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Streszczenie

Przedmiotem niniejszej rozprawy sa bliskie pola optyczne wytwarzane za pomoca polaryto-
now plazmonoéw powierzchniowych (z ang. Surface Plasmon Polaritions — SPP), do wykorzy-
stania w uktadach zimnoatomowych i sensorach plazmonowych.

Jedna z metod optycznego wzbudzania SPP jest uzycie specjalnie spreparowanych struktur,
w tym metalicznych siatek dyfrakcyjnych. Produkcja siatki dyfrakcyjnej jest procesem ztozo-
nym, dlugotrwalym i wymgajacym znacznych nakladéw finansowych. Réwnie efektywna i przy
tym tansza alternatywa jest uzycie odpowiednio spreparowanej ptyty DVD. Pierwsza czes¢ pracy
przedstawia periodyczna strukture odbiciowa powstala na bazie ptyty DVD. Topografia struk-
tury zostata zbadana przy uzyciu mikroskopii sit atomowych, okreslony réwniez zostal skiad
plyty, oraz grubosci poszczegbdlnych warstw. Przeprowadzono symulacje numeryczne Scistg me-
toda fal sprzezonych (z ang. Rigorous Coupled Wave Analysis — RCWA) w celu znalezienia
tych warstw ptyty, ktore pozwalaja na najbardziej efektywny rezonans plazmonowy. W pracy
przedstawiony zostal szczegotowy opis nowej metody, pozwalajacej na przygotowanie odbiciowej
struktury plazmonowej na bazie DVD. Na podstawie pomiaréw wspotczynnika odbicia zmierzono
efektywnos¢ wzbudzenia SPP osiagajac 95%. Dzieki przeprowadzonym symulacjom numerycz-
nym metoda RCWA i metoda réznic skonczonych w domenie czasowej (z ang. Finite Difference
Time Domain — FDTD), oszacowano natezenie SPP na 100-200 razy wieksze niz natezenie wiazki
wzbudzajacej. Szczegblowo scharakteryzowano rowniez efekty termoplazmoniczne wystepujace
przy wzbudzaniu SPP, ze szczegdlnym uwzglednieniem promieniowania termicznego. Stuktura
zostata z sukcesem wykorzystana w uktadzie optycznego lustra dipolowego dla zimnych atomoéw,
ktorego opis koticzy czesé pierwsza.

Czes¢ druga opisuje bliskie pole optyczne zwigzane z metaliczng siatka transmisyjna. Prze-
prowadzono symulacje numeryczne rezonansu plazmonowego metoda RCWA w celu znalezienia
optymalnych parametréow siatki dla bliskiej podczerwieni. Opisano proces wytwarzania siatki,
oraz zmierzono efektywnos$¢ wzbudzenia plazmonowego w bliskim i dalekim polu, otrzymujac
68% oraz 50-krotne wzmocnienie pola elektromagnetycznego przy powierzchni. Na podstawie
poréwnania wynikéw ze skaningowego mikroskopu bliskiego pola oraz symulacji numerycznych
przeprowadzonych metoda FDTD stworzono ilosciowy opis rozktadu pola elektromagnetycznego
przy powierzchni. Symulacje numeryczne uwzglednity takie czynniki jak skoriczony rozmiar
siatki, jako§¢ powierzchni oraz obecnosé igly mikroskopu, stwarzajac mozliwoéé¢ pelnego opisu
zjawiska, ktére jest kluczowe przy projektowaniu i produkeji wielu urzadzen plazmonowych, ta-
kich jak putapki powierzchniowe dla zimnych atoméw, nanomanipulatory i sensory. Uzyskane
wyniki potwierdzity réwniez, ze przy pomiarach bliskiego pola jedna ze sktadowych pola elektro-
magnetycznego jest znacznie ttumiona przez iglte mikroskopu, co jest wcigz zywo dyskutowanym
tematem w mikroskopii bliskiego pola.

Stowa kluczowe: polarytony plazmondw powierzchniowych, optyczne lustro dipolowe, bliskie
pole, metaliczna siatka dyfrakcyjna.






Abstract

Tailoring of plasmonic near-fields is central to the field of nanophotonics, including the
design and fabrication of plasmonic sensors, detectors, nanomanipulators, and atomic devices.
The thesis discusses the optical near fields, associated with Surface Plasmon Polaritons (SPPs)
mainly in the near-infrared part of the spectrum. One of the methods of optical excitation of
SPPs is the use of diffraction grating and other submicron structures.

Usually, preparation of submicron, periodic structures is complicated, time-consuming, and
expensive. A cheap and optimal alternative employs the well-known technology of optical discs.
First part of the thesis presents the reflective nanostructure, which is based on a modified
digital versatile disc (DVD). The topography of the structure was carefully examined under
Atomic Force Microscope and the thickness and composition of each layer were thoroughly
investigated as well. In order to find the most efficient internal profile for plasmonic excitation,
the numerical simulations were performed by Rigorous Coupled Wave Analysis (RCWA) for
near-infrared light. The optimized brand new method is proposed to prepare the samples of
reflective nanostructures based on the DVDs. The optical properties of the samples are carefully
studied via far field zeroth-order reflectivity measurements, compared with numerical simulations
performed by RCWA and Finite Difference Time Domain (FDTD) methods. The efficiency of
plasmonic coupling is up to 95%, and the intensity of SPPs is 100-200 times the intensity of
the excitation beam. The energy loss mechanisms, which unavoidably accompany the SPPs
excitation, are thoroughly investigated, and particular attention is devoted to an analysis of
thermal radiation. Finally, the usefulness of the DVD based structure is demonstrated by
showing that it may be used to create an optical dipole mirror for cold rubidium atoms.

In the second part, a transmissive diffraction grating is considered as another source of SPPs.
Unlike the reflective structures, the transmissive grating enables spatial separation between the
SPPs and the excitation light. The RCWA numerical optimization of the grating parameters
is demonstrated, followed by a brief description of the nanofabrication process. The optical
characterization of the grating in far- and near-fields is presented, revealing the coupling effi-
ciency of 68% and the enhancement of the electromagnetic field equal to 50. A fully quantitative
comparison of the intensity distributions of the near field measurements by Near Field Scanning
Optical Microscope and FDTD numerical calculations are reported. The optimized numerical
method allows to take into account the influence of the quality of the gold surface as well as the
presence of the NSOM fiber probe. The detailed knowledge of the field distribution is crucial
for the design and fabrication of any plasmonic devices. Finally, the obtained data confirmed,
that the out of plane component is not coupled to the aperture-type NSOM probe, which is still
an investigated topic in near field optics.

Keywords: Surface Plasmon Polaritons, optical dipole mirror, near field, metallic diffraction
grating.
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Chapter 1

Introduction

The thesis is devoted to the study of plasmonic near field potentials for cold atoms. The
field of plasmonics is widely used in a broad range of applications, and in recent years, have
also started to be attractive for the manipulation, trapping, and positioning of atoms at the
micro and nano scales. The accuracy, with which the movement of atoms and simple ions can
be controlled is one of the greatest accomplishments of quantum optics. The cloud of atoms
can be cooled down to nanokelvin temperatures, fulfilling the quantum degeneracy regime and
being trapped in magnetic and optical traps. The smallest spatial resolutions are reported
for optical lattices, with a periodicity of half an optical wavelength [1]. Although the typical
optical and magnetic traps are limited by the diffraction or technical constraints, the diffraction
limit can be bypassed by the use of optical near-fields. A certain kind of plasmonic excitation,
Surface Plasmon Polaritons (SPPs), which are associated with an evanescent field, structures
the potentials with sub-wavelength resolution [2, 3|. A broad range of scientists take use of
plasmonic near fields [1], in the area of optics, spectroscopy [5], data storage [0, 7], photovoltaics
[2, 9, 10], sensing and biosensing |11, 12|, medicine |13, 14|, ultracold atom physics |15, 16], and
quantum plasmonics [17]. Of particular interest are plasmonic devices for cold atoms, used for
atom trapping and nanomanipulation [15, 18, 19]. The precise control over the atom motion in
the subwavelength regime creates number of new possibilities, e.g. the realization of quantum
many-body states with topological properties [20] or single-photon applications [21, 22] (these
are theoretical proposals so far).

The strength of plasmonic potentials is dependent on the efficiency of the coupling between
SPPs and the excitation light. This in turn, depends on the properties of both, the structure and
the light (for SPPs excitation by optical methods). Therefore, the studies on the nanostructures
are required in order to obtain the most effective plasmonic coupling. The detailed knowledge of
the intensity distribution of SPPs is crucial for a design and fabrication of any abovementioned
plasmonic devices. Finally, the experimental observation of the interaction between the cold
atoms and SPPs is an important step towards creating more complicated atomic surface traps
and sensors. The main goal of this thesis is to find the nanostructures providing the most efficient
plasmonic coupling, the direct observation of the coupling between the plasmonic structure and
cold rubidium atoms, and the detailed characterization of the near field associated with SPPs.

The thesis is organized in the following way. In Chapter 1, a brief introduction is presented,
including the description of the dipole potential, Surface Plasmon Polaritons, and the technique
of near field imaging. The section introduces a short history of cooling mechanisms in dipole
traps, followed by theoretical expressions for atom-light interaction and the definition of SPPs.
Then, the basic characteristics and excitation methods of the latter are discussed. The chapter
ends with a characterization of an Optical Dipole Mirror.
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In chapter 2, the quasi-sinusoidal type of plasmonic grating structure is introduced. The
characterization, optimization, and preparation processes are presented for the modified optical
discs (DVD+£R). The measurements of the plasmonic resonance are reported, and compared with
numerical calculations performed by two numerical methods: Rigorous Coupled Wave Analysis
(RCWA), and Finite Difference Time Domain (FDTD). The studies on energy loss mechanisms,
which accompany the SPPs excitation are discussed, i.e. the analysis of the thermal radiation,
light scattering and reflection from the grating, and heat convection. Finally, the optical dipole
mirror for cold rubidium atoms is demonstrated, with a detailed description of the apparatus,
experimental sequence of the mirror, and the obtained results.

In Chapter 3, the transmissive grating is considered. The numerical optimization and
nanofabrication of the structure are described, with the detailed calculations of the electromag-
netic field intensity. The far field characterization, followed by near field imaging is presented,
revealing the efficiency of the plasmonic generation. The fully quantitative description of SPPs
excitation is reported, and the comparison between near field experimental observation and
FDTD calculations is performed. The processes of build up and propagation of SPPs is shown
in situ, along with the analysis of plasmonic excitation for different states of polarization, angle
of incidence, and the position on the structure.

Appendix A completes the information on RCWA and FDTD numerical simulations, with
the enclosed FDTD scripts, used for the calculations. Appendix B complements the studies on
modified optical discs, i.e. reveals the measurements of the topography and composition of the
discs, and the obtained plasmonic resonances for a number of samples, that were not included
in the main part of the thesis.

1.1. Background

The trapping, guiding, and manipulation of cold and ultracold atoms is an actively and
widely investigated topic in atomic physics. So far, the trapping has been carried out by using
the resonant forces in radiation-preassure traps, and/or the forces generated by field gradients
acting on magnetic and electric dipole moments of an atom in dark traps.

The radiation pressure traps operate with the resonant or near-resonant light, with a typical
depth of a few Kelvins. The trapping mechanism acts on atoms in a ’hot’ thermal or pre-cooled
gas, and reduces the temperature to tens, or several dozens of K [23]. The temperature and
density limitations are caused by the presence of resonant processes, such as photon recoil and
light-assisted inelastic collisions. Likewise, the presence of the resonant light strongly perturbs
the internal dynamics of an atom, making it unmeasurable in the experiment. These limitations
can be overcome with the elimination of the resonant light in the dark dipole traps, which are
populated by pre-cooled atoms. The efficient cooling mechanism is crucial to load atoms into
any dark trap, since the attainable trap depths are generally below 1 mK. The two most relevant
mechanisms are Doppler cooling and polarization-gradient cooling.

The Doppler cooling. First used in [24], requires the light of a frequency slightly detuned
from the atomic transition. Due to the Doppler effect, the atoms absorb more photons when
moving towards the light source, and significantly fewer photons, if they move in the opposite
direction. Each act of absorption leads to the excitation of an atom, followed by spontaneous
emission of the photon. The reduced speed is a result of a momentum exchange. The photon
is emitted in a random direction, which averaged over the number of events does not change
the speed of an atom. Using the counter-propagating beams, the kinetic energy of all atoms is
reduced, and so is the temperature. The lowest temperature is called the Doppler temperature,
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with the limitation brought about by momentum fluctuations induced by spontaneously emitted
photons. Even though the spontaneous emissions are isotropic, and the associated recoil averages
to zero for the mean velocity, the mean squared velocity is nonzero, and thus, introducing the
heating mechanism to the system [25].

The polarization-gradient cooling, the sub-Doppler cooling. There are two main cool-
ing mechanisms relying on the polarization state of the laser beams. The first one is known
as the Sisyphus cooling. It was first noticed by Lett et al. [20], that the Doppler limit can
be bypassed by using orthogonally polarized counter-propagating laser beams. The counter-
propagating waves form a standing wave with spatially varying polarizations, providing a po-
larization gradient. Atoms moving in the potential of the standing wave, climb up a potential
maximum, at which, the optical pumping brings them to a lower energy state. This process
causes eventually the loss in kinetic energy. Through the repeated cycles of climbing a potential
maximum and optical pumping, the cloud of atoms reaches the temperatures below the Doppler
limit. The cooled cloud is called the optical molasses [27], and has been demonstrated for the
red- and blue-detuned light [26, 28, 29, 30]. The second mechanism works ’automatically’ in
common magnetooptical traps due to the use oo~ configuration. A favourable distribution
of probabilities of optical transitions starting at different Zeeman sublevels of the ground state
leads to the increase of the cooling forces.

The Raman cooling, the sub-Doppler cooling. The technique is applied to a pre-cooled cloud
of atoms of a few uK. Two counter-propagating laser beams transfer atoms from one ground
state to another, by means of Raman-like process [31]. During the transition, the atom receives
a momentum kick of 2ik towards v = 0. Subsequently, the third laser beam transfers atoms to
an excited state, in order to optically pump the atoms back to the first ground state through
the act of spontaneous emission. Each optical-pumping sequence randomizes the atom velocity,
so the atoms end up with the velocities around v = 0.

Sufficiently cooled atoms are further loaded into dipole traps, magnetic or optical ones.

