the use of a plane wave calculation in
the rest of this chapter.

To calculate the absorption efficiency, we used the nominal structure pa-
rameters of the detector, and tabulated values of the dielectric constant of the
sapphire substrate (nsapphire = 1.74 at 1550 nm) [97]. For the wavelength-
dependent dielectric constant of NbN, a Drude model [98] was used, giving a
refractive index nyp,ny = 5.5 4+ 6.3¢ at a wavelength of 1550 nm. This value
is close to the value reported in Ref. [85] (nnpy = 5.23 + 5.82i), for a thicker
NbN film.

Figure 8.5(a) shows the calculated absorption for polarization parallel (TE)
and perpendicular (TM) to the wires, as a function of wavelength. The ab-
sorption for parallel-polarized light monotonously increases with wavelength,
whereas the absorption for perpendicular polarization goes through a maxi-
mum and decreases for wavelengths above 800 nm. This leads to a higher
polarization contrast for longer wavelengths.

For comparison, the dashed curve in Fig. 8.5(a) shows the absorption of
an unpatterned film, multiplied by the filling factor of NbN, as was suggested
in Ref. [79]. This estimate deviates over the entire wavelength range from
the polarization-averaged result obtained by RCWA, which shows that for
structures with features smaller than the wavelength of light, a more refined
model is needed. We will discuss this refined model in Sec. 8.5. The fact that
the absorption decreases for both the parallel polarization and for the closed
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Figure 8.5. (a) Calculated absorption efficiency of a NbN grating as
function of wavelength for polarization parallel (TE) and perpendicular
(TM) to the lines of the detector. For comparison, the dashed line
shows the calculated absorption of an unpatterned film multiplied by the
filling factor of NbN. (b) Measured (dots) and calculated (black curves)
polarization contrast as a function of wavelength. The calculations are
shown for a filling factor of 52% (dashed), 55% (solid), and 58% (dash-
dotted) and a film thickness of 4.5 nm.
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8. Polarization-dependent optical absorption of superconducting single-photon detectors

film is mostly due to dispersion of the dielectric constant of the NbN material,
€NDBN-

In Fig. 8.5(b) we compare the measured polarization contrast (dots) to
the results of the calculations (solid curve), as a function of wavelength. For
comparison, the calculated contrast is shown for filling factors of 52% (dashed
curve) and 58% (dash-dotted curve) as well. The experimentally observed con-
trast varies between ~5% and ~30% and increases with wavelength. The error
bars on the experimental points represent slight variations in the measured
polarization contrast during different measurement runs, as well as a slight po-
larization in the illuminating light source, of ~ 1%. We attribute the fact that
the calculation and the measurements differ for lower wavelengths to the fact
that we used literature values for the dielectric constant of NbN. It is known
that the dielectric constant of NbN varies as a function of the deposition pa-
rameters [98] and may depend on the film thickness as well [99]. Additional
calculations (not shown) reveal, that for lower wavelengths, the polarization
contrast is increasingly sensitive to small variations in the dielectric constant of
NbN;, since for these wavelengths, the Drude model for the dielectric constant
of the NbN is close to resonance.

It has been shown that the linear-polarization dependence can be removed
by changing the design of the detector [100]. A spiraling detector breaks the
translational symmetry that causes the strong polarization contrast. The op-
tical absorption in such a detector, however, will be lower than the maximum
obtainable for parallel-polarized light, due to the fact that in these detectors,
partial screening of the electric field is always possible.

8.5 Discussion

8.5.1 An optical impedance model for the absorption

In order to gain some physical insight into the absorption in the detector, we
start out by describing the absorption of a film of thickness d with a complex
dielectric constant e€s, embedded between two dielectrics with refractive index
n1 and ng, respectively. The film is illuminated from the medium with index
ni.
We can define the optical impedance of a medium ¢ with refractive index
n; as
=", (87)

ng

where ng = \/uo/eo = 377 Q is the impedance of the vacuum. The reflection
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and transmission of the layered system are given by [101]

2
R = Moad m (88)
Moad + m
2
N3 | Moad + M1

where Moaq 1S the combined load impedance of the film and the backing sub-
strate. The absorption of the film is again given by A=1— R —T.

If we assume that the film is thin enough to neglect interference effects
(kod < 1), the load impedance is given by [102]

Rons

Moad =~ m7

(8.10)
where RO =~ no/kod Im €3 is the square resistance for a highly absorbing
(Im €2 > Re €9) film, and ko is the wave vector of the light in vacuo. With
these assumptions, we can write the absorption in the film as

4 2 I
A= ( m s ) — d4ny fodlme g
mBRo \m + Ro+n3 (m + ng + kod Im 62)

The absorption of the film reaches a maximum value Ayax = n1/(n1 + ng) for
a square resistance given by

_ ™3

0= . 8.12
n +n3 ( )

Note that the maximum possible absorption is a function of the refractive
indices of the surrounding media only. The optimal value of R to reach this
maximum can be obtained by tuning the film thickness d.