The optical dipole traps involve the use of laser light, which is far-detuned from the fre-
quency of atomic transition [1]. The trapping mechanism results from the interaction between
the induced electric dipole moment of an atom, and the electromagnetic field. The light-atom
interaction is briefly discussed in the next section (Sec. 1.2). Under specific conditions, the trap-
ping mechanism is weakly dependent on the internal state of an atom, and the internal dynamics
can be analyzed experimentally. The wide range of available geometries allows to miniaturize
the system, which is otherwise complicated when using magnets and/or macroscopic coils in
the magnetic dipole traps. It was first considered in 1968 by Letokhov [25] that the optical
dipole force acts as a trapping mechanism for neutral atoms. In the paper, Letokhov considers a
standing wave, which is produced by far-detuned laser light, which traps atoms at the nodes, or
the antinodes, depending on the detuning. Two years later, Ashkin [32] reported the trapping of
micron-sized particles, by optical means, being the combination of the radiation pressure, and
the optical dipole forces. Later in 1978, he proposed a method of trapping, cooling, and ma-
nipulating of atoms with the radiation pressure forces in three dimensions [33]. The same year,
the first observation of the dipole force was demonstrated by his group for sodium atoms, with
a focused laser light [34]. In 1986, Steven Chu reported the realization of the first dipole-force
optical trap for neutral atoms |24]. Since then, a considerable number of techniques have been
developed in various areas related to the topic, developing the further cooling techniques, such
as evaporative cooling.
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Figure 1.1: The scheme of atom-light interaction. Atom of a ground state |g), and the excited
state |e) interacts with an external field E and reservoir.

The magnetic dipole traps employ inhomogeneous magnetic field, which generates the state-
dependent force acting on a magnetic dipole moment of an atom [35]. Whereas the trapping
mechanism only holds the atoms together in a given place in space (dipole forces are conserva-
tive), the evaporative cooling causes the decrease in the temperature. For the magnetic trap, it
is possible to obtain the ultracold regime (hundreds of nanokelvins), which allows one to reach
the Bose-Einstein condensate (BEC).

Evaporative cooling. The evaporative cooling was first demonstrated in 1996 by Ketterle
and van Druten [36]. The method requires high densities of atomic cloud and a large initial
number of atoms. During the cooling process, the hottest atoms are selectively removed from
the dark trap by radiofrequency radiation (in magnetic traps) or just by lowering the potential
barrier (in optical traps). The thermalization process, if efficient enough, sets the new, lower
temperature of the sample. The efficient cooling is achieved by providing the large ratio between
the elastic and inelastic collisions (commonly called 'good’ and 'bad’ collisions). The evaporative
cooling is most frequently used as a final stage cooling in Bose-FEinstein condensate experiments.

1.2. Atom-light interaction

The atom-light interaction is discussed in detail in [37]. The two-level, non-degenerated
atom, of the ground state |g), and the excited state |e) is considered. The levels are distant by
hwy, the spontaneous decay rate is I'. The atom interacts with an external field, described by
a classical function of time (laser light), and with quantum radiation field (reservoir), assumed
to be initially in the vacuum state. The interaction scheme is presented in Fig. 1.1. The
Hamiltonian takes the following form:

fi’ = fIA—I—fAIR—FVAL—}—VAR, (1.2.1)
where
: PP
Hy = %—Fhwo\e) (e]. (1.2.2)

F(Ry=-22. (1.2.3)



The interaction Vg between the atom and laser light is given by a dipole interaction:
Var, = —d- EL(R.t) = —deg(le) (g] + |g) (e))@L (R)er(R) cos (wrt + ¢(RR)),

where d is the operator of the electric dipole moment of the atom and cfeg is the respective
matrix element. E; is the external field, which is associated with the light wave of polarization

eL(R), amplitude ef, (R) frequency wy, and phase ¢(R). The Rabi frequency 2(R) is defined as:

—

er,(R)dz, - @L(R) = hQ(R). (1.2.4)

Applying the long-wave approximation (dipole approximation) and calculating the dynamics of
the atomic density matrix, one arrives at the optical Bloch equations [37]. The equations describe
the evolution of a two-state quantum system, which interacts with the laser field. Applying the
rotating wave approximation, assuming that the internal dynamics of an atom is much faster
than the external one and averaging over time, one arrives at force acting on atom given by:

F=(@ dy) (uaVer(R) +vac(R)Vo(R)), (1.2.5)

~
optical dipole force scattering force

where vg and ug are redefined solutions of optical Bloch equations: ug =

r _s 92 1
20 T35, Where A = wp, —wy is the relative detuning, and S = 2 nei 2

Q 1+s and vg =

is the saturation param-

eter. The force divides into two parts: optical dipole force and spontaneous force, incorporating
the field and phase gradients, respectively. The latter one cools atoms down (when used prop-
erly), by many absorption-spontaneous emission cycles. The optical dipole force is a reactive
force, which provides the trapping mechanism in the dipole traps:

- 5w A VQ?
Fip = —VUP = T ol T (1.2.6)
The force is given by the following form of the dipole potential:
L RA @
UY(R) = ——In (1 + 2) (1.2.7)
rz |
2 AQ + T
which, in the regime of low saturation (Q? << I'2 + 4A?), simplifies to a form:
L hO?
U (R 1.2.8
(R)="rc (123)

In order to obtain an efficient trapping mechanism, it is preferred to use the detuned light of a
high intensity, and significant intensity gradient. The detuning minimizes the influence of the
spontaneous force, and the high intensity provides the strong dipole potential (the spontaneous
force saturates with the increasing intensity, the dipole force does not). To achieve the high
intensity gradient, most of the optical dipole traps apply the focused Gaussian beams |33, 24,

, 39, 10], standing waves |11, 12|, evanescent waves [13, 41, 45], and Surface Plasmon
Polaritons. The latter generates a promising plasmonic potentials, which may be structured
with subwavelength resolution, unlike the typical optical traps, which are limited by diffraction.

21



1.3. Surface Plasmon Polaritons

Surface Plasmon Polaritons (SPPs) is a growing research topic, described in detail, in a
number of scientific publications |16, 16, 47, 48, 49, 50, 51, 52, 52, 53, 54]. SPPs emerge from a
coupling between the photon and collective oscillations of free electrons at a metal surface. The
SPPs propagate along the metal-dielectric boundary, with the amplitude of the electromagnetic
field exponentially decaying in both media. The nonpropagating form of SPPs, Localized Surface
Plasmons (LSP), are found in the vicinity of metallic nanoobjects, e.g. gold nanoparticles
[55, 56, 57].

In order to characterize the SPPs, the metal-light interaction is considered. The electromag-
netic field is described by macroscopic Maxwell’s equations, with proper boundary conditions.
The optical properties of metal are characterized by its dielectric function e(w).

1.3.1. SPPs on a metal/dielectric interface

We start with a short review of Maxwell’s equations and dielectric function of metals. The
Maxwell’s equations combine the four macroscopic fields: the dielectric displacement 5, the
magnetic field induction B, the electric field intensity E, and the magnetic field intensity H,
with an external charge p; and free current density ff [58]:

V-D = py, (1.3.1a)
V-B = 0, (1.3.1b)
_ OB
E = -2 1.3.1
V x 5 (1.3.1c)
. . 0D
VxH = jf+aat. (1.3.1d)

The Maxwell’s equations are supplemented by the following relations for electric polarization
P and magnetization M. For linear and isotropic media we have:

P = ex.E, (1.3.2a)
M = xnH, (1.3.2b)
D = €w)E =¢FE+ P, (1.3.2¢)
. 1 o -

Ho

where €(w) is the dielectric function, x. is electric susceptibility, x., is magnetic susceptibility,
= po(xm + 1) is the permeability of the material and pg is the permeability of free space.
In general, € = €(w) is a complex dielectric function of frequency e(w) = € (w) + i€”(w). Also,
e(w) = eger(w), where ¢ is the permittivity of free space and €,(w) is the relative permittivity.

The electromagnetic wave equations derive from Maxwell’s equations 1.3.1 and describe the
propagation of electromagnetic waves through a medium. For nonmagnetic media, in the absence
of external currents, one gets:

- OE

V2E—IMOEW = 0, (1.3.3a)
- 0?’H

VZH—WW = 0. (1.3.3b)
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Figure 1.2: Propagation geometry. The SPPs propagate along the x direction.

Let us consider a flat interface between a dielectric and metal, schematically presented in
Fig.1.2. The dielectric occupies the area of z > 0, with the real, isotropic dielectric constant of
€1 > 0. Here we assume no or weak dependence of €; on frequency. For z < 0 area, there is a
metal layer with a complex dielectric function of €2 = ea(w) = €5 (w) + i€l (w), with Re[ea] < 0.

The electromagnetic wave of frequency w and wavevector E, propagating in 7 direction, is
described by electric and magnetic fields of the following forms:

E(7,1) = Bo(7)e ™te*T, (1.3.4a)
H(7 1) = Ho(7)e ™tk T, (1.3.4b)

According to Fig. 1.2, the wave propagates along the z direction. The wavevector k has the
following form ky = (kz,0,0), thus the exponent e’ reduces to e*s* = ¢¥* where 3 is the
propagation constant (in general, complex). The amplitude of the electric field does not vary
along y direction. This results in the following wave equations:

O2E (7, t)

oz T (Ker(z,w) = BEF ) = 0, (1.3.5a)
2 7=
Wﬂkﬁfr(z,w)—ﬁ)ﬁ(ﬁt) = 0. (1.3.5b)

The relations between electric and magnetic fields are calculated out of Maxwell’s equations
1.3.1 candd, i.e.

.
aEa(;’t) = —iwugH"*(7,1), (1.3.6a)
W—zﬂEZ(F,t) — wpoHY (R D), (1.3.6b)
iBEY(T,t) = dwuoH*(7,1), (1.3.6¢)

i
8Ha(""’t) = iweoe,(z,w) E*(F, 1), (1.3.6d)

z
aHa(T’t)—iﬂHz(f',t) = —iweger(z,w)EY (T, 1), (1.3.6e)

z

iBHY (7 t) = —iweper(z,w)E*(T,t). (1.3.6f)

The solution of the set of equations 1.3.6 can be specified for two polarization states of light:
transverse magnetic (TM) and transverse electric (TE).
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Transverse mode The TM mode shows no magnetic field component in the direction of
propagation. The nonzero elements are E*, E? and HY. The set of equations 1.3.6 reduces to:

) 1 OHY(7,t)
E*(7,t) = — 2 1.3.
(7, 1) s P R S (1.3.7a)
" B .
F?(7Pt) = ————HY(7 t 1.3.7b
(1) = oy Y0, (13.70)
O2HY (7t
8(21”,) + (k%er(zw) — Bz)Hy(F, t)=0. (1.3.7¢)
z
The solutions of TM modes are:
e for z > 0 (dielectric):
E(7t) = B1(7,t) = Aj——(k1,0, if)e"wttiBa—kiz, (1.3.8a)
Weper
H(F t) = H\(7,t) = A1(0,1,0)e wHribe—hkiz (1.3.8b)
e and for z < 0 (metal):
. R —i o
E(Ft) = Ex(Fit) = Ag————(ks, 0, —i3) e witiBrthez 1.3.9
(’I“, ) Q(T’ ) 20)6062(0))( 2, Y, Zﬂ)e ) ( a)
H(7,t) = Ha(F,t) = Ag(0,1,0)e witibothez (1.3.9b)

where k1 and ko are the are the z component of the wavevectors in the medium of ¢; and e,
perpendicular to the interface between the two media. A; and Ay are the amplitudes of the
components of electric and magnetic fields.
The boundary conditions at z = 0 require: Hy1 = Hya, €1F5.1 = €2F.2, and E;1 = Ezo. The
continuity of components H, and E, results in A; = Ay, and the requirement for E, gives
k?g €9 (w)

F2 _ _ . 1.3.10
P . ( )

For the electromagnetic waves with the amplitude exponentially decaying in both media,
Re[ki] > 0 and Re[ka] > 0. The dielectric medium of e > 0, requires the medium of Rele; (w)] <
0, which proves, that the surface waves exist only on the interface between a dielectric and a
metal.

TE mode The TE mode shows no electric field in the direction of propagation. The nonzero
elements are H*, H? and EY. The set of equations 1.3.6 reduces to:

.1 0BGy

HE(7t) = T (1.3.11a)
2 B .
H*(7t) = _meEy(T’t)’ (1.3.11Db)
825;(5’0 + (kker(z,w) — BAHYEY(F,t) = 0. (1.3.11c)
The solutions for TE mode are the following;:
e for z > 0 (dielectric):

E(Ft) = Bi(0,1,0)e witibo—kiz (1.3.12a)

H(Ft) = Blw_li)(kl, 0,if)e witifr—hkiz (1.3.12b)
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Figure 1.3: Dispersion relation of SPPs at the interface between a metal and dielectric. The
frequency w is normalized to the plasma frequency wy,. The light line is given as a reference.
The calculations are presented for ¢; = 1.

e and for z < 0 (metal):

E(7t) = By(0,1,0)e tibr—haz (1.3.13a)
H(7t) = Bo——(ky,0,—if)e itife—tez, (1.3.13b)
wWHo

The boundary conditions at z = 0 require: H,1 = H.2, €1 Fy1 = eaFy2, and Hy1 = Hyo. The
continuity of H, requires By = Bj, and the continuity of £, implies k1 B1 + k2B = 0. Then,
Bi(k1 + k2) = 0, and since Re[k;] > 0 and Re[ks] > 0, the continuity condition is fulfilled if
B1 = By = 0. Thus, Surface Plasmon Polaritons do not exist for TE modes.

Dispersion relation and dielectric function The dispersion relation is calculated from the
wave equations 1.3.7c and 1.3.10. The equation for HY yields:

k2 = B2 — kjey, (1.3.14a)
k3 = B% — kley(w), (1.3.14b)
and the dispersion relation of Surface Plasmon Polaritons, of propagation constant 5, takes the
form:
6162(&1)
=k, =koy| —————. 1.3.15
b v 0 €1 + 62((,«)) ( )

The detailed knowledge about the dispersion relation, and hence about the dielectric function
€2(w), is crucial for the understanding and generation of SPPs. In free electron model of an
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electron gas, for an ideal conductor (negligible damping, implying Imles(w)] = 0), the exact
form of the dielectric function of metal is [59]:

w2
e(w)=1- -3, (1.3.16)

w

where w, = \/Z)T; is the plasma frequency, where n is the electron density, e is the charge, and
m is the effective mass of the electron. The dispersion relation is plotted in Fig. 1.3. In the
plot, the frequency w is normalized to the plasma frequency w, and calculations are performed
for €; = 1. The orange curve, laying to the left of the light line (w > w,), describes the regime
of radiation, in which the radiation in the metal is observed. For frequencies in the range
wp/ V2 <w< wp, the wavevector is purely imaginary, thus, no propagation is allowed in this
region. The SPPs correspond to the blue curve on the graph, lying to the right of the green
light line. At low values of the wavevector (frequency) the SPPs behaves like a photon. In the
opposite regime, with the increasing value of the wavevector (frequency), the dispersion relation
bends over, reaching an asymptotic limit of w,/v/2 (w,//I + € in general), known as surface
plasmon frequency.

The above discussion described the case of an ideal conductor. In fact, the Ohmic losses and
electron-core interactions introduce damping into the system. Therefore, the dielectric function
of the metal is complex ez(w) = €,(w) + i€y (w), and with it, also the propagation constant 3.
For e} (w) < |e5(w)|, we obtain a complex wavevector of the approximated form:

B=ky =K. + ik, (1.3.17a)
, w [ €e 1/2
k= — 1.3.17b
Toe <e’1+62> ’ (1.3.17b)
/ 3/2 "
p=2 (a2 . 1.3.17
o <6’1 + €9 2(eé))? ( )

Propagation length The propagation length &p is defined as the distance after which the
intensity of SPPs decreases by factor of e. The intensity of SPPs propagating along the smooth
surface decreases as e~ 2%¢% Thus, the propagation length is given by [2]:

1 / 3/22/2
@::C<ﬁ+@> ()° (1.3.18)

1 / 1
2k w \ e €

The above formula is valid for a smooth, metallic surface of an infinite thickness. In real metals,
the inter-band transitions play a role, and the movement of electrons is suppressed by electron-
atom collisions, which increases the temperature of metals (the Ohmic losses). In the presence
of thin metallic layers, the radiative losses and Ohmic losses reduce the propagation length &, by
two |2, 60]. The presence of the losses modifies the propagation constant into the complex form
of 8 = 81 + ifB2. The imaginary part of the propagation constant causes the damping of SPPs
in the direction of propagation. This modifies the dispersion relation of SPPs, which is now a
continuous curve and there is no forbidden band gap in the region w,/ V2 <w< wp. However,
the high imaginary part of 3 significantly limits the propagation length, which becomes smaller
than the wavelength. Therefore, considering SPPs in this region is still unreasonable.

1.3.2. Excitation of SPPs at planar interfaces

SPPs propagate at the dielectric/metal interface. The SPPs dispersion curve lies to the right
of the light line w = ck. Thus, in order to generate the SPPs, the wavevector-matching techniques
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must be employed. The most common ones use surface irregularities [61], charged particles [62,

|, highly focused laser beams [(1], an evanescent field generated by sub-wavelength aperture
[61, 65], or optical phase-matching methods [16]. Among the latter, the first configuration has
been proposed by Andreas Otto |66, 67], employing a prism coupling. Shortly after, Kretschmann
and Raether proposed another prism based configuration [68]. After that, a number of different
variations of the prism coupling were proposed for SPPs excitation.

Grating couplers Beside the prism configuration, the wavevector-matching is achieved by
the implementation of the metallic grating coupler [2, 69, 70]. In order to assure the momentum
matching, the tangential component of wavevector of incident light ko, = kpsinf must be
matched with the propagation constant 5. Thus, besides providing the TM state of polarization
and proper frequency w, the grating period d must fulfil the following requirement:

2
B:kosinﬁi%m, (1.3.19)
where kg is free space wave vector, 6 is an angle of the incidence, and m = 1,2, .... At this stage,

both the transmissive and reflective gratings can be applied. FEq. 1.3.19 is valid for shallow
structures. Precise values of the 6 angle for the gratings of the height of tens (or more) nm have
to be found numerically.

The efficiency of plasmonic excitation is manifested by a decrease in the intensity of the
reflected light beam. To precisely characterize the SPPs propagation, the following approaches
were employed: near field optical microscopy (NSOM), fluorescence imaging [71], leakage radi-
ation detection [72, 73], and observation of the scattered light [71]. Out of the above, only the
NSOM technique provides the sub-wavelength resolution.

1.4. Optical Dipole Mirror

The Optical Dipole Mirror (ODM) is based on the interaction between the atoms and the
dipole potential induced by optical methods. The light of a high intensity gradient, which is
blue-detuned from the specific transition in atoms, creates the repulsive potential Uy, enabling
both, an elastic and inelastic reflection of atoms from the surface of the mirror. As mentioned in
Sec. 1.2, to avoid the influence of spontaneous force, the far detuned light of a high intensity is
used. Figure 1.4a presents the scheme of the ODM. The atoms are trapped in a magnetooptical
trap (MOT) a few mm above the metallic grating structure. The SPPs are excited on the top
of the structure, creating the repulsive potential for cold atoms. The atoms are released from
the trap and fall in the gravitational field towards the mirror surface.

The total potential of ODM consists of the dipole potential Ug;, coming from SPPs (eq.
1.2.8), van der Waals potential U,qw, and gravitational potential U, = mgz. According to [76],
the van der Waals attraction is described by the atom-surface interaction with the following
formula

Uvaw ~ C3/2° f3(2), (1.4.1)

where z is the distance between the atom and a metallic surface, and f3 is the retardation
coefficient. This equation describes the interaction at the distance z < \g/2m, where Ao corre-
sponds to the dominating transition in an atom (for rubidium, the Do transition is 780 nm). For
z > Ao/2m, the Casimir-Polder effect modifies the atom-surface interaction to Ugcp ~ —1/ 24,
The total, dipole, and van der Waals potentials are shown in Fig. 1.4b.

The use of an evanescent field in an atomic mirror was first suggested by Cook and Hill in
1982 [77]. The first experimental realization was made five years later by Balykin et al. [78],
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Figure 1.4: a) The scheme of the ODM. The cloud of atoms, which is trapped in a magnetooptical
trap (MOT), falls under gravity onto the surface of ODM. The repulsive potential is generated
by SPPs on a diffraction grating. b) 1D cut of the total potential of ODM above the grating
structure. The plot is taken from [75].

for an atomic beam and an evanescent wave. In 1990, Kasevich et al. reported the dipole
mirror for cold atoms |79]. Since then, many experiments have been performed [80]. Apart
from the evanescent wave, also the near field of Surface Plasmon Polaritons was employed in few
experiments, based on a Kretschmann configuration [81, 82, 83]. In all these experiments, the
evanescent field was excited by a laser undergoing total internal reflection at a dielectric prism.
An alternative is to use a metallic grating coupler for SPPs excitation, which leads to significant

miniaturization of the system [34, 75].
The dipole mirrors can be used for the construction of surface traps and precise nanoma-
nipulators for cold atoms [85, 21, 86, 87, 15, 19]. Especially, the plasmonic potentials, which

are tailored with subwavelength resolution, offer a wide range of possibilities in the topic. Be-
sides, the atomic mirrors serve as a platform for the research on atom-surface or atom-plasmons
interaction [18, 75].
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Chapter 2

Reflective structures

2.1. Introduction

In this chapter, the optical near fields associated with reflective structures are discussed.
The structures are based on the modified optical discs, providing the quasi-sinusoidal gratings
suitable for plasmonic excitation. It was first shown by Kaplan et al. [$8], that Digital Versatile
Discs (DVD) enable the efficient excitation of Surface Plasmon Polaritons for infrared light.
Thus, commercially available optical discs can be considered as a promising alternative for
reflective gratings, which is (unlike the lab-produced gratings) cost effective and provides large
and homogeneous area. The main implementations, presented up to this time, make the use
of the discs either in an unmodified version, or fine tuned by means of chemical and physical
processes [39, 90, 88], both using only the transparent (not labelled), polycarbonate disc out of
two discs forming the common DVD plate.

In the new method, presented here, the other one (labelled) component disc is used, after
covering it with a thin layer of gold. This method is the easiest and at the same time the best
regarding SPPs generation efficiency and resonance quality among solutions published so far.
This chapter presents the full characterization of optical discs of various companies, including
the examination of the internal structures. The several dozens of samples have been investigated
with atomic force miscroscopy in a search for plasmon-friendly internal shapes and sizes. Each
sample has been optically tested with goniometric far field measurements, revealing the efficiency
of the plasmonic resonance. The numerical simulations have been performed for the comparison,
namely the Rigorous Coupled Wave Analysis (RCWA) and Finite Difference Time Domain
(FDTD) techniques. Using the modified optical discs, the energy loss mechanisms associated
with SPPs excitation were investigated, with the particular emphasis on thermal radiation. The
end of the chapter is devoted to the description of an optical dipole mirror for cold rubidium
atoms, based on a modified optical disc.

2.2. Preparation of the plasmonic structure

2.2.1. Characterization of optical discs

The recordable Digital Versatile Discs (DVD) are multilayer, quasi-sinusoidal (in the cross-
sections), periodic structures, produced in two types: write-once (DVD+ and DVD-R), and
rewritable (DVD+RW and DVD-RW). Each optical disc consists of two protective layers, with
adhesive, recording and metallic layers in between. The characteristics of the respective layers
have been examined with an advanced apparatus, including the measurements of the composi-
tion, thickness, shape, and dimensions.
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Disc company | periodapy | height sy | periodgifiraction
SKpvD+Rr 745 nm 70-90 nm 735 nm
TDKDVD+R 742 nm 80-100 nm 736 nm
SONYpyvD+R 743 nm 90-110 nmn 738 nm
EMTECpyp+r 750 nm 100-120 nm 741 nm
Verbatimpypr 741 nm 100-120 nm 736 nm
Platinumpypir 748 nm 90-100 nm 737 nm
GIGA MASTERpvD1R 745 nm 100-120 nm 737 nm
Kauflandpyprw 745 nm 20-40 nm 737 nm

Table 2.1: The list of parameters, examined by AFM (periodapy and height spn) and in optical
diffraction measurements (periodgiffraction) for various brands.

e The topography, i.e. grating period, height and the profile shape, were scanned with x-y
calibrated Atomic Force Microscope (AFM) Nanosurf FlexAFM in contact mode.

e The thickness was measured with Scanning Electron Miscroscope (SEM) Quanta 3D at
the University of Southern Denmark!.

e The composition was determined by Secondary Ton Mass Spectrometry (SIMS) TOF-SIMS
5 (ION-TOF GmbH) system?.

The examination included several dozens of write-once and rewritable discs, of the following
companies: Platinum, Verbatim, TDK, Omega, EMTEC, Sony, Kaufland, SK, Giga Master.
The AFM measurements revealed that there is no significant difference in the topographies,
which were obtained within one company (see appendix B.1 for details). The scans were taken
for physically different discs, types of discs (+R/-R and +RW /-RW), and various areas of a given
sample, showing the same grating period, height and shape of the grating profile. The small
discrepancies occur between the optical discs produced by different brands. The profile and
grating period of the specific layers remain alike, however, the height varies by several dozens of
nm. The measured values of the grating parameters (periodapy and heightapn) are collected
in Table 2.1, together with the grating period periodgifiraction determined by optical diffraction
measurements, at 632.8 nm. The comparison between periodg;graction and periodapy proves 2%
of accuracy in the period determination. The AFM, SEM, and SIMS examinations allow one
to characterize each layer of the disc, as described in the following paragraphs. To make the
description easier to understand, the construction schemes of the optical discs are presented in
Fig. 2.1 for DVD+R, and 2.2 for DVD-RW.

Protective layer. The optical discs consist of two protective layers, 0.6 mm thick, made of
polycarbonate (PC). The top protective layer is labelled, and the bottom one is transparent. The
top layer is a flat substrate, which is not directly suitable for plasmonic purposes, dissatisfying
the momentum matching condition for SPPs excitation. The bottom layer possesses quasi-
sinusoidal grooves, covering the entire surface. The grating period is close to 740 nm, the height
of the ridges is dependent on the disc class, varying between 130-190 nm for DVD+R and 20-40
nm for DVDERW.

Recording layer. The recording layer covers the grooves of the bottom, PC layer. For the
recordable discs (DVD+R and DVD-R), the recording material is made of an organic dye, most

!The measurements were performed by Dr. Jacek Fiutowski.
2The measurements were performed by Dr. Pawel Dabczyriski.
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Figure 2.1: The schematic diagram of the specific layers of DVD+R, based on the investigation
with AFM and SEM techniques. Beneath: the different ways of the possible preparation pro-
cesses with the AFM topographies of one grating period. -’ means removal of a given layer,
whereas '+’ means addition of a new layer. PC stands for polycarbonate.
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Figure 2.2: The schematic diagram of the specific layers of DVD-RW, based on the investigation
with AFM and SEM techniques. Beneath: the scheme of the preparation process, with the
AFM topography of one grating period. = means removal of a given layer, whereas '+’ means
addition of a new layer. PC stands for polycarbonate.
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often of cyanine, phthalocyanine or metal azo [91] with a thickness of around 100 nm. After
the separation process, the recording layer can cover bottom or top PC layer. The height of the
recording layer is 80-120 nm, if combined with bottom PC, or 130-190 nm, if combined with the
top PC. In the case of rewritable discs (DVD+RW and DVD-RW), the recording layer consists
of the phase changing layer (AgInSbTh), surrounded by two dielectric layers (ZnS, SiO3), with
the total thickness of 200-250 nm. The height of the ridges is 20-40 nm, regardless of being
combined with the bottom, or the top PC.

Reflective (metallic) layer. The metallic layer coats the top of the recording layer, recreating
the periodic structure, with a thickness of 50 nm. The reflective part of the DVD+R is mostly
made of silver, aluminium or aluminium alloy, with the grating height of 60-120 nm. For the
DVD=+RW case, the gold, silver, or silver alloy are usually used (see also Appendix B.2 for
details), with grating depth of 20-40 nm. The collected data with specific heights can be found
in table 2.1.

Adhesive. The adhesive bonds the bottom and the top layers. The thickness of the adhesive
is varying between 40-70 pum. The adhesive recreates the periodic structure with the height of
about 60-120 nm for recordable discs, and 20-40 nm for rewritable ones.

For plasmon-associated experiments, e.g. plasmonic mirrors and surface traps for cold atoms,
or sensing devices, the efficient excitation of SPPs is crucial. To maximize the efficiency of the
process, the numerical calulations for near-infrared light at 785 nm, and the AFM-based pro-
files were employed. The in-depth calculations of the reflectivity coefficient R were performed
for each layer of different optical discs by RCWA method, looking for a narrow and deep reso-
nances. The parameters were: grating period of 740 nm, grating heights 40-130 nm, and profile
shapes: sinusoidal, slim quasi-sinusoidal, and wide quasi-sinusoidal, as found in real samples.
The calculated plasmonic resonances are presented in Fig. 2.3, with the quasi-sinusoidal profiles
depicted in (g). To keep the graphs transparent, and to show some tendency between low/high
and wide/slim ridges, the results are presented for three grating heights: 40, 80, and 100 nm.
The conclusion is as follows:

e for the gratings of a slim quasi-sinusoidal shape, the required height is around several
dozens of nm (see Fig. 2.3a),

e for the gratings of a sinusoidal shape, the grating is most effective with heights up to 60
nm, (see Fig. 2.3b)

e for the gratings of a wide quasi-sinusoidal shape, the shallow ridges are required, around
40 nm (see Fig. 2.3c).

To give the main points in the other words: the sinusoidal shapes work better with lower heights,
the ’slimmer’ profiles require larger heights, and the 'wider’ structures are preferable for very
shallow grating grooves.

The typical results of the AFM-based topography are presented in Fig. 2.4, for DVD+R
type. The profile shape of the bottom PC layer resembles the wide quasi-sinusoidal profile, 120
nm high. The top PC layer corresponds to the slim quasi-sinusoidal profile, 80 nm high. The dye
and metallic layers, which cover the top PC substrate, are sinusoidal gratings, with the height
of 120 and 80 nm, respectively. From the above, only the bottom PC layer clearly does not
favour the plasmonic excitation (very high and wide quasi-sinusoidal profile). However, if one
applies the additional preparation process, such as chemical etching, it is possible (as claimed by
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the profile for eleven grating periods. b) Close up view on one grating period. ¢) AFM images
of the topographies of respective layers.
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authors) to use the wider, bottom structure with a high groove as well [88]. These conclusions
are consistent with the results reported for the grating of a rectangular shape [92, 93]. As for
the DVD+RW, the wide quasi-sinusoidal shape of the bottom PC is combined with the heights
up to 40 nm. This should result in an efficient plasmonic resonance.