8.5.2 The effect of film thickness

Figure 8.6 shows the absorption and the polarization contrast of a film of
NbN, embedded between air (n; = 1) and sapphire (n3 = 1.74), as a function
of the film thickness. The solid curves show the calculated absorption using
the rigorous coupled-wave analysis described before, while the dotted curves
are obtained from the impedance model.

For a closed film, there is a distinct maximum of absorption, that occurs

at a thickness
d— n1 + ng

= . 8.13
k‘o Im €9 ( )
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Figure 8.6. Calculated absorption at a wavelength of 1550 nm as a
function of film thickness. The curve labeled “film” gives the absorp-
tion for a closed film, the other curves for a detector with lattice period
200 nm and filling factor 0.5, for polarization parallel (TE) and per-
pendicular (TM) to the wires of the detector. The dotted curves are
calculated using the impedance model of section 8.5.1, whereas the solid
curves are exact calculations using RCWA. The top graph shows the
calculated polarization contrast.

For thinner films, the transmission through the film is too high to get maximal
absorption, whereas for thicker films, reflection dominates.

The other curves in Fig. 8.6 show the absorption for a detector with fill-
ing factor 0.5 and lattice period 200 nm, for polarization parallel (TE) and
perpendicular (TM) to the wires. The thickness for which the absorption in
the patterned film is maximum, is higher than the optimal thickness for the
closed film. The dotted curve is calculated using the impedance model of sec-
tion 8.5.1, taking an effective dielectric constant for the absorbing film, given
by [95]

€eff = (1 - f)eslits + fenbN, (814)

where f is the filling factor of the metal, and eg;ts is the dielectric constant
of the material in the slits, typically air. Since only the imaginary part of
€off determines the absorption in the film, the absorption of the detector can
simply be calculated by multiplying the thickness of the film by the filling
factor. For the polarization perpendicular to the wires of the detector, it is not
so straightforward to define an effective dielectric constant for the patterned
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film [95,96|. For this polarization the light is concentrated in the air slits and
the effective dielectric constant is closer to that of air. Therefore the condition
Im e2 > Re €3 used to define the impedance model, breaks down for this
polarization.

Surprisingly, the calculation also shows that it is easily possible to con-
struct a detector where the absorption for parallel polarization is larger than
the absorption of an unpatterned film of the same thickness. Since the elec-
tronic efficiency of the detector, 7., strongly depends on the thickness of the
metal [103,104], it is important to realize that the absorption for parallel-
polarized light is a function of df Im es. A reduction in thickness of the detec-
tor, to increase the electronic efficiency, can thus be countered by increasing
the filling factor accordingly.

8.5.3 Illuminating through sub- or superstrate

Commonly, NbN SSPDs are deposited on a substrate of sapphire and illumi-
nated from air. An inspection of Eq. (8.11) shows that for a certain choice
of sub- and superstrate, a factor of ng/n; in absorption can be gained by il-
luminating the detector from the medium with the higher refractive index.
Figure 8.7 shows the calculated absorption for a detector, with a superstrate
of air (ny = 1), as a function of the refractive index of the substrate. The
thickness of the detector is set such that maximal absorption in the detector
is achieved. This thickness is indicated with the line. The solid curves give
the absorption for illumination from the air, whereas the dash-dotted curves
give the absorption for illumination from the substrate. The different curves
are for polarization parallel (TE) and perpendicular (TM) to the wires. We
stress that this effect is caused by a lower impedance mismatch and should be
separated from the cavity enhancement of the absorption, previously reported
in Refs. [85,89].

When the substrate index is increased, the absorption rises for illumination
from the substrate side. For illumination from the air side, the absorption for
parallel polarization decreases. Note however that in both cases, the polariza-
tion contrast decreases, from C' = 0.88 at ng = 1 to C = 0.26 at ng = 4, and
is independent on the direction of illumination, as shown in the top graph of
Fig. 8.7. The absorption is a factor of n3 higher, when the detector is illumi-
nated from the substrate, as expected from the impedance model. It is inter-
esting to note that, for parallel-polarized light, the absorptions from super- and
substrate add up to give Aguper +Asup ~ 1. It is therefore possible to construct
a detector with higher absorption, up to 70%, and lower polarization contrast,
by using a high refractive index substrate (e.g. Si or GaAs) and illuminating
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Figure 8.7. Calculated absorption for a detector with filling factor 0.5,
lattice period 200 nm, at a wavelength of 1550 nm, as a function of the
substrate refractive index. The solid curves are for illumination from the
air side, the dash-dotted curves for illumination from the substrate side.
The absorption is given for polarization parallel (TE) and perpendicular
(TM) to the wires, respectively. The detector thickness is changed at
each substrate index, to achieve maximal absorption. The thickness is
given by the solid line (right axis). The top graph shows the polarization
contrast.

the detector from the substrate. Unfortunately, increasing the refractive index
of the substrate also increases the wavelength for which diffraction orders in
the substrate appear. The first diffraction order at normal incidence appears
at A\/a = ng, with a the periodicity of the structure, and A the wavelength of
the light. In general, these diffraction orders lower the absorption efficiency.
For a typical lattice period of 200 nm, and a substrate index of n3 = 3.5, the
first diffraction order appears at a wavelength of 700 nm, making detectors on
a high-refractive-index substrate less effective for detecting visible light. The
problem of diffraction could also be circumvented by designing a detector that
has a variable line spacing.

8.6 Conclusion

In conclusion, we have measured a polarization dependence in the detection
efficiency of NbN superconducting single photon detectors and find a wave-
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length dependent polarization contrast between 5% and 30%. This effect can
be explained by the geometry of the detector. Calculations of the optical ab-
sorption efficiency give good agreement with the measured data. We have
demonstrated that the polarization dependence can be removed by the use of
wedge depolarizers.

Furthermore, we have shown that the parameters of the detector can be
tuned to achieve an absorption for a polarization parallel to the detector wires,
that exceeds the absorption of an unpatterned film of the same thickness. We
have given a simple optical impedance model, that allows for a quick estimate
of the parameters needed to optimize the detector. For parallel-polarized light,
the maximum absorption achievable is not determined by the thickness or the
dielectric constant of the metal film, nor by the filling factor, but only by the re-
fractive indices of the surrounding media. We have shown that by illuminating
the detector from the substrate it is possible to increase the detection efficiency
of the detector even further, by a factor equal to the refractive index of the
substrate. Such highly absorbing, highly polarization-dependent detectors can
be employed to efficiently detect photons with a well-defined polarization.
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CHAPTER 9

The perfect absorber

We demonstrate that films of very lossy metal or dielectric, with a
thickness of only a few nanometers, can absorb almost all incident
radiation, when illuminated from the substrate side, at the critical
angle for total internal reflection. The absorption for s-polarized
light approaches 100%, while the absorption for p-polarized light
vanishes. We demonstrate this effect by measuring the absorp-
tion as a function of the angle of incidence, at a wavelength of
775 nm in a 4.5 nm thick NbN film with a dielectric constant
eNnbN = —8.2+ 31.4i. The measured absorption in this film reaches
a maximum of 94%. We discuss the design of a near-unity ef-
ficiency single-photon detector for s-polarized light, that has a
broadband absorption coefficient of > 90% for wavelengths from
700 to 1600 nm.

This chapter is based on E. F. C. Driessen and M. J. A. de Dood, The Perfect Absorber,
Applied Physics Letters 94, 171109 (2009).
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9. The perfect absorber

9.1 Introduction

An ideal photodetector or photovoltaic cell would absorb all incident radiation
over a broad range of frequencies, and converts the energy into an electrical
signal. Not only should the material absorb all radiation, it should also be
thin enough to efficiently collect the electrical signal. Although very desirable,
these requirements seem contradictory, and thin film materials that absorb
all incoming light are extremely hard to find. A possible route around this
problem is to use conventional materials and couple resonantly to a surface
polariton [56,105,106], a waveguide mode [107], or a cavity that incorporates
the absorbing material [85,89]. Unfortunately, the resonant nature of these
effects implies that the absorption can only be large over a narrow range of
frequencies.

More recently, transition edge sensors [108| and high speed superconducting
single-photon detectors (SSPDs) [79] have been described that use thin layers
of extremely lossy materials, i.e. materials with a very large complex part
of the dielectric constant. For these devices, the absorption is limited due
to a large impedance mismatch at the interface, and the absorption at normal
incidence is limited to 50% when the film is illuminated from the air side [79,85].
[Nlumination from the substrate side decreases the impedance mismatch and
increases the optical absorption in the film by a factor ng, where ng is the
refractive index of the substrate [109].

In this chapter, we show that it is possible to reach almost 100% absorption
in a lossy film of only a few nanometers thick if the film is illuminated by
s-polarized light at the critical angle for total internal reflection. We show
measurements on the polarization-dependent absorption of an unstructured
4.5 nm thick NbN film on a sapphire substrate, and find that the absorption is
well above 90%. The same concept can be applied to a detector structure that
consists of a subwavelength meandering NbN wire. Calculations show that the
absorption reaches a maximum of 94% when the detector is illuminated at the
critical angle, and is > 90% over a wide frequency range.

9.2 Absorption of a closed film

In order to measure the absorption of a thin, lossy film at the critical angle, we
used a 4.5 nm thick NbN film deposited on a double-polished R-plane sapphire
substrate (ns = 1.75). The substrate was placed on an isosceles BK7 prism
(n = 1.51) with index matching liquid between the substrate and the prism.
This allows us to illuminate the film at angles larger than the critical angle for
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9.2 Absorption of a closed film

total internal reflection [110].

Figure 9.1 shows the measured absorption of a 4.5 nm thick NbN film,
at a wavelength of 775 nm, as a function of the angle of incidence, for light
polarized parallel to the interface (s-polarized, closed symbols) and light with
an electric field component perpendicular to the interface (p-polarized, open
symbols). The film was illuminated using a 775 nm continuous-wave diode
laser that was collimated to a ~ 1 mm diameter beam. The polarization
and orientation of the birefringent substrate were set to ensure that the linear
polarization of the incident radiation was unchanged. The transmitted (7")
and reflected (R) fraction of the incident power were recorded as a function
of angle of incidence using a silicon photodiode, and were corrected for the
losses due to reflections at the prism-air interfaces. From this the absorption
is obtained as A=1—-R—-T.