The detailed characterization of the specific layers reveals the most suitable structures for
plasmonic excitation, based on recordable and rewritable discs. Those are:

e for recordable discs: top PC layer, optionally covered with original metal or dye,
e for rewritable discs: bottom PC layer, covered with original metal.

. The selected ones, are further subjected to the fabrication process.

2.2.2. Fabrication of the plasmonic grating

The proper modification of the optical disc is crucial for the creation of the plasmonic grating.
At first, the disc was manually split into two pieces with a drawing pin. After the separation,
both polycarbonate substrates are covered with the original metallic and dye layers, in different
proportions. The process of splitting is completely uncontrollable — a variety of configurations
occurs, and one has to choose the preferable one.

DVD+R and DVD-R The preparation scheme is presented in Fig. 2.1. Over a hundred of
DVD-+R, and DVD-R probes have been investigated for the construction of a plasmonic grating.
The difficulties in the delamination process have caused that only several dozens of samples have
proceeded for the final fabrication. The PC bottom-based structures are not considered due to
the undesired combination of wide quasi-sinusoidal profile and grating height3. The top PC
substrate, which is always combined with an adhesive, and usually covered with the metal
and/or organic dye, results in the following possibilities:

1. The top PC layer with adhesive, metal and dye. Although the quasi-sinusoidal shape
and the grating depth seems to show an efficient plasmonic resonance, the presence of
an unknown organic dye prevents using this combination in the further experiments, i.e.
in ultrahigh vacuum, due to possible evaporation of the dye. One must be aware of the
fact that the dye layer is not chemically stable over longer periods (some months) when
exposured to ambient air.

2. The top PC layer with adhesive and metal. The structure possesses quasi-sinusoidal profile
with depths of 60-120 nm. For the preparation, the dye layer is removed by a stream of
ethanol, followed by a blow of dry nitrogen. Throughout the thesis, this class of a samples
is referred to as sample 1.

3. The top PC layer with adhesive. The structure shows the same dimensions as sample 1.
This class is identified as sample 2 through the thesis.

DVD+RW and DVD-RW The preparation scheme is presented in Fig. 2.2. Over a dozen
DVD+RW and DVD-RW samples were investigated. The possibilities for a plasmonic grating
are as follows:

3For the sake of completeness, we note, that we have investigated the bottom PC treated by chemical etching
process. The obtained shape of the etched structure was not optimal for SPPs excitation and the attempts were
not continued.
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Figure 2.6: Generic scheme of the experimental setup used for SPPs excitation on disc-based
gold nanostructures. Laser beam of a controlled polarization and power stabilization illuminates
the grating. The power of the reflected light is measured by a power meter. Optionally, the
temperature map is recorded by an infrared camera. AOM — acusto-optic modulator, PBS —
polarizing beam splitter, PHD — photodiode for power stabilization, A/2 — half waveplate.

1. The top PC-based structure, with adhesive, metallic and recording layers. The structure
possesses wide quasi-sinusoidal profile of 20-40 nm high ridges. This class of the samples
is denoted as sample 3 through the thesis.

2. The bottom PC-based structure. The structure gives similar results as sample 3.

The preferable combination of layers is cleaned with an ethanol bath. Subsequently, the
selected sample is coated with 3 nm of titanium wetting layer and 120-150 nm of gold in vapor
deposition system Cryofox Explorer 600 (Polyteknin A /S, University of southern Denmark), at
arate of 0.5 A /s. The gold coating is optimal for the excitation of SPPs by infrared light, and is
chemically stable (as opposed to silver, which is certainly preferable for plasmonic purposes, but
strongly chemically reactive [94]). After the preparation process, the topographies of the samples
are once again measured under the AFM, to compare with the data taken before deposition of
the gold. The before/after comparison is shown in Fig.2.5. The images prove that the metallic
coating reproduces the profile of the substrate. Maintaining the chosen shape and height of the
substrate as before is crucial — any change in one of the dimensions, significantly deteriorates
the grating properties.

2.3. Optical examination of plasmonic resonances

The quality of the SPPs excitation was indirectly measured by goniometric far field zeroth-
order reflectivity measurements, with the setup presented in Fig. 2.6. The setup was used
for the examination of plasmonic resonances and the energy losses, which are associated with
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Figure 2.7: The comparison between the plasmonic resonances measured for 633, 785 and 1083
nm laser light, performed for the uncoated (metal 1 and metal 2), and gold-coated (metal+gold)
disc-based structures.

the excitation of SPPs (see Sec. 2.4). The laser beam passes through the optical setup and
illuminates the disc-based grating. The laser power is stabilized by a chain of acusto-optical
modulator and a photodiode in a closed loop circuit. The polarization of light is controlled by
polarizing beam splitter cube, and a half waveplete. Plasmonic grating is placed on a manual
rotation stage, which provides a smooth change of angle of incidence/reflection. Optionally, the
grating is placed in the vacuum chamber, and the temperature map is recorded by an infrared
camera as described later. The power of the reflected light is detected by a power meter. The
presence of SPPs is manifested by low reflectivity coefficient at a proper angle of incidence. The
reflectivity is calculated as a ratio of the power of the incoming light, to the power of the reflected
light. The most efficient plasmonic excitation corresponds to the lowest reflectivity coefficient.
The measurements were performed for the laser wavelengths of 633 nm, 785 nm and 1083 nm,
for each angle of incidence in the range 0-80°, for TM and TE states of polarization. The setup
was used for the investigation of gold-coated, and uncoated disc-based structures.

The comparison between the resonances obtained for the uncoated (referred to as metal 1
and metal 2), and gold-coated samples (referred to as metal + gold), is presented in Fig. 2.7.
The metal 1 (green stars) and metal 2 (blue x-es) correspond to the structures made of top, PC
layer, combined with an original metallic layer of the DVD+R disc, of no additional preparation,
except the cleaning with ethanol. The observed efficiency of the plasmonic excitation is rather
low (high value of reflectivity coefficient) for the uncoated samples. For the wavelength of 633 nm,
the presence of the first diffraction order decreases the overall level of reflectivity coefficient, in
comparison to the wavelengths 785 and 1083 nm, where only zeroth order exists for the considered
angles of incidence. This shows that the excitation of SPPs on the unmodified optical disc is
possible, but not efficient. The metal+gold case shows the significantly improved excitation for
each wavelength, with narrow and deep resonance curves, compared to the uncoated case. Thus,
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Figure 2.8: Plasmonic resonances measured for TM polarized laser light of 785 and 1083 nm
wavelengths. The measurements were taken for four samples of the TDK DVD-R disc (top PC
+ metallic layer + gold). The curves are added to guide an eye.

it is definitely advised to implement the gold coating, instead of using the original metallic layer.

The AFM measurements show the same topography of the discs among samples from one
company, vet, sometimes it does not result in the same quality of plasmonic resonance, as
presented in Fig. 2.8. The figure shows the reflectivity curves, measured for four samples based
on four different TDK DVD+R optical discs. The resonances were measured with TM polarized,
785 and 1083 nm laser light. The graphs reveal four different qualities of the SPPs excitation,
indicating that the same disc structure can result in different plasmonic resonances. The observed
differences are presumably caused by the storing conditions of the gold-coated samples. It has
been observed, that the quality of gold can be easily degraded, even in the clean lab conditions.
As a side effect, the microscopic and optical examination facilitates the deposition of unwanted
particles on the gold surface, which has an impact on the quality of resonance. Also, the details
of the quasi-sinusoidal profile substantially affect the plasmonic resonance. In order to find the
effective plasmonic grating, the following steps are suggested:

1. The significant number of samples should be prepared. The optimal parameters, suggested
by numerical simulations should be taken into account.

2. Each sample should be optically investigated to find the quality of the plasmonic resonance.

3. The chosen samples should be kept in vacuum or a closed container, before further appli-
cation.

To complement the measured resonances, the numerical simulations were performed for each
structure, with two independent techniques: Rigorous Coupled Wave Analysis (RCWA) and
Finite Difference Time Domain (FDTD). The brief description of the methods is presented in
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Figure 2.9: a) RCWA simulations: reflectivity dependence on number of orders, which were
taken into account in the calculations, performed for 633, 785 and 1083 nm wavelengths, for
sample 2. Note the different scales. b) The modelled profile shape of sample 1, implemented in
rcwa-1d (RCWA) and ¢) EM Explorer (FDTD) initial setup.

Appendix A. For the RCWA simulations, to determine the number of orders (technical pa-
rameter of RCWA method), which guarantees the convergent results, the calculations of the
dependency between the reflectivity coefficient and the number of orders, have been performed.
The results obtained for sample 2 at each wavelength, are presented in Fig. 2.9. The required
number of orders was determined to be: 700 orders at 785 nm calculations, 300 orders at 633
nm calculations, and 400 orders at 1083 nm calculations. These values remain for any further
calculations presented in the thesis. The model of the profile shape of the grating is based on
AFM-imaged topographies. Sample 1 is presented as an example in Fig. 2.9b. The resolution
of the generated quasi-sinusoidal shape is 0.8 nmn. Exactly the same quasi-sinusoidal shape, was
implemented in FDTD sumulations. The size of a Yee cell, which determines the resolution of
the calculations, was limited to 5 nm.

The complete examination of SPPs excitation have been performed for at least 30 samples,
including the optical and numerical characterizations. In the thesis, only a few selected cases
are reported. The names of the samples, which are analyzed, are introduced in paragraph 2.2.2.
Figure 2.10 shows typical comparison between the measured values of the reflectivity coefficient
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Figure 2.10: The reflection coefficients as a function of angle of incidence. The investigation is
performed for 785 nm of TM (red) and TE (black) polarized laser beam, for sample 2.

(denoted as ’experiment’), and numerical simulations (denoted as 'FDTD’ and '/RCWA’, de-
pending on the method), presented for the full angle dependence 0°-80°. Figure 2.11 shows the
plasmonic resonances for each wavelength and sample, near the optimal angle of incidence. To
see the full angle dependence, see Appendix B.3. The determined optimal angles of incidence
roughly fulfil the dispersion relation for the shallow gratings (eq. 1.3.19).

633 nm For the red light, the resonance is observed around 11°-12°, with the lowest reflection
coefficients equal 0.02 for samples 1, 0.02 for sample 2, and 0.36 for sample 8. Slight discrepancies
between the measured and calculated values are observed for the positions of the resonance
curves, while the width and the depth of the resonance are almost identical.

785 nm For the near-infrared light, the maximum efficiency of SPPs excitation occurs around
1°-2°, with the lowest reflection coeflicients equal 0.05 for samples 1, 0.04 for sample 2, and
0.21 for sample 3. The comparison between the numerically calculated, and optically measured
values of the reflectivity coefficient reveals a very good agreement for the case of 785 nm laser
beam.

This proves, that the 633 and 785 nm light is suitable for the high and slim quasi-sinusoidal
profiles (samples 1-2), and low and wide-quasisinusoidal shapes (sample 3).

1083 nm For the infrared light, the resonance occurs around 26°-27°, with the lowest reflection
coefficients equal 0.53 for samples 1, 0.42 for sample 2, and 0.06 for sample 3. The comparison
between the RCWA, FDTD calculations and optically measured values of the reflectivity coeffi-
cient reveals very good agreement for sample 3, and slightly less consistent for samples 1-2. This
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Figure 2.11: The reflection coefficients as a function of angle of incidence. The investigation
is performed for 633, 785, and 1083 nm of TM (red) and TE (black) polarized laser beam, for

samples 1-3.
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proves, that the 1083 nm light is most efficient with wide quasisinusoidal and shallow shapes
(sample 3).

The explanation of the discrepancies, which emerge between the numerics and the optically
measured resonances, lies in the model of the structure, and the applied values of refractive
indices. The modelled structure, which is used in the calculations, is a single grating period,
based on the AFM-imaged topography. The periodic boundary conditions make the grating an
infinite structure of such a single grating periods. For the real grating, the profile shape varies
among the periods. Moreover, the calculations implement the refractive index of gold, which is
measured with some uncertainty especially in the case of thin layers [95]. Both of these are a
possible explanation of the differences between the numerics and the optically tested resonances.

2.3.1. Intensity of the electromagnetic field

The consistency between the numerical simulations and far field goniometric measurements
proves the high accuracy of the implemented numerical model. The correct model provides the
opportunity to investigate the distribution of the electromagnetic field, which is associated with
SPPs excitation. The detailed understanding of the distribution is crucial for the design of e.g.
plasmonic sensors, nanomanipulators, plasmonic traps and other atomic devices. The knowledge
of the electromagnetic field enhancement is also essential for the construction of atomic dipole
mirrors.

The electromagnetic field distributions were calculated as a I/Iy ratio, where I is the in-
tensity of the incident light. The calculations implement the optimal angle of incidence (taken
from reflictivity calculations) and TM polarized light. Figure 2.12 shows the calculations per-
formed for one grating period of sample 2, for 785 nm light, via RCWA and FDTD methods.
The comparison reveals the identical distributions for both techniques. In the thesis, the further
intensity maps are shown only for the FDTD method.

Figures 2.13-2.15 present the electromagnetic field distributions obtained for samples 1-3,
respectively. For the 633 nm light, the highest intensity of electromagnetic field reaches 50-60
times the intensity of the incident laser beam, for each sample. For the 785 nm light, the ratio
grows up to 200-220 for samples 1-2, and up to 180 for sample 3. For the 1083 nm light, the
intensity enhancement varies between 80 for samples 1-2, and 160 for sample 3. The strongest
field enhancement is obtained for the excitation with 785 nm light, as expected. The low (in
comparison to other wavelengths) enhancement obtained for 633 nm light, is a result of the
presence of other than zero diffraction orders. For 633 nm light, part of the energy is transferred
into the first diffraction order, which leads to a less effective plasmonic coupling.

As shown above, the most efficient wavelength for plasmonic coupling on disc-based struc-
tures is near-infrared. Yet, the use of other wavelengths is possible and results in deep and
narrow resonances, with the possible implementation in plasmonic sensors. Likewise, the elec-
tromagnetic field enhancement at 633 and 1083 nm is strong enough to be employed for the
creation of complicated potentials for cold potassium and cesium atoms.

2.4. Energy losses associated with SPPs excitation

This section describes the energy losses associated with generation of SPPs on optical discs.
Thermoplasmonic effects are an unavoidable consequence of plasmonic excitation, which have
been extensively reported in the case of localized plasmons [96, 97, 98, 99]. The detailed knowl-
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Figure 2.12: The comparison between the distribution of electromagnetic field I/ calculated
by RCWA and FDTD methods. The calculations are performed for sample 2, 785 nm and TM
polarized light, and one grating period. The horizontal axis shows the distance from the grating
surface.