1

Absorption
o
N

0 15 30 45 60
Angle of incidence 6 (degrees)

Figure 9.1. Measured optical absorption of a 4.5 nm thick NbN film
as a function of angle of incidence, for s- (closed symbols) and p- (open
symbols) polarized light. The curves are a fit of Fresnel’s equations, using
the (complex) refractive index of the NbN as only fit parameter. The
dash-dotted line indicates the critical angle for total internal reflection.
The insets show the experimental configuration of the prism and the
substrate.

The dash-dotted line in Fig. 9.1 indicates the critical angle . = arcsin(ng!)
for the substrate. For angles larger than this angle, light is not allowed to
propagate in the air, and all incident light is either reflected or absorbed. At
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9. The perfect absorber

the critical angle, the absorption for s-polarized light goes to a maximum value
of ~ 94%, for a film that is only 4.5 nm thick. At the same angle, the absorption
for p-polarized light goes to a minimum of ~ 10%.

At the critical angle 0., the amplitude of the evanescent wave extending into
the air is zero. Hence, all the fields are contained in the half space bounded by
the metal-air interface. For p-polarized light, the reflected and incident wave
are out of phase, which creates an antinode in the thin film, expelling the field
from the absorbing medium. For s-polarized light, the reflected and incident
waves are in phase, creating a node at the boundary. A large part of the field
is thus contained in the absorbing film, and absorbed.

We stress that the high absorption is not caused by coupling to a surface
plasmon resonance or another polaritonic excitation on the metal-air interface.
Such resonances only occur for p-polarized light (open symbols), at angles
beyond the critical angle [105]. In fact, the local maximum for p-polarized
light at an angle of incidence 6 ~ 55° is a remnant of the surface plasmon.
Since we are dealing with a very thin, very lossy metal film, there is no sharp
resonance. It is interesting to note that, at an angle 6 ~ 46°, the absorption
for both s- and p-polarized light can be as high as 80%.

We compare the measured absorption to the absorption calculated using
Fresnel’s coefficients for the reflection and transmission of a system with two
interfaces [43]. The curves in Fig. 2.6 show a fit to the measurements where we
used the complex dielectric constant of the absorbing NbN layer as the only fit
parameter, giving e, = —8.2 4+ 31.4i. We attribute the differences between
the fit and the measurements to a small residual polarization rotation caused
by the birefringence of the sapphire substrate.

The film thickness and the dielectric constant of the film determine the
value of the absorption at the critical angle. For a film thickness much smaller
than the wavelength, interference can be ignored. Furthermore, for a very lossy
material, the real part of the dielectric constant of the film can be neglected.
The absorption for s-polarization can then be approximated as [102]

/% — 1 kodIm egim
Ang— VI T ZT0CTR Ciim (9.1)
(\/ng 14 kod Im eﬁlm>

where kg is the wave vector of the light in vacuo, and d is the film thickness.
The absorption reaches a maximum value at a film thickness given by

v/n2—1
d= Y= —. .2
ko Im eqim (9:2)
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Note that the real part of the dielectric constant, and therefore also the sign
of the real part, does not enter the expression for the maximum in absorp-
tion. This means that the maximum in absorption should occur both for lossy
dielectrics and for lossy metals.

9.3 Nanostructured films

Some applications of thin absorbing films actually require a non-uniform film
in order to work. In the remainder of this paper, we will show that it is
equally possible to obtain the near-unity absorption for a superconducting
single-photon detector [79], that consists of a meandering NbN wire. Absorp-
tion of a photon in this superconducting wire provides enough energy to give
rise to a finite voltage pulse, which can be detected to count single photons.
The parallel wire grid structure of the detector makes that light polarized
parallel to the wires has a higher probability of being absorbed [85,109].

Figure 9.2 shows the calculated absorption for a detector structure using
the rigorous coupled-wave analysis developed in Ref. [37], as a function of
angle of incidence, for light polarized parallel (TE) or perpendicular (TM) to
the wires. The detector was oriented such, that the TE direction was parallel
to the s-polarization of the incident light. This choice of orientation allows us
to combine the high absorption due to the polarization dependence induced
by the periodic grating structure, with the maximum in absorption due to the
illumination at the critical angle. The detector has a line width of 100 nm
and a filling factor of f = 50%, and the thickness of the NbN lines was set
to d = 11.3 nm to maximize the absorption. The value of the thickness was
obtained from Eq. (9.2), taking an effective dielectric constant [95] for the
patterned layer of eq, = f+ (1 — f)enpn, where enpy is the dielectric constant
of NbN.

At the critical angle, the calculated absorption reaches a maximum value
of 94%, for s-polarized light. This confirms the fact, that the finite filling
factor can be countered by increasing the film thickness [109]. It is important
to notice that for an angular spread of ~ 10° around the critical angle, the
absorption is still well above 80%, making the proposed detector also efficient
for absorbing light with a finite numerical aperture.