45



1,
50

37
25

12

11,
200

150
100

50

. .

m
: 11,
0,6 80
60

0,4
40

0,2 20

0

0 0,2 0,4 0,6 08 pm

Figure 2.13: FDTD calculations of the relative intensity I/Ip distribution above one grating
period. The calculations are performed for sample I and laser light of 633, 785 and 1083 nm.
The horizontal axis shows the distance from the grating surface.

46



0 0,2 0,4 0,6 0,8 pm

Figure 2.14: FDTD calculations of the relative intensity I/Ip distribution above one grating
period. The calculations are performed for sample 2 and laser light of 633, 785 and 1083 nm.
The horizontal axis shows the distance from the grating surface.
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Figure 2.16: Scheme of the probes used for thermoplasmonic examination. Type A refers to
samples 1-3, characterized in the previous section and covered with black, matt varnish on the
bottom side. Type B corresponds to type A, which is covered with black varnish on both sides.
Type C is the optical disc, which is covered with the black, matt varnish on both sides (no gold
layer).

edge about the topic is crucial for further application of the structure, e.g. in cold atom experi-
ments or plasmonic sensors.

The major concern is the heating mechanism, which leads to the irreversible modification of
the grating structure and subsequent loss of plasmonic coupling. The heating is a consequence
of thermal scattering of plasmonic energy [90], combined with poor thermal conductivity of the
polycarbonate layer. Besides the heat transfer, the reflection and scattering of incident laser
light are taken into account in our approach.

The thermoplasmonic measurements were conducted with the setup presented earlier in
Fig. 2.6. The laser beam of a controlled polarization and possible wavelengths equal 633, 785
or 1083 nm excites SPPs on a gold grating for different laser powers and polarizations. The
grating is placed either in the air or inside a vacuum chamber with a residual pressure of 1073
- 1075 mbar. One of the glass vacuum viewports was replaced with ZnSe Torr Scientific anti-
reflection coated vievport?, with maximal transmission range between 8 and 14 pm, which covers
the thermal radiation spectrum for 20-100°C. The temperature distribution was recorded with
FLIR i60 infrared camera, with thermal sensitivity < 0.1°C and spectral range 7.5-13 ym. The
measurements were performed for both, continuous and quasi-pulsed laser operation, at the
optimal, and close to optimal angles of incidence, for both light polarizations and different laser
powers.

In order to obtain full understanding of the topic, several dozens of samples have been
investigated. The examined structures can be divided into three types, through the thesis
referred to as type A, B and C. The characterization of each kind is the following;:

e Type A corresponds to structures, which were previously used for plasmonic measurements.
The metallic part of the optical disc is covered with gold, and additionally, coated with
black matt varnish on the bottom part of the sample, as shown in Fig. 2.16 (left). Type
A corresponds to sample 1, sample 2 and sample 3, according to section 2.2.2.

e Type B describes the the samples of type A, which are covered with additional, top, varnish
layer, as shown in Fig. 2.16 (middle). The absence of gold layer prevents any plasmonic
excitation.

e Type C describes the original optical disc with black, matt, varnish surrounding the probe
from each side, as shown in Fig. 2.16 (right).

The use of the black matt varnish provides the homogeneous area of relatively high emissivity
coefficient (reaching almost 1), which is desirable for infrared camera recordings. The type B

4The thermal infrared region is strongly absorbed by the original glass vacuum viewport.
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Figure 2.17: Temperature distribution recorded by infrared camera under continuous operation
of 785 nm laser light, TM and TE polarized, and the optimal angle of plasmonic excitation.

and type C) which are totally covered with the varnish, imitate the 'blackbodies’, serving as a
reference for the thermoplasmonic measurements.

The reflection of the incident light

The light reflected from the structure has been measured by a power meter for near-infrared
light of TM and TE polarizations. For type A, the power of the reflected light depends on the
efficiency of plasmonic coupling. For the TM polarized light, the reflected power is from a few,
up to 25% of the incident power. For the TE polarized light, the reflection increases to 90%.
Types B and C show no plasmonic coupling, the power of the reflected light is around 5% of the
incident power, regardless of the polarization.

The scattering of the incident light

The scattering of light on the structure was measured by goniometric measurements with
a power meter. The scattered light is 2.5(0.5)% of the total power, for each type of the structure.

Thermal radiation and heat convection

The thermal radiation of the structure was investigated with infrared camera, which mapped
the temperature distribution in a stationary state. The laser light of 785 nm operated in the
continuous regime, at the optimal angle of plasmonic excitation, for laser powers of 10-60 mW.
The typical maps are presented in Fig. 2.17, for the structure of type A and TE and TM po-
larizations. The absence of SPPs excitation for TE polarized light serves as the background
data, which eliminates the contributions from the room temperature radiation and the residual
radiation emitted by the camera sensor. The image of camera sensor, which is reflected from
the surface of the structure, can be seen in the top right corner of the TE image. The markers,
which were added on the edges of the sample, allow us to precisely calibrate the dimensions
of the measured area. Figure 2.18 shows the cross-sections of the temperature distributions,
obtained for different laser powers. The maximum temperature increases with the growing laser
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Figure 2.18: Cross-section of the temperature map taken for different laser powers (785 nm, TM
polarized). Inset: the selected distribution combined with laser beam profile and fitted Lorentz
function, presented for 60 mW of the incoming laser beam.

power, from 33° at 30 mW, up to 65° at 50 mW. The Lorentz fit matches the profile of the cross-
section, with the calculated FWHM equal to 2.5 mm. The comparison between the temperature
distribution and the Gaussian beam profile (Gaussian radius type e~2 of 1.3 mm) is presented
in the inset of Figure 2.18.

The influence of the heat convection was investigated by comparing the temperature maps
recorded in the air and vacuum, at first under residual pressure of 10~2 mbar. Figure 2.19
presents the temperature cross-section for 40 and 50 mW laser powers, recorded in air and in
vacuum. The temperature distributions indicate small differences between the images recorded
in air/vacuum. However, other measurements for various laser powers gave ambiguous results.

Calculation of the radiated power

To calculate the power radiated from the grating surface, the following steps are:

1. The temperature map was recorded by the infrared camera and imported to Wolfram
Mathematica software, revealing the value of the temperature at each position.

2. The original pixels were converted to meters, based on the known length of the markers
(see Fig. 2.17).

3. The temperature distribution was interpolated with the built-in Hermite method. Figure
2.20 shows the comparison between the original data, and the interpolated function.

4. The power, which radiates from the surface of the grating is given by Stefan-Boltzman law.
The interpolating function was integrated over the sample’s area, for both polarizations.
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Figure 2.19: The comparison between the measurements taken in the air and in vacuum for the
structure of fype A: the temperature cross-section, recorded for 785 nm, TM polarized beam of
40 and 50 mW of laser power.

5. The calculations for TE polarization serve as a background for type A probes. The total
radiated power, associated with SPPs excitation is a result of the subtraction of the powers
obtained for TM and TE cases, measured on the black side of the structure (almost no
power is radiated through the gold layer).

6. For the structures of type B and C|, the background data is recorded in the absence of the
laser light, and subtracted from the case with the laser beam presence. The total radiated
power is a sum of the measurements taken for both sides of the structure.

Figure 2.21 shows the results for the structure of type A. The gold plasmonic grating with
black varnish on the bottom is based on the DVD+R (sample 1 and 2, according to Sec.2.2.2),
or DVD+RW (sample 3). The figure presents the thermally radiated power, and the ratio of the
radiated to incident power. The results are presented for each sample separately, for different
laser powers in the range of 10-50 mW. The energy losses, resulting from the thermal radiation,
are about 10-15% of the incoming laser power. For types B and C, the ratio is 70-80%. The
energy losses, which are caused by reflection and scattering of light, vary between a few, up to
27.5(1.5)% of the incident power. The data are collected in Table 2.2. The system is in the
stationary state and all the energy loss mechanisms are taken into account in the analysis, but
the results are inconsistent with the expectations. The expected value of the re-emitted power is
100% of the power, which is pumped into the system. The total re-emitted and reflected power of
gold samples is 22% for samples 1 and 2, and 40.5% for sample 3. The difference is presumably
caused by the efficiency of the plasmonic coupling (additional 20% is due to reflection for sample
3). Likewise, the "blackbodies’ of types B and C' do not re-emit 100% of the supplied energy,
which proves the method incorrectness. The explanation was found in [100, |. The thermal
conductivity of the air stays almost constant at a certain level with the decreasing pressure from
the atmospheric pressure down to 10™° mbar. Thus, to fully eliminate the heat convection, the
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probe type | A g AL pw B C

reflection [%] | 4.5(0.5) | 25(1) 5(0.5) 5(0.5)
scattering [%] | 2.5(0.5) | 2.5(05) | 2.5(0.5) | 2.5(0.5)
convection [%] | 0 (?) 0(?) 0(?) 0(?)

radiation [%] | 15(4.0) | 13.0(3.0) | 70(3.0) | 80(6.0)
total %] | 22(5) | 40.5(8.5) | 77.5(9) | 87.5(7)

Table 2.2: The respective contributions of the re-emitted energy, measured for structure of type
A, B and C, performed in the vacuum of the order of 10~3 mbar.
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55 back, background
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Figure 2.22: a) Temperature distribution recorded by infrared camera for the structure of type C
(the 'blackbody’). The maps are shown for continuous operation of 785 nm laser light (front/back
laser), and for the absence of light (front/back, background), which serves as a background data.
The measurements were performed for both sides of the structure. b) The cross-sections of the
temperature distribution.

further investigation were performed in a vacuum chamber of a residual pressure of 10~° mbar.

Figure 2.22 presents the temperature distribution of the structure of type C. The front and
the back of the structure are imaged under continuous operation of 785 nm light, and for the
absence of light. The later provides the background data. The power, which radiates from
each side of the structure, adds up to roughly 100% of the delivered power, as expected. The
result confirms the assumed thermal coefficient of air [100, | and allows to conduct further
measurements with a reliable method. The results for plasmonic gratings are presented in Fig.
2.23, showing the changes of the temperature with time and laser power. The first plot reveals
the dramatic increase of the temperature — 75°C is reached for 90 mW, for 785 nm light of
a continuous operation. The long lasting exposition leading to a high temperature causes the
irreversible macroscopic changes in the disc structures, significantly worsening the plasmonic
resonance quality. The second plot shows the increase in the maximum temperature, which
is raised to the 4th power, versus laser power, for samples 2 and &, which were illuminated
with 785 nm and 1083 nm light, respectively. The fourth power of temperature does not grow
linearly with the increasing laser power, which indirectly confirms the adverse modification of the

o4



a) sample 1,785 nm b) 4 1K4 ]
80, et T K] " sam =
iple 2, A=785 nm n
””””M T e sample 3, 2=1083 nm

— e T 10
o 7Y /?"\w | 1,50 x 10"
— ,r/‘ \‘ —15mW
= \ ——30mW ] .
= / | ——50mW 10| "
] I o mw 1A0x 0 . .
= | ——90mw . s "
= \ . . .
£ \ 1,10 x 10" R
£ \ ] _
g \\ 9 [ ¢
g S 9,00x 107 .

(]

0 50 100 150 200 250 300 350 0 20 40 60 80 100
time [s] power [mW]

Figure 2.23: The maximum temperature of the structure recorded in time and for different laser
powers. The temperature was measured for sample 1 (a), samples 2 and 8 (b) at 785 nm and
TM polarized laser light for different laser powers.

probe type | Aig At pw B C
reflection [%] | 4.5(0.5) | 25(1) 5(0.5) 5(0.5)
scattering [%] | 2.5(05) | 25(05) | 2.5(0.5) | 2.5(0.5)

convection [%] | 0 0 0 0
radiation [%] | 53.5(6.0) | 53.0(3.0) | 102(3.0) | 98(6.0)
total %] | 61(7) 81(10) | 110(9) | 106(7)

Table 2.3: The respective contributions of re-emitted energy, measured for structure of type A,
B and C, performed in the high vacuum of the order of 10~ mbar.

structure caused by thermal damage of the grating. For the sake of completeness, the changes
of the temperature were also measured for 633 nm at 11 mW (maximum available power) giving
30°C of the maximal temperature for samples 1-3. Regardless the laser wavelength and power,
no rise in the temperature is observed for TE polarized light.

Finally, to properly examine the energy losses balance associated with plasmonic excitation,
the thermal radiation was calculated once again for the high-vacuum measurements. The data
are collected in Table 2.3. The given uncertainties for the radiation contribution were estimated
based on the reproducibility of the separate measurements. The main conclusions are as follows:

e The reflected and the scattered light account for a few % of the energy losses, as long as
the quality of the resonance is high in the case of plasmonic gratings (type A).

e The heat convection is eliminated by applying high vacuum chamber, with the residual
pressure of at least 10™° mbar.

e The thermal radiation from the structures of type A gives half of a contribution of the

supplied energy. This makes the total re-emitted power being 60-80% of the total supplied
power.

e There is an unknown energy loss mechanism associated with SPPs excitation on a gold-
coated optical disc, representing 20% of the losses. The unknown losses remain an open
question. One of the possible explanations is Lorentz friction, as described in [102, .
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Figure 2.24: The maximum temperature of the structure recorded in time. The temperature was
measured for sample 1, 785 nm and TM polarized laser light, operating under pulsed illumination.

e For the 'blackbody’ samples (types B and ('), the re-emitted energy is over 100% of the
total. Exceeding 100% is caused by a systematic error of the infrared camera readouts.

The half of the laser beam power is transformed to the heat. For laser powers greater than
several miliwatts, the grating structure is damaged, leading to the deterioration of the plasmonic
coupling. Thus, the increase of the temperature prevents the application of the structure in
any atomic of plasmonic devices. To solve the problem, the pulsed operation of the light is
investigated. Figure 2.24 reveals the changes of the temperature for 60 mW of 785 nm light,
for different pulse duration and light polarization. The small temperature increase of 4°C is
observed for the 280 ms long pulses of TM polarized light, whereas the same pulses of TE
polarization show no changes in temperature. For the pulse duration of 11 ms no temperature
rise is observed, regardless the polarization state.

In summary, to avoid the temperature increase, it is possible to implement the pulsed op-
eration. On the other hand, it is possible to take an advantage of the heating effect, either for
bacteria sterilization [104], or for rubidium desorption in optical dipole mirror for cold atoms

[75]-

2.5. Optical Dipole Mirror with SPPs

In this section, the realization of an Optical Dipole Mirror (ODM) for cold rubidium atoms
is reported. The basis of the mirror is discussed in the Introduction in Sec. 1.4.

The cold rubidium atoms, source of which are rubidium dispensers, are trapped in MOT.
The ODM reflects the atoms from the surface of the grating, by means of strong, repulsive,
dipole potential generated by SPPs. The plasmonic grating, which is described in Sec. 2.2.2,
serves as a platform for the excitation of SPPs with blue-detuned light. The electromagnetic
field is significantly enhanced above the surface of the structure with the amplitude of the field
exponentially decaying with the growing distance from the surface. The large intensity gradient
provides the required plasmonic potential.

2.5.1. Experimental setup

The ODM is a complex system composed of many subsystems, which e.g. provides vacuum
or prepares the laser beams for trapping. The employed apparatus is briefly described in the
following points.
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. Vacuum system

The ultrahigh vacuum is provided by three vacuum pumps and the vacuum chamber,
produced by PreVac company. The initial vacuum is supported by the rotational (TRIVAC
E2) and turbomolecular pumps (TURBOVAC MAG), up to the pressure of 10~? mbar.
The ion pump (PCHYSICAL ELECTRONICS) reaches the residual pressure of 6 x 10710
mbar, and remains in operation during the ODM experiment.

. Rubidium dispensers

The pair of rubidium dispensers supply the rubidium atoms to the vacuum chamber. The
rubidium partial pressure is controlled by the electric current, in the range of 3-5 A.

. Helmholtz and compensation coils

The Helmholtz coils provide the necessary magnetic fields, required for the MOT opera-
tion. The current of the coils is digitally controlled via LabVIEW program, which enables
rapid changes of magnetic field. The typical currents vary between 2.5 and 3.5 A. The
compensation of the magnetic field of Earth is done by three pairs of compensation coils,
controlled by regulated power supplies.

. Lasers

Two of TOPTICA DL 100 lasers were used for trapping and repumping processes and the
TOPTICA TA PRO was employed for SPPs excitation. Both lasers are tunable diode
lasers, operating at 780 nm. The DL 100 reaches 100 mW of the power, whereas the
maximum power of TA PRO is 2 W, including the tapered amplifier.

. Imaging system

The detection of atoms was carried out with fluorescent imaging, employing the Elec-
tron Multiplying CCD (EMCCD) camera. Andor iXon™ 4 camera has the resolution of
1004x1002 pixels of 8 pmx8 pm each, and the advanced cooling mechanisms down to
—100°C.

. Software

The experimental sequences were controlled via sterBEC program (LabVIEW software),
written by Dobrostawa Bartoszek-Bober [105].

The heart of the experiment is a background pressure loaded, magneto-optical trap for 8"Rb.

The MOT requires at least one trapping laser light and a repumper laser. The lasers need to be
stabilized in terms of frequency to an atomic transition, by using e.g. absorption spectroscopy.
For the ODM experiment, the MO is constructed with 3 pairs of counter-propagating beams
of trapping light (Master DL100) overlapped with the repumping beam (Repumper DL100).
Another laser light, which is blue-detuned from the rubidium transition, is used for SPPs exci-
tation (TA PRO). The laser beams are prepared in the laser park on an optical table, which is
spatially divided into ’level 07, "level 1’ and 'level 2 (see Figure 2.25).

e Level 0 corresponds to the main part of the laser park, with the power and frequency

stabilization system, shutters and beam size and propagation controllers. The detailed
scheme is presented in Fig. 2.26.

o Level 1 forms the final stage of the MOT construction, the fluorescent imaging, and the

vacuum system. Level 1 is shown in Fig. 2.27.

o Level 2 prepares the blue-detuned light for SPPs excitation. Level 2 is shown in Fig. 2.27.
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Figure 2.25: Scheme of the experimental setup. The respective layers are shown in detail in
figures 2.26 and 2.27.

The details of the laser park are described in the following paragraphs, for each laser light

separately.

Master DL100 Master DL100 serves as a trapping laser beam, marked with black line in the
schemes in Fig. 2.26 and 2.27. The laser beam is divided into two orthogonal directions on the
first PBS (Polarization Beam Splitter) cube (see Fig. 2.26).

1. For the side-refiected beam, the small amount of laser power is used for stabilization of the
frequency. The size of the beam is reduced with the Galilean telescope and passes through
the acusto-optical modulator (AOM), operating at the frequency 91.67 MHz, in single-pass,
and -+1 diffraction order, which shifts the frequency towards the lower frequencies (AOM
precedes the saturation spectroscopy setup). The stabilization is provided by saturation
spectroscopy for 8" Rb, at the transition between the state 52.5; /2| F'' = 2), and the crossover
resonance co23.

2. (a)

For the straight-through beam, the main part of the light is steered through another
polarizing beam splitters and a Galilean telescope, to reduce the diameter of the
beam towards the second AOM. The AOM operates at the frequency of 107.70 MHz,
in a double-pass, at +1 diffraction order at each pass, shifting the frequency towards
the higher frequencies. Finally, the total detuning of the light from the transition
52812 |F = 2) to 5Py 5 |F' = 3) is 9.6 MHz (towards lower frequencies).

The master lager beam is further combined with the repumping beam, at the next
PBS cube. Both beams enter the telescope, which increases the diameter of the
beams for the trapping stage. During the experimental sequence, the MOT beams
are switched off by the respective AOMs. However, the residual light leaking through
the AOMs is still present. The mechanical shutter (commonly called click-clack) is
installed at the position of the waist of the telescope, to remove the remains of the
beam, if needed. For the MOT stage, the beams are distributed into 3 orthogonal
directions and guided to level 1 (the level of the vacuum chamber). Each beam is of
the same laser power.
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(c) At level 1 (see Fig. 2.27), the beams are transmitted through the quarter-wave
plate and reach the vacuum chamber. Then, the beams go through another quarter-
wave plate, followed by the reflection from the dielectric mirrors, after which the
reflected and the incident beams are overlapped. The incident and the reflected
beams are circularly polarized with the opposite handednesses. The three pairs of
counter-propagating beams intersect at a right angle, in the middle of the vacuum
chamber. The trapping mechanism is provided by the gradient of magnetic field,
which is provided by coils in the anti-Helmholtz configuration.

Repumper DL100 The repumper beam provides the pumping process, between the hyperfine
states of |F'=1) and |F = 2). The beam is marked by a blue line on the schemes in Fig. 2.26
and 2.27.

Part of the laser beam is guided through the PBS to the saturation spectroscopy setup. The
repumper is stabilized at the transition from the state 5251/2 |F' = 1) to the crossover resonance
co12, detuned by 6489 MHz from the tramsition 525 /9 |F =2) to 5°Pyy |[F' = 3). The rest
of the repumping light is separated again, and guided to the frequency locking system of TA
PRO laser. The other part passes through Galilean telescope, followed by AOM, which shifts
the frequency by 79.22 MHz towards the higher frequencies (+1 diffraction order, single-pass).
Then, the diameter of the beam is magnified by another Galilean telescope, and the light is
combined with the laser beam of the master and directed towards MOT, as described in the
paragraph above.

TA PRO The TA PRO laser beam is responsible for SPPs excitation, marked with red line
in Fig. 2.26 and 2.27.

The TA PRO laser is mounted on the external optical table. The light from the seed laser
and the amplifier is guided to the main experiment via single mode, polarization-maintaining
fibers. The first beam is used for laser frequency stabilization (level 0, see Fig. 2.26) and the
second one for SPPs excitation (level 2, see Fig. 2.27).

1. The frequency stabilization of TA PRO is provided by the Optical Phase Locked Loop
(OPPL) technique, which uses the repumper laser as a reference. The TA PRO and
repumper beams are combined on a PBS cube and guided to the polarizer. The polarizer
changes the ratio between the intensities of the beams (the beams possess orthogonal
polarizations). The ultrafast photodiode (Alphalas UPD-200-UP) captures the beat signal,
which is amplified and send to the phase locked loop (PLL), where the frequency is divided
by 32. The relative frequency and the phase of the repumper-TA PRO signal are stabilized
to the reference signal, which is provided by external digital generator (Hewlett-Packard
8647A). The reference frequency is 93 MHz. The total detuning, which results from OPPL
is 32 x 93MHz = 2976 MHz. The locking mechanism is reported in details in [106, |.
The detuning of the TA PRO laser is 9546 MHz (from the transition 525 5 |F = 2) to
5% P35 |F' = 3)), which is a sum of the detuning of repumper and OPPL. The hlgh value of
the detuning minimizes the incoherent photon scattering, and allows to neglect the excited
hyperfine structure, which simplifies the calculations of the dipole potential.

2. The second TA PRO beam is delivered for SPPs excitation (see Fig. 2.27). The power and
the polarization of light are controlled by the half-wave plates and PBS cube. The light
is guided to the plasmonic grating, which is placed in the vacuum chamber. The angle of
incidence is set to be optimal for plasmonic excitation.

Apart from the laser operation, the imaging technique, the SPPs excitation, and the opti-
mized experimental sequence is crucial for ODM experiment.
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Fluorescent imaging The fluorescent imaging [108] is an imaging technique, which was used
for the detection of rubidium atoms in the experiment. The atoms were excited by the MOT
beams shifted in frequency to the atomic resonance. The two-dimensional Gaussian function
was fitted to the CCD-image, revealing the number of atoms in the cloud. The temperature of
the cloud was calculated with the time of flight method (TOF) [109]. The details of calculations
(number of atoms and the temperature) are discussed in [110].

SPPs excitation The SPPs were excited on the gold-coated internal layer of the optical disc
(type DVD+R). The disc was cropped to the size of 6 x 4 mm?, and glued to a 3 mm high
platform (see the inset in Fig. 2.27). The SPPs were generated by TA PRO laser beam with a
Gaussian radius of 1.3 mm and laser power of 30-120 mW. The beam was directed at an angle of
1.5°, which results in most efficient plasmonic coupling. The thermoplasmonic effects (discussed
in sec. 2.4) were taken into account. The possible damages were limited by the quasi-pulsed
operation of TA PRO light.

Software The experiment was controlled by National Instruments computer, with two PXle
6259 cards controlled by LabVIEW software. The steering program sterBEC was written by Dr.
Dobrostawa Bartoszek-Bober [105]. The ODM experimental sequence is divided into five stages.
Fach stage is divided into specific columns, with the option of setting the respective parameters,
e.g. the value of the voltage or current, which is applied to the apparatus. For each process, the
64 TTL and 8 analogue signals are generated, either as a constant value, or a ramp signal, if
needed. The experimental sequence (not described here) was optimized during the experiment,
to obtain a large number of cold atoms. Figure 2.28 presents the controlling and action panels
of sterBEC program.

2.5.2. ODM for cold rubidium atoms

A typical experimental sequence of ODM consists of the following stages:

e Six seconds of loading the MOT with rubidium atoms. Typically 3 x 10° atoms are
collected.

e The cloud is trapped 5 mm above the plasmonic grating with the typical temperature of
30 puK. The atoms are prepared in F'=2 ground hyperfine state (the repumper beam is on
for the whole sequence).

e The atoms are released from the MOT and fall under gravity towards the ODM for 32 ms
on average.

e As the atoms approach the surface, the TA PRO laser is switched on for 11 ms. The TM
polarized light excites SPPs, which generate the repulsive potential for cold atoms. The
short pulse of light reduces the dramatic temperature increase and prevents the damage
of the disc, as well as limits the radiation pressure force acting on atoms.

e The could of atoms is reflected from the surface of the mirror and imaged after the reflection
off the structure. The fluorescent imaging technique is applied to detect the cloud of atoms.
The images are taken 0.2 - 20 ms after the reflection. The imaging time is 1 ms.

e Each measurement is repeated 40 times in a row. The final result is averaged over the 40
experimental runs.
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e The area of the ODM is determined by the diameter of the laser beam (Gaussian beam
diameter is 2.58 mm). However, the horizontal size of the atom cloud is significantly
larger than the size of the ODM. The atoms, which fall outside the area of mirror, form
the undesired background. To remove the background, the measurements for the TE
polarized light are taken, and subtracted from the respective TM image.

During the experiment, the rubidium adsorption on the grating surface was observed. The
contamination of the surface significantly deteriorates the quality of plasmonic coupling. To
reduce the rubidium adsorption, the 280 ms pulses of 1300 mW per cm? were employed (see Fig.
2.24). The technique significantly improves the plasmonic resonance: the efficiency of plasmonic
coupling increased from 70% up to 84%.

The ODM results are supplemented with numerical simulations, described in the next para-
graphs. The calculations take into account the initial position of atoms, velocity spread of
atoms, the imaging geometry, time sequence, and the distribution of electromagnetic field based
on RCWA simulations. Figure 2.29 presents the reflection of the atom cloud, imaged 1-5 ms after
the bounce. Based on the recorded fluorescent images, the detailed analysis of atom distribution
and the influence of laser power on ODM are presented below.

Atom distribution In the vicinity of the plasmonic structure, the atoms experience the
gravity force, the repulsive dipole force, and the attractive van der Waals force. The simulations
concerning the van der Waals attraction and atom distribution were performed by Dr. Roman
Panas (see [110] for details).

Figure 2.30a presents the calculated 1D cut of the total potential, which is seen by atoms,
revealing the gain of 90 between the intensity of the excitation beam and the intensity of SPPs.
The distribution of atoms, which is measured 17 ms after the bounce, is compared with the
numerical simulations in Fig. 2.30b. The calculated atomic distribution matches the data
obtained by fluorescent imaging. The agreement concerns both, the position and the overall
shape of the distribution. The consistent results prove the numerically calculated intensity of
SPPs, reaching 90 times the intensity of the excitation laser beam.

Fraction of reflected atoms versus the laser power In 1996 Landragin shown that the
fraction of the reflected atoms grows exponentially with the increasing laser power, for the mirrors
of a Gaussian-type intensity profile [1 1 1]. Figure 2.31 shows the fraction 7 of the reflected atoms,
normalized to the number of the falling ones, versus power of light. The 7 is calculated for 25, 30
and 35 pK of MOT temperature due to the difficulty in its precise determination. The numerical
simulations are marked with solid lines in the figure. The grey area between the red and the blue
lines denotes the most probable numerical results. The experimentally determined value of 7 is
represented by crosses. According to [111], n grows linearly on semi-logarithmic scale of laser
power. Indeed, the dependency is linear for a certain range of powers. For lower intensities, the
initial conditions (the size and the non-zero temperature of MOT) come into play and cause a
smooth decrease to 7 = 0, due to the spread of mechanical energy of the atoms. The fraction of
the reflected atoms strongly depends on the size of the MOT, which determines the number of
atoms, which have a potential chance to be reflected. Likewise, the results are dependent on the
temperature of the atom cloud. The cloud spreads faster for the higher temperatures, providing
less atoms, which hit the active part of the ODM. The total measured fraction of the reflected
atoms is 1-4%, depending on the laser power. Due to the differences between the size of the
atom cloud and ODM, only a few percent of atoms can be reflected. Amongst them, almost
each atom is reflected, and the mirror efficiency is estimated to be 100%.

The correspondence between the experimentally measured n and the simulations proves the
correctness of the calculation model. This applies to all the calculations, which are presented in
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Figure 2.29: The reflection from the ODM of rubidium atoms after 1-5 ms after the reflection,
as indicated in the respective pictures. The CCD integration time was 1 ms. Each image is
averaged over 40 experimental runs.
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Sec. 2.3.1, including the respective distributions of electromagnetic field, and indirectly proves
the intensity of SPPs reaching 220 times the intensity of the excitation beam.
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Chapter 3

Transmissive structures.