In Fig. 9.3, we show the variation of the absorption of the detector geom-
etry defined before, as a function of the film thickness, calculated using the
rigorous coupled-wave analysis, for both polarizations. The graph shows that
the absorption for s-polarized light reaches a maximum at d = 10.8 nm, close
to the value predicted from Eq. (9.2). From this figure, we conclude that for
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Figure 9.2. Calculated absorption as a function of the angle of inci-
dence, for a detector geometry having a lattice period of 200 nm and a
filling factor of 50% (as shown in the inset). The top curve gives the
absorption for s-polarized light, the bottom curve for p-polarized light.
The lines of the detector are positioned such that they are parallel to
the p-polarization. The thickness of the detector layer d = 11.3 nm was
set for optimal absorption. The dash-dotted line indicates the critical
angle.

detectors with a thickness between 7 nm and 20 nm, the absorption is still
> 80%. This is much higher than the value obtained by other methods [89]
and comparable to the optimum efficiency of silicon avalanche photodiodes. It
also shows that the maximum in absorption is not very sensitive to the design
of the detector. Decreasing the thickness might give rise to an increased elec-
tronic conversion efficiency for this kind of detectors [104]. This decrease in
film thickness can be countered by an equal increase in filling factor f.

The inset of Fig. 9.3 shows the calculated wavelength dependence of the
absorption. For this calculation, we used literature values for the dispersion
of the sapphire substrate [97] and a Drude model for the dielectric constant
of the NbN material [98]. We changed the high-frequency dielectric constant
and the loss parameter to adjust the Drude model to the dielectric constant of
the NbN film at 775 nm. The angle of incidence was set at the critical angle
for a wavelength of 775 nm. The calculated absorption is almost constant.
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Figure 9.3. Calculated dependence of the absorption on the thickness of
the NbN detector. For s-polarized light, the absorption has a maximum
of 94.5% around 10.8 nm thickness. The inset shows the absorption
as a function of the wavelength of the incident light. The wavelength
dependence is small for s-polarized light.

This is due to the fact that the maximum absorption is only dependent on
the product kg Im €, which is nearly constant for a Drude metal far from
resonance. As a result, the optimal film thickness only varies marginally with
the wavelength of the incident light. The decrease in absorption at wavelengths
< 550 nm is caused by the fact that for these wavelengths, diffraction from
the periodic structure decreases the overall absorption. The dispersion of the
sapphire substrate causes the small feature at 775 nm. At this wavelength,
the angle of incidence is set exactly at the critical angle, and the absorption is
maximal. For wavelengths below (above) this value, the angle is slightly below
(above) the critical angle.

9.4 Conclusions

In conclusion, we have shown experimentally that the optical absorption of a
4.5 nm thick NbN can reach values as high as 94% for s-polarized light inci-
dent from the substrate side, at the critical angle for total internal reflection.
For a very lossy material, the absorption of a thin layer does not depend on
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the real part of the dielectric constant. The concept described here can there-
fore be applied to all devices that rely on the absorption of light in a thin,
strongly absorbing film. To demonstrate this, we proposed a design for a su-
perconducting single-photon detector that takes advantage of this effect, and
calculated that this detector can reach an absorption efficiency as high as 94%
for a filling factor of only 50%. The calculated absorption of the detector is
shown to be almost wavelength-independent, and robust against changes in
film thickness. At the critical angle, the light that is not absorbed is reflected
and can be collected by a second detector. This way, a high-speed, near-100%
single-photon detector comes into reach that might be competitive with exist-
ing silicon avalanche photodiodes in the visible. Since the effect is to a large
extent wavelength independent, similar detector performance can be reached at
telecommunication and infrared wavelengths were no fast single photon detec-
tors with high (> 50%) efficiency exist. To apply our method to photovoltaic
cells or photodiodes requires a semiconductor material with Im ¢ < Re e,
which may be achieved by an appropriately designed metamaterial.
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APPENDIX A

Fabrication recipe for photonic-crystal
slabs

In this appendix we summarize the fabrication process for the AlGaAs photonic-
crystal slabs in this thesis.

A.1 Wafer preparation

Material:
SiN,, 150 nm Etch mask
GaAs 100 nm  Protective capping layer
Al 35Gag.g5As 150 nm Photonic-crystal layer
Aly7Gag 3As 1000 nm  Sacrificial layer
GaAs ~200 pm  Wafer

Cleaning:

e Acetone, 50°, 5’
e [so-propyl alcohol, rinse
e N3 (g), dry

Resist application:

e Resist: ZEP 520A
e Spin coating, 1500 rpm, 60" (gives ~ 500 nm thickness)
e Bake, 175°, 30’
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A.2 Mask definition

Exposure:

Positive-tone pattern
Resolution: 10 nm
Dose: 220-260 uC/cm?
Spot size: ~ 8 nm

Development:

e n-amyl acetate, 80"
e 9:1 Methyl Isobutyl Ketone:Iso-propyl alcohol, 30"

e Ny (g), dry

Transfer to silicon nitride:

RIE etch

25 sccm CHF3, 25 sccm Ar

Power: 50 W

Pressure: ~ 8 ubar

Etch speed: ~ 15 nm/min
Selectivity: > 1:10

Stop monitored with interferometer

Resist removal:

e RIE etch

20 sccm Og

Power: 50 W

Pressure: ~ 4 pbar

Etch speed: > 100 nm/min

A.3 Pattern transfer

RIE etch:

e 15 sccm BClg, 7.5 sccm Clg, 10 sccm No

e Power: 100 W

e Pressure: ~ 4 pbar

e Etch speed: > 200 nm/min for GaAs, changes with Al concentration
e Selectivity: > 10, changes with Al concentration
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A.4 Mask removal

SiN, removal:

RIE etch

25 sccem CHF'3, 25 scem Ar

Power: 50 W

Pressure: ~ 8 pubar

Etch speed: ~ 15 nm/min

Stop monitored with interferometer

GaAs capping layer removal:

e 4:1 Citric acid (50 wt%):H204 (40% solution), 1’
e H>O, stop, 30"

A.5 Membrane formation

Sacrificial layer etch:

1:4 HF (40%):H20, 1’
H>O, stop, 30"
iso-propyl alcohol, rinse

dry with critical point dryer

A.4 Mask removal
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Summary

Coupling light to periodic nanostructures

In this thesis, the interaction of light with a variety of periodic nanostructures
is studied. These nanostructures consist of material that is patterned on a
(sub)wavelength scale. The periodicity of the pattern can cause a more effi-
cient coupling to a guided or bound mode in the nanostructure. Alternatively,
the anisotropy of the individual periods of the structure can cause strong polar-
ization dependence of the optical properties. The thesis consists of three parts,
in which these effects are studied in different kinds of periodic nanostructures.

In the first part (Chapters 2—4), so-called photonic-crystal slabs are studied.
These slabs, that support at least one guided mode, consist of a high refractive
index dielectric material, perforated by an array of holes. In Chapter 2, the
reflection spectra from such slabs are discussed. The spectra contain several
asymmetric resonances, on top of a slowly-varying background. The line shape
of the resonances is explained in terms of a Fano model. In this model, there
are two contributions to the reflection spectrum: a direct contribution, in
which light is reflected by Fresnel reflection from the layered structure, and
a resonant contribution, caused by coupling to a leaky waveguide mode in
the slab. These two contributions interfere, which leads to the asymmetric
line shape of the resonance. To quantitatively describe measured reflection
spectra, loss needs to be included in the model, by adding a loss channel.
This gives a model with the loss rate, escape rate, and resonance frequency
as adjustable parameters. To predict the resonance frequency, a waveguide
model that uses an effective refractive index for the photonic-crystal slab, is
introduced. Numerical calculations show that resonances disappear when the
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refractive index of the substrate underneath the slab is increased. This is
explained by the cut-off condition of higher-order waveguide modes, given by
the waveguide model.

The asymmetry of the line shape is determined by the relative phase of
the resonant and the direct contribution of the reflection. In Chapter 3, this
phase is changed experimentally, by changing the angle of incidence. For p-
polarized light, the measured line shape of the resonance changes, from red-
tailed asymmetric, to symmetric, to blue-tailed asymmetric, when the angle of
incidence is increased from 20° to 80°, across Brewster’s angle. With the Fano
model of Chapter 2, it is shown that this change of asymmetry originates from
a change in sign of the direct reflection, at Brewster’s angle.

In Chapter 4, a particular resonance is studied in more detail. A strongly
focused beam of monochromatic light is used to illuminate a photonic-crystal
slab, and the reflection is measured both in real space and in k-space. A po-
larization analysis of the k-space images reveals that the resonance is caused
by coupling to the TMy waveguide mode of the slab. In the real-space images,
the resonant and direct contributions to the reflection are spatially separated.
Due to this separation, the decay length of the resonance can be determined.
This decay length varies with wavelength, and measures up to 7 pm. Com-
bined with the information obtained from the reflection spectrum at normal
incidence, this gives an estimate of the group refractive index ny = 2.6, and
the phase index ne.g = 1.5 of the resonant waveguide mode.

The second part of the thesis (Chapters 5-7) discusses experiments with
metal hole arrays. These arrays consist of an optically thick gold layer, perfo-
rated by a regular array of holes. In the transmission spectra of these struc-
tures, resonances are observed that are caused by coupling to surface-plasmon
modes on either side of the gold layer. In Chapter 5 the effect of placing a di-
electric pillar in each of the holes is studied. Angle-dependent measurements of
the transmission spectrum are compared to measurements where these pillars
are removed. The pillars enhance the transmission, as well as the interaction
between different surface-plasmon modes. The enhanced interaction causes a
frequency splitting of 6% for modes on the pillar side of the hole array.

In Chapter 6, the metal hole array is covered with a thin layer of glass.
This glass layer diminishes the asymmetry of the structure, and causes the
resonances that are caused by coupling to surface plasmons on either side of
the structure to become degenerate, when the glass layer is sufficiently thick.
Besides the surface-plasmon resonances, a number of sharp dips is observed
in the transmission spectra. These dips are caused by coupling to waveguide
modes that are contained in the glass layer on top of the hole array, and their
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angular dispersion is reproduced in calculations of these modes.