3.1. Introduction

In this chapter, the near fields associated with SPPs excitation on a transmissive structure
are discussed. The transmissive structures have been widely employed in a broad range of
experiments, including OLED light outcoupling of plasmonic cavity with subwavelength hole-
array [112] and plasmonic nanoresonators for high resolution color filtering [113]. Besides it, the
transmissive grating is a promising tool for the construction of ultrasensitive plasmonic sensors
[11], biosensors and nanofabricated atomic devises |15, 19, 75, 81]. Likewise, the structure
enables the direct observation of SPPs via scanning near-field optical microscopy (NSOM) [114,

5 ) ) ) 5 ]

The main difference between transmissive and reflective gratings is the way the structure
is illuminated. In a transmissive grating the light passes through the structure, whereas for
reflective grating, the light is reflected by the grating surface. For the transmissive structure,
it is possible to generate the SPP on both, glass-gold and gold-air boundaries. The latter is
advantageous for cold atom experiments and NSOM imaging. For the atomic mirrors based on
the reflective grating, the presence of excitation light on the gold-air side leads to unwanted atom-
photon scattering. Likewise, it would be detected by the probe, disturbing the direct NSOM
characterisation of electromagnetic field, which is generated by SPPs. The detailed knowledge of

the field distribution is crucial for a design and fabrication of plasmonic sensors |5, 11], detectors,
photovoltaics, plasmon-based cicuits [120], nanomanipulators [121, |, electrooptic plasmonic
modulators [123] and atomic devices [124, 15, 19, 75, 84].

The chapter presents the full description of the transmissive structure and of the SPPs
associated near field. The parameters of the grating were numerically optimized with RCWA
method for near-infrared light. On this basis, the nanofabrication process was performed with
the FIB technique, followed by SEM examination. The plasmonic resonance of the structure
was tested with goniometric far field measurements. The direct measurements of the intensity
of SPPs were performed with NSOM and compared with FDTD simulations, providing the fully
quantitative description. The numerical calculations took into account the exact size of the
grating and the surface corrugation. The processes of build up and propagation of SPPs were
observed with NSOM technique, as well as the respective components of the electric field were
analyzed in detail.
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Figure 3.1: Scheme of the modelled, gold transmissive grating, with one grating period magnified,
used for numerical optimization.

3.2. Preparation of the structure
3.2.1. Optimization

To maximize the efficiency of plasmonic coupling, the parameters of the structure have been
optimized with RCWA method, with particular emphasis on narrow-width slots, as proposed in
[125]. The modelled grating geometry is presented in Fig. 3.1. The optimized structure consists
of gold, rectangular ridges, separated by slots of the width s. The grating period is d, and grating
height is h. The aim of the calculations was to maximize the efficiency of the excitation process

for near-infrared light and further application in a plasmonic sensor and/or atomic mirror. The
main requirements are the following:

e a narrow and deep plasmonic resonance,
e a strong electromagnetic field enhancement,

e the grating period smaller than 780 nm, to avoid the dispersion of light into diffraction
orders other than the zeroeth one.

Due to the technically demanding process, the final parameters should be determined so
that the production error of a few nm barely affects the plasmonic coupling. The calculations
were performed for 780 nm laser light and the following range of scanned parameters: grating
periods of 400-760 nm, slot widths of 30-140 nm, and grating heights of 20-80 nm. The periodic
boundary conditions, which are imposed by the method, make the grating to be virtually an
infinite structure. The optimization involved two types of calculated quantities: the reflectivity
coefficient R, and the electromagnetic field intensity I/Iy, where Ij is the intensity of the incident
light. The more detailed calculations are presented in [105].

The most effective plasmonic coupling is obtained for grating period equal to 550 nm. Figure
3.2 presents the reflectivity map and the plasmonic resonances obtained for the optimal grating
period. The reflectivity coefficient is minimized for slot widths of the range 100-140 nm and
grating heights of 40 nm and up, reaching R = 0.02 — 0.04%. However, for 100-140 nm wide
slots, the shape and the width of plasmonic resonances are much below expectations, preventing
the application in ultrasensitive plasmonic sensors. The respective intensity of SPPs is shown in
Fig. 3.3, for the same range of parameters. The strongest intensities are obtained for 55-65 nm of
grating height and 30-40 nm of slot width, reaching 60 times the intensity of the excitation beam.

Finally, 550 nm of the grating period, 55 nm of the grating height and 40 nm of slot width
have been accepted for the fabrication. Figure 3.4 presents the electromagnetic field distribution

calculated for the optimal set of parameters, for one grating period, performed by FDTD method
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Figure 3.3: Optimization performed by RCWA method for the grating of 550 nm period and
various slot widths and grating heights: intensity map of SPPs I /Iy, where Ij is the intensity
of the incident light.

with a high accuracy. The grating structure is marked with dashed, white rectangle. The
exciting beam comes from the bottom side of the figure, whereas the SPPs are excited above
the gold surface (see Fig. 3.1 for the geometry). The electromagnetic field distribution reveals
the exponential decay of the amplitude of the electric field, with an increasing distance from the
surface. The regions of the highest intensity are located in the middle of the gold ridge and in
the vicinity of sharp edges of the structure. The lowest enhancement is expected to be in the
groove area. The highest enhancement reaches more than 100 times the intensity of the exciting
light. The significant difference between this value, and the value taken from the intensity map
in Fig. 3.3 (RCWA simulations) is caused by the higher resolution and better accuracy, which
were used for FD'TD simulations.

3.2.2. Nanofabrication

The structure was nanofabricated by Focused Ton Beam (FIB) milling technique on a gold-
glass substrate. The preparation was a two-stage process of the substrate preparation, followed
by FIB nanopatterning.

Glass-gold substrate The glass-gold substrate consists of 1 x 15 x 15 mm glass substrate
and 55 nm thick gold layer, which was evaporated by electron beam deposition, supported by 3
nm of titanium adhesion layer. The glass-gold substrates was prepared with UV lithography by
Dr. Jacek Fiutowski, from University of Southern Denmark. The process is briefly described in
the following steps.

1. The glass substrate is cleaned in order to remove any contaminations from the surface.
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Figure 3.4: FDTD calculations of the electromagnetic field distribution of gold transmissive
grating: simulated distribution I/, where Ij is the intensity of the incident laser beam, for 780
nm laser light, TM polarized. The grating structure is marked with white, dotted line, of 550
nm of period, 55 nm of grating height and 40 nm of slot width.
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2. The clean surface is covered with photoresist material by spin coating method, leaving a
flat layer of the resist.

3. The photomask, which blocks light in some areas and passes in others, is placed onto the
photoresist. The mask is a 1 mm x 1 mm opaque square.

4. The photomagk is illuminated with the UV light. As a result, the whole photoresist is
exposed to UV light, except the black square.

5. The structure (glass+photoresist) is placed in the chemical solution of the developer. The
part of the photoresist, which was not exposed to UV, is removed,' producing 1 mm x 1
mm square in the middle of the photoresist.

6. The structure is covered with 3 nm titanium adhesion layer, followed by the evaporation
of 55 nm of gold.

7. The remaining photoresist is removed with acetone, leaving the titanium/gold square in
the middle of the glass substrate.

Grating structure The transmissive structure was nanofabricated with FIB milling technique
by Dr. Benedykt R. Jany from the Department of Solid State Physics, Jagiellonian University
in Krakow. The Dual Beam SEM/FIB Quanta 3D FEG microscope by FEI (USA) used gallium
ions of 30 keV energy to mill the 38 nm wide grooves, continuously repeated every 550 nm, on
the area of 100 pym x 100 pum. The electron flud gun charge neutralizer was used to prevent
charging of the sample during FIB nanopatterning. Directly after the process of milling, the
structure was imaged with Scanning Electron Microscope (SEM) at 5 keV energy in the same
apparatus. Figure 3.5 presents SEM images of the grating. The detailed SEM analysis of Fig.
3.5a revealed the 550 nm of grating period and 38 nm of slot width. The SEM micrograph in Fig.
3.5b shows the magnified gold surface of the transmissive grating. The magnification exposed
the presence of grains of a spherical like shapes, which cover the gold surface. The radius of the
grain is estimated to be less than 15 nm and the height is up to 6 nm. The modification of the
flat surface is significant and will be included in the further numerical simulations.

3.3. Numerical simulations of plasmonic excitation

The numerical simulations are crucial for the design and fabrication of plasmonic sensors
and structured plasmonic potentials for atoms. The direct observation of SPPs via near field
microscopy, together with the correct numerical model provide the fully quantitative descrip-
tion of near fields, necessary for the construction of many plasmonic devices. To perform a
comparison between the numerical calculations and the near field observation, many factors are
taken into account for the calculations. The model, which is presented in sec. 3.2.1, consists of
the rectangular, gold ridge of a perfectly flat surface. In this section, the calculated model is
extended by the following factors:

e roughness of the surface,
e rounded edges of the ridges,

e finite size of the grating, which is surrounded by flat, gold surface.

!This kind of photoresist is known as the negative type of the photoresist. The positive photoresist is soluble
in the area, which was exposed to UV.
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Figure 3.5: SEM images taken during nanopatterning by Dr. Benedykt Jany. a) The micrograph
of 5 grating periods, and b) the detailed view on corrugation of the surface.

The near field distributions and plasmonic resonances were calculated by FDTD. The TM-
polarized light of 780 nm and the grating parameters of 550 nm of grating period, 55 nm of
grating height, and 40 nm of slot width were implemented in all calculations discussed in this
section. Note, that the calculations impose periodic boundary conditions, making the modelled
structure to be virtually an infinite structure. The numerical calculations of the transmissive
structures were time consuming, taking from a few hours up to few days.

3.3.1. Roughness of the surface

The roughness of the surface refers to the presence of grains, which were observed under
SEM investigation. The roughness is taken into account by modifying the numerical model of
the grating. The basic model of the structure is presented in Fig. 3.1, consisting of a perfectly flat
cuboid. The modification involves the implementation of additional gold forms, which imitate
the grains. The size of the irregularities matches the outcome from SEM analysis, indicating the
maximum height as 6 nm and maximum diameter as 14 nm. The distribution of the roughness
is randomly generated by Wolfram Mathematica (RandomReal function). The grains cover the
entire surface of the structure, both the ridges and the grooves. The later corresponds to the
presence of residual gold at the bottom of the groove.

The size of the roughness The influence of the size of the roughness on a plasmonic reso-
nance was calculated for seven numerical models. The models differ in size of the irregularities,
imposed by the maximum height and length of the grain. The range of the respective dimen-
sions are gathered in Table 3.1. The maximum height is marked with "h”, reaching 1, 3, or
5 nm. The maximum length of 5 or 10 nm is marked with ”1”. For example, the numerical
model hdnm_110nm corresponds to the transmissive grating, which is covered with the grains
of different sizes, not exceeding 5 nm in height and 10 nm in length. The model hOnm l1nm
serves as a reference, corresponding to the basic cuboid grating (no irregularities). The respec-
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Name Maximum height of the grain | Maximum length of the grain
hOnmllnm 0 nm 1 nm
hlnml5nm 1 nm 5 nm
hlnmll10nm 1 nm 10 nm
h3nml5nm 3 nm 5 nm
h3nml10nm 3 nm 10 nm
h5nml5nm 5 nm 5 nm
h5nml10nm 5 nm 10 nm

Table 3.1: The parameters used in the calculations involving surface corrugations: maximum
height of the grain is marked with "h”, and its maximum length is marked with ”1”.

tive numerical models of the grating profile is presented in figure 3.6. The distribution of the
irregularities is random.

The plasmonic resonance and intensity distribution have been calculated for each numerical
model, to determine the influence of the size of the roughness on plasmonic coupling. Numerical
calculations are time-consuming and require large computing power. For these reasons, the
primary calculations were performed with the resolution of 10 nm, followed by the calculations
with accuracy of 1-2 nm in the vicinity of the resonance. Figure 3.7 presents the calculations of
the reflectivity coefficient R, performed at different angles of incidence of the excitation beam.
The minimum located around 5° corresponds to the SPPs excited on the glass-gold boundary.
The second one, located around 15°, results from the SPPs generated on the gold-air interface,
which is shown in more detail in the vicinity of the resonance. From now on, only the gold-air
excitation is discussed. The efficiency of plasmonic coupling varies from R=0.23 to R=0.53,
depending on the numerical model, and so changes the optimal angle of incidence. As expected,
the most effective excitation is observed for the perfectly flat grating hOnm_11nm with the lowest
R equal to 0.23. Surprisingly, the second lowest R is observed for the structure hhnm_ 110nm,
corresponding to the most corrugated surface. Then, the lowest reflectivity coefficient is obtained
for the grains of 1 nm of height, followed by the rest of models.

Figures 3.8 and 3.9 present the electromagnetic field distribution, which is calculated for the
optimal angle of incidence of the excitation beam. The distribution is shown as a ratio I/Iy,
where I is the intensity of the incident light. Figure 3.8 reveals the detailed distribution in
the vicinity of the surface, whereas figure 3.9 presents a more general view. The distribution
for a perfectly flat grating is presented in Fig. 3.4. The calculations revealed two separate
contributions, which constitute the total intensity distribution. The overall enhancement of
the electromagnetic field, which is also observed for the perfectly flat grating, comes from the
excitation of SPPs on a periodic structure. The other contribution is caused by the excitations
on grains, resulting in high local field intensity, which is most clearly seen for hdnm 110nm in
Fig. 3.8. If the size of the roughness is smaller than the excitation wavelength, it is possible
to generate the SPPs on the surface defects [126]. Although the local enhancements generate
strong field, the interaction range is limited to a few nanometers, which is far from the region
of reflection of atoms in dipole mirrors. Nevertheless, the quality of the surface should be
controlled. The distribution of energy into local plasmonic excitation on grains prevents the
efficient plasmonic coupling on a grating. This results in a low reflectivity coefficient, but weak
electromagnetic field, as observed for numerical model hhnm 110nm.

Figure 3.10 presents the quantitative comparison between the intensities, obtained for the
numerical models. The figure shows the cross-section of the intensity profile, which was taken
in the middle of the ridge, perpendicularly to the surface. The maximum enhancement varies
between 70 and 120, depending on the size of the grains. The highest intensity is observed for
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Figure 3.6: Scheme of the modelled, single grating periods, which were used in numerical calcu-
lations. The distribution of the irregularities is random. The 'h’ and ’I’ indicate the maximum
height and length of the grain, respectively (see Tab. 3.1 for more details).

1,0 1
0,8 5
0,6
-4
0,4 J —=—hOnm_I1nm 0,4
—e— hlnml5nm
—4— hlnml10nm
—v— h3nml5nm
0,2 ~—+ h3nml10nm 0,2 1
< h5nml5nm
—— h5nml10nm
0,0 L I e L E A B L | 0,0 T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 15,0 15,2 15,4 15,6 15,8
angle (°) angle (°)

Figure 3.7: The reflectivity coefficient R versus angle of incidence of excitation beam, calculated
by FDTD method for different numerical models, which differ in size of the roughness (see Tab.
3.1 for details). The curve is added to guide an eye.
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Figure 3.8: FDTD calculations of the I/ electromagnetic field distribution above the grating
surface. The simulations are performed for different numerical models (see Tab. 3.1 for details),
for optimal angle of incidence of excitation light, of the intensity Iy. The figure presents one
period of the grating.
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Figure 3.9: FDTD calculations of the I/l electromagnetic field distribution. The simulations
are performed for different numerical models (see Tab. 3.6 for details), for optimal angle of
incidence of excitation light. The figure presents one period of the grating.
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Figure 3.10: FDTD calculations of the I/Iy electromagnetic field. Cross-section through the
field distribution, taken in the middle of the ridge. The simulations are performed for different
numerical models (see Tab. 3.1 for detail), for optimal angle of incidence of excitation light.

the least corrugated surfaces, with the height of the grains up to 1 nm. Although the analysis
indicates, that the size of the grains determines the quality of plasmonic resonance, the problem
is more complex. The comparison between the models of maximum heights of 3 and 5 nm shows
that in certain models the stronger field is observed for the more rough surface. The possible
explanation is the particular distribution of grain, which is studied in the next paragraph.