The transition from an asymmetric to a symmetric structure, where the
resonances caused by surface plasmons that propagate on either side of the
metal layer are frequency-degenerate, is studied in Chapter 7. This is done by
immersing the metal hole array in liquids of increasing refractive index. When
the index contrast is reduced, an avoided crossing is observed between the
surface-plasmon modes on the liquid and glass sides of the metal hole array.
Moreover, the line width of one of the resonances increases at the expense of
the other, such that there is only a single resonance left when the modes are
index matched. A coupled-mode theory with both conservative and dissipative
coupling gives a phenomenological description of these observations.

The last part of this thesis describes the absorption of light in a supercon-
ducting single-photon detector. This type of detector consists of a meander
of very thin, absorbing metal, niobiumnitride. In Chapter 8, the polarization-
dependent detection efficiency of such a detector is studied. The parallel-wire
structure of the detector induces a strong polarization dependence, which is
caused by a higher optical absorption for light that is polarized parallel to the
metal wires. A theoretical study of the absorption properties of the meander
as a function of film thickness shows that the absorption for parallel-polarized
light can be as high as the absorption of a closed film, when the product of
filling factor and film thickness is kept constant. By illuminating the detector
from the substrate side, the calculated absorption is increased by a factor equal
to the refractive index of the substrate.

The final Chapter 9 discusses the absorption of a thin film of NbN as a
function of angle of incidence. The measured absorption for s-polarized light
approaches 100% when the film is illuminated at the critical angle for total
internal reflection. The absorption for p-polarized light at the same time van-
ishes. This effect is to design a superconducting single-photon detector which
has a calculated broadband absorption coefficient of > 90% for wavelengths
from 700 to 1600 nm, for s-polarization.
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Het koppelen van licht aan periodieke nanostructuren

In dit proefschrift wordt de interactie van licht met een aantal verschillende
periodieke nanostructuren bestudeerd. Deze nanostructuren bestaan uit ma-
teriaal dat een patroon heeft op de schaal van, of kleiner dan, de golflengte van
het licht. De periodiciteit van het patroon kan zorgen voor een efficiéntere kop-
peling naar geleide en gebonden modes in de nanostructuur. Verder kunnen
de optische eigenschappen van de structuur sterke polarisatieafthankelijkheid
hebben, vanwege de anisotropie van de basiselementen. Het proefschrift be-
staat uit drie delen, waarin deze effecten worden bestudeerd voor verschillende
soorten periodieke nanostructuren.

Het eerste deel (hoofdstukken 2—4) behandelt zogenaamde fotonisch kristal-
plakken. Deze plakken, die tenminste één golfgeleidermode toestaan, bestaan
uit een materiaal met een hoge brekingsindex, dat geperforeerd is met een ga-
tenrooster. Hoofdstuk 2 beschrijft de reflectie van zulke plakken als functie
van de golflengte. De spectra bestaan uit een langzaam veranderende achter-
grond met daarop een aantal asymmetrische resonanties. De spectrale vorm
van de resonanties kan worden verklaard met een Fano model. In dit model
zijn er twee bijdragen aan het reflectiespectrum: een directe bijdrage, waarin
licht wordt gereflecteerd door Fresnelreflectie van de gelaagde structuur, en een
resonante bijdrage, die wordt veroorzaakt door koppeling aan een mode van
de golfgeleider. Om de metingen ook kwantitatief te kunnen beschrijven, is
het nodig verlies mee te nemen in het model. Dit kan door het toevoegen van
een extra verlieskanaal. Het uiteindelijke model heeft drie vrije parameters: de
resonantiefrequentie, de levensduur van de golfgeleidermode, en een parameter
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die het verlies beschrijft. Om de resonantiefrequenties te kunnen voorspellen,
wordt een golfgeleidermodel beschreven dat een effectieve brekingsindex voor
de dielectrische plak gebruikt. Numerieke berekeningen laten zien dat reso-
nanties verdwijnen als de brekingsindex van het substraat onder de plak wordt
verhoogd. Zodra de brekingsindex van het substraat groter wordt dan de fase-
index van de mode van de golfgeleider, is de mode niet meer gebonden aan de
dielectrische plak, en verdwijnt de resonantie.

De asymmetrie van de spectrale vorm van de resonantie wordt veroorzaakt
door de relatieve fase van de resonante en de directe bijdragen van de reflectie.
In hoofdstuk 3 wordt deze fase experimenteel gevariéerd, door de hoek van
inval te veranderen. Wanneer de hoek van inval vergroot wordt van 20° tot
80°, over de Brewsterhoek, verandert de spectrale vorm van de resonantie, van
asymmetrisch met een staart in het rood, tot symmetrisch, naar asymmetrisch
met een staart in het blauw, voor p-gepolariseerd licht. Met het Fano model
van hoofdstuk 2 wordt aangetoond dat deze verandering in asymmetrie ver-
oorzaakt wordt door de tekenwissel van de directe reflectie, die plaatsvindt op
de Brewsterhoek.

In hoofdstuk 4 wordt een van de resonanties van een fotonisch kristalplak
in meer detail bestudeerd. De fotonisch kristalplak wordt belicht met een sterk
gefocusseerde bundel van monochromatisch licht, en de reflectie wordt zowel
in plaatsruimte als in impulsruimte bekeken. Een polarisatie-analyse van de
afbeelding in de impulsruimte leert dat de resonantie veroorzaakt wordt door
koppeling aan de TMy golfgeleidermode van de plak. In de afbeeldingen in
plaatsruimte zijn de directe en resonante bijdragen aan de reflectie ruimtelijk
gescheiden. Door deze scheiding kan de afvallengte van de resonantie bepaald
worden. Deze lengte variéert met de golflengte, en bedraagt maximaal 7 pm.
Samen met de parameters van de resonantie die bepaald zijn uit het reflectie-
spectrum bij loodrechte inval, kan hieruit een afschatting gemaakt worden van
de groepsbrekingsindex ngy = 2.6 en de fase-index neg = 1.5 van de resonante
waveguidemode.

Het tweede deel van het proefschrift (hoofdstukken 5-7) bespreekt experi-
menten met metaalgatenroosters. Deze roosters bestaan uit een optisch dikke
goudlaag, geperforeerd met een periodiek gatenrooster. In de transmissie-
spectra van deze structuren worden resonanties gezien die veroorzaakt worden
door koppeling aan oppervlakteplasmonen aan beide zijden van de goudlaag.
In hoofdstuk 5 wordt het effect van het plaatsen van diélektrische pilaren in
de gaten besproken. Hoekafhankelijke metingen van het transmissiespectrum
worden vergeleken met metingen waarbij de pilaren verwijderd zijn. De pilaren
verbeteren de transmissie, en ook de interactie tussen verschillende oppervlak-
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teplasmon modes. De verbeterde interactie veroorzaakt een frequentieopsplit-
sing van 6% voor modes aan de pilaarkant van het gatenrooster.

In hoofdstuk 6 wordt het metaalgatenrooster bedekt met een dunne laag
glas. Deze glaslaag vermindert de asymmetrie van de structuur, en zorgt dat
de resonanties die veroorzaakt worden door koppeling naar oppervlakteplas-
monen aan weerszijden van de structuur ontaard raken, als het glas voldoende
dik is. Naast de oppervlakteplasmonresonanties is een aantal scherpe minima
waargenomen in de transmissiespectra. Deze minima worden veroorzaakt door
koppeling aan modes van de golfgeleider die gevormd wordt door de glaslaag
bovenop het gatenrooster. Dit wordt bevestigd door berekeningen van de hoek-
spreiding van deze golfgeleidermodes.

De overgang van een asymmetrische structuur naar een symmetrische struc-
tuur, waar de resonanties ontaard zijn, is het onderwerp van hoofdstuk 7. Deze
overgang wordt bestudeerd door het metaalgatenrooster onder te dompelen in
vloeistoffen van oplopende brekingsindex. Wanneer het indexcontrast wordt
verminderd, wordt een afstoting waargenomen tussen de resonanties aan de
glaskant en de vloeistofkant van het metaalgatenrooster. Bovendien wordt de
lijnbreedte van een van de resonanties groter ten koste van de andere, zodat
er nog maar een resonantie over is als brekingsindex aan beide zijden van het
metaal gelijk is. Een theorie van gekoppelde modes met zowel conservatieve
(energie-behoudende) als dissiperende koppeling geeft een fenomenologische
beschrijving van deze waarnemingen.

Het laatste deel van dit proefschrift beschrijft de absorptie van licht in een
supergeleidende enkelfotondetector. Dit type detector bestaat uit een meander
van een zeer dun, absorberend materiaal: niobiumnitride. In hoofdstuk 8
wordt de polarisatie-afhankelijkheid van de detectie-efficiéntie van zo’n detector
bestudeerd. De structuur van parallelle draden van de detector zorgt voor
een sterke polarisatie-athankelijkheid. Deze is veroorzaakt door een hogere
optische absorptie van licht dat parallel aan de draden gepolariseerd is. Een
theoretische studie van de absorptie-eigenschappen van de meander, als functie
van de laagdikte, laat zien dat de absorptie voor parallel gepolariseerd licht net
zo hoog kan zijn als de absorptie van een gesloten laag, zolang het product van
vulfractie en laagdikte constant gehouden wordt. Door de detector door het
substraat te belichten, kan de berekende absorptie verhoogd worden met een
factor gelijk aan de brekingsindex van het substraat.

Het laatste hoofdstuk 9 bespreekt de absorptie van een dunne laag nio-
biumnitride als functie van de hoek van inval. De gemeten absorptie voor
s-gepolariseerd licht nadert 100% als de laag wordt belicht op de kritische
hoek voor totale interne reflectie. Daarentegen verdwijnt de absorptie voor
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p-gepolariseerd licht onder deze condities. Dit effect wordt gebruikt voor een
ontwerp voor een enkelfotondetector, die een berekende absorptiecoéfficient
van > 90% heeft voor golflengtes van 700 tot 1600 nm, voor s-polarisatie.
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