The distribution of the roughness The influence of the distribution of the grains is analyzed
for seven numerical models, referred to as 'model 1’, 'model 2’ and so on. Each model is designed
with the same maximum height (3 nm) and length (10 nm) of the irregularities. The distribution
of the grains was generated by Wolfram Mathematica (RandomReal function). Figure 3.11
presents the modelled profiles of the grating structure.

The plasmonic resonances, which were calculated for each of the models, are shown in Fig.
3.12. The lowest reflectivity coefficient varies between 0.3 and 0.4, showing a smaller spread
than previously seen for the calculations, which took into account different sizes of the grains.
The intensity of the electromagnetic field I/1j is presented in Fig. 3.13 in the vicinity of the
grating, and in Fig. 3.14 for the overall distribution, for models 1-6. Model 7 corresponds to
the numerical model h3nm_110nm, introduced in the previous paragraph (see Fig. 3.8 and 3.9
for the intensity distribution). The intensity distribution is calculated for the optimal angle
of incidence of the excitation beam of the intensity Iy.  The local enhancement associated
with grains and the overall gain resulting from plasmonic coupling on a grating are clearly vis-
ible. The differences between the intensities, which are observed for the respective models are
significant. Figure 3.15 shows the straightforward analysis of the field distribution, presenting
the cross-sections of the intensity profile. The cut goes through the middle of the ridge. The
maximum enhancement I/l varies between 60-75 for models 1,2,3,5, and between 120-130 for
models 4,6,7. Note, that model 6 reaches the gain of 155 according to the graph, however, this

80



model 7

model 6

_ model 5
0,06 -
J model 4
0,05

0’04 _- model 3

0,03

20,02 1

model 2

ight (um)

0,01 1 model 1

0,00 —
100 200 300 400 500

period (nm)

Figure 3.11: Scheme of the modelled, single grating periods, which were used in numerical
calculations. The distribution of the irregularities is random, but the maximum height and
length are the same.
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Figure 3.12: The reflectivity coefficient R versus angle of incidence of excitation beam, calculated
by FDTD method for different numerical models, which differ in the distribution of the roughness
(see Fig. 3.11 for details). The maximum height of the irregularity is 3 nm and the maximum
length is 10 nm. The curve is added to guide an eye.
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Figure 3.13: FDTD calculations of the /Iy electromagnetic field distribution above the grating
surface. The simulations are performed for different numerical models (see Fig. 3.11 for details),
for optimal angle of incidence of excitation light. The figure presents one period of the grating.
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Figure 3.14: FDTD calculations of the I/ electromagnetic field distribution. The simulations
are performed for different numerical models (see Fig. 3.11 for details), for optimal angle of
incidence of excitation light. The figure presents one period of the grating.
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Figure 3.15: FDTD calculations of the I/ electromagnetic field. Cross-section through the
field distribution, taken in the middle of the ridge. The simulations are performed for different
numerical models (see Fig. 3.11 for details), for optimal angle of incidence.

is due to the local enhancement, which is not included in the comparison.

The significant discrepancies between the intensities of SPPs indicates that the plasmonic
coupling is very sensitive to surface roughness. The differences are caused by both, the grains of a
different size and various distributions. Based on the calculations, it is impossible to determine
which factor is more important. The periodic boundary conditions play a key role for the
explanation of the observed differences. Each numerical model of one grating period is repeated
infinitely, forming an unrealistic structure with the same profile on each of the ridges. The more
plasmon-friendly profile results in a strong enhancement, and the less plasmon-friendly shape
shows low intensity of SPPs. In the actual grating, the profiles between the individual ridges
differ from each other. This points to the need for more complex calculations of the actual
structure, which will be implemented in the numerical model.

For certain, the results indicate the importance of the precise nanofabrication of the trans-
missive grating. A gold substrate of a high quality and the accurate nanopatterning are required
to minimize the granulation of the structure, providing the efficient plasmonic coupling.

3.3.2. Rounded edges of the ridges

So far, each numerical model of the grating was based on the perfect cuboid. The sharp edges
of the ridge are a source of a strong, local plasmonic field, as shown in Fig. 3.4 for the perfectly
flat cuboid. In this paragraph, the origin of the local field is examined, by calculating the
modelled grating with rounded edges. Figure 3.16 presents two models used for the calculations.
Model 2 corresponds to the grating with rounded edges and a flat surface, whereas model 1 takes
into account the irregularities of the surface. Figure 3.17 shows the intensity distribution, which
was calculated for each model. The two distributions are very much alike, except for the small
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Figure 3.16: Scheme of the modelled grating periods, which were used in numerical calculations
for the grating with rounded edges. Model 2 describes the flat ridge and model 1 takes into
account the roughness of the grating surface.

--

Figure 3.17: FDTD calculations of the I/ electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light. The results are presented for
two types of the grating of the rounded edges: a) model 1 and b) model 2.
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Figure 3.18: FDTD calculations of the /I electromagnetic field. Cross-section through the
field distribution, taken in the middle of the ridge. The simulations are performed for optimal
angle of incidence of excitation light. The results are presented for two types of the grating of
the rounded edges ('model 1’ and 'model 2’), and the rectangular grating, which serves as a
reference ('plain’).

local excitation resulting from the presence of grains. The enhancement, which is observed in the
vicinity of the sharp edge for the modelled perfect cuboid, is also present for the grating of the
rounded edges. The quantitative analysis of the intensity of the rounded grating is presented in
Fig. 3.18. The figure compares the cross-section of the intensity I/ of the rounded gratings of
model 1 and model 2 with the intensity of perfectly flat, rectangular grating, marked as 'plain’.
The rectangular and the rounded grating of a flat surface shows the exactly same cross-section,
reaching the enhancement of 130 times the intensity of incident light. The slight discrepancy
is seen in comparison to the rounded grating with an introduced roughness, which is caused by
the modification of the surface, not the roundness of the edges. Due to the very good agreement
in terms of intensity distribution between the rounded and the rectangular gratings, the further
calculations are performed for the rectangular grating, taking into account the roughness of the
surface.

3.3.3. The actual size of the grating

The actual grating consisted of 183 grating periods, covering the area of 100 ym x 100
pum, surrounded by a plain gold surface ('plain’ corresponds to the area, which is continuous
and uninterrupted by the slits of the grating). Up to this point, all the calculations have been
performed for the modelled profile of a single grating period. Due to the boundary conditions,
the given period was repeated infinitely, creating the numerical model of a infinite grating. The
calculations, which are introduced in this section, deal with the actual size of the grating, here-
inafter refereed to as a finite grating.
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Figure 3.19: Scheme of the modelled grating, which were used in numerical calculations, pre-
sented for the middle, the left and the right edges of the grating. Model 'flat’ describes the
perfectly flat, rectangular grating, whereas model rough’ takes into account the roughness of
the surface.

Figure 3.20: FDTD calculations of the I/Iy electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light, of the intensity Ip. The intensity
distribution is presented for left edge of the perfectly flat finite grating. The five grating periods
and the area of plane gold are marked with white, solid lines. The cut through the intensity
distribution was taken 15 nm above the grating surface, indicated in the picture with black,
dashed line. The red arrow indicates the direction of the 780 nm excitation beam.

Two numerical models of the finite grating are considered. The models consist of 183 grating
periods, surrounded by 100 pm of flat gold on each side. Figure 3.19 presents the middle, the
left and the right edges of the modelled gratings. First model describes the rectangular grating
of a perfectly flat surface refereed to as ’flat’, whereas the second model takes into account
the irregularities of the surface, indicated as 'rough’. The maximum height and length of the
irregularities are 3 and 10 nm, respectively.

The periodic boundary conditions are imposed in the FDTD method. The presence of plain
gold separates the neighbouring gratings by 200 um.This distance seems to be large enough
to remove any residual plasmonic coupling between subsequent virtual gratings. This way the
SPPs behavior is calculated on a truly isolated, finite grating. The total numerical model of
a finite grating is therefore 300 pym long. Figure 3.20 presents the intensity distribution above
the left edge of the finite, perfectly flat, rectangular grating. The transmissive grating and the
plain gold, which surrounds the structure, are marked with white, solid lines. The obtained
electromagnetic field was used to compare the intensity distribution with the geometry of the
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Figure 3.21: FDTD calculations of the I/Ij electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light, for TE and TM polarizations.
The intensity distribution is presented for both, the rough and perfectly flat finite gratings (see
the corresponding descriptions). The two edges of the grating are denoted by blue, vertical lines,
given as a reference. Note the separate scales for TM and TE polarizations and upper and lower
graphs..

transmissive grating, for TE and TM polarizations. The intensity profile was determined by
a cross-section, taken 15 nm above the surface of the structure, as indicated with the black,
dashed line in Fig. 3.20. The distance of 15 nm corresponds to the commonly accepted value of
the separation between the grating surface and the NSOM probe during the measurements on
plasmonic near fields.

Figure 3.21 presents the total intensity distribution above the transmissive grating and the
plain gold. The distribution is shown for TM (red line) and TE (black line) polarizations of
the exciting beam. The process of SPPs’ build up takes place at the right side of the grating,
demonstrated by the very low intensity for TM polarized light. Then, in the middle of the
grating, the signal becomes stronger. The SPPs propagate outside the left edge of the grating,
and the enhancement of intensity reaches 50 for the rough model and 90 for perfectly flat grating.
The structure was illuminated from the left side of the grating (see Fig. 3.20), proving the SPPs
propagates backwards. Due to the plasmonic excitation, the TM polarization shows much higher
intensity than the TE case, reaching the TM/TE ratio equal 1000 for rough and 1800 for flat
gratings. The precise analysis of the intensity distribution with respect to the geometry of the
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Figure 3.22: FDTD calculations of the I/l electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light, for TE and TM polarizations.
The intensity distribution is presented for both, the rough and perfectly flat finite gratings (see
the corresponding descriptions), calculated at the left edge of the grating. The position of the
grooves of the grating is denoted by blue, vertical lines, given as a reference. Note the separate
vertical scales.

grating is impossible in the range of 300 pm due to resource demanding calculations. Therefore,
the separate results are presented for the center, the left and the right edges of the grating
structure in Figs. 3.22 — 3.24. The analysis demonstrates the position of minima and maxima
with respect to grating’s ridges and grooves. The TM signal possesses minima in the groove and
maxima in the middle of the ridge. The TE signal presents the reversed order. For the sake of
completeness, the intensity distribution above 3 grating periods and the respective cross-section
are presented in Fig. 3.25, revealing the exponential decay from the surface for TM polarization.
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Figure 3.23: FDTD calculations of the I/Ij electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light, for TE and TM polarizations.
The intensity distribution is presented for both, the rough and perfectly flat finite gratings (see
the corresponding descriptions), calculated at the center of the grating. The position of the
grooves of the grating is denoted by blue, vertical lines, given as a reference. Note the separate
vertical scales.
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Figure 3.24: FDTD calculations of the I/Ij electromagnetic field distribution. The simulations
are performed for optimal angle of incidence of excitation light, for TE and TM polarizations.
The intensity distribution is presented for both, the rough and perfectly flat finite gratings (see
the corresponding descriptions), calculated at the right edge of the grating. The position of the
grooves of the grating is denoted by blue, vertical lines, given as a reference. Note the separate
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Figure 3.25: a) FDTD calculations of the I/ electromagnetic field distribution over a rough
grating. The simulations are performed for optimal angle of incidence of excitation light, for TE
and TM polarizations. b) Cross-section in z direction (see the corresponding dashed lines) for
TE and TM polarizations of light.

3.4. Far Field examination

The quality of the nanofabricated transmissive grating is determined by far and near field
optical responses of the structure. Far field characteristics were provided by goniometric mea-
surements of plasmonic resonance, whereas the near field analysis was performed by NSOM
investigation, revealing the intensity of SPPs. Figure 3.26a presents the experimental setup,
which was used to carry out the measurements of the optical response. The combined system of
the NSOM and optical setup enables the simultaneous measurements of the plasmonic resonance
and intensity.

The procedure of the far field measurements is the following: the 780 nm laser beam (Toptica
DLX100) of a controlled power and polarization was directed to the polarization maintaining
fiber, followed by the second polarizing set up. The beam was reflected from the dielectric
mirror, up to the bottom (air-glass) side of the transmissive grating. The SPPs were excited
on the top (gold-air boundary) side of the grating. The transversal intensity distribution of
the reflected light was monitored on a CCD camera. The presence of SPPs is demonstrated
through an extinction in the reflected light intensity, caused by a phase difference between
specularly reflected and radiated light. The CCD images recorded for TE and TM polarizations
are shown in Fig. 3.26b, together with the respective cross-sections. The reflectivity coefficient
was calculated as a ratio of the intensity of the light at the grating to the intensity of the light
reflected from the plain gold. The setup was modified to perform goniometric measurements in
the full range of angles. The full angle dependency was measured without the simultaneous near
field observations.

The plasmonic resonance for a full range of angles was measured with the following steps:

e The light of a TM polarization was illuminating the grating at a given angle (the grating
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Figure 3.26: a) Schematic of the experimental setup, which was used for SPPs observation. The
system consists of the NSOM, and the optical setup. A\/2 is a half waveplate, PBS is polarization
beam splitter. b) The photos of the reflected beam for the optimum angle of incidence for TE i
TM polarized light, taken by a CCD camera, with the respective cross-sections.

was mounted on a precision rotational stage).

e The lens and the CCD camera were positioned to record an enlarged and sharp image of
the grating structure.

e The photo was taken by the default camera software EHDGrab. The typical picture is
presented in inset in Fig. 3.26b).

e The same procedure was repeated for the light of TE polarization and for 0-20° angles of
incidence.

Figure 3.27 compares the plasmonic resonances, which were measured via optical examination
and numerically calculated by RCWA and FDTD methods. The modelled structure of RCWA
assumed a perfectly flat, rectangular grating, whereas the FDTD incorporated the irregularities
of the gold surface. The model assumes a plane wave for SPPs excitation. For that reason, the
calculations of reflectivity coefficient cannot be applied for finite gratings, because a significant
part of the plane wave is reflected from the flat, gold surface, affecting the final result. Therefore,
both methods have employed the infinite type of structure.

The first minimum is located around 3° (glass-gold excitation), with experimentally achieved
reflectivity equal to 0.28, unimportant due to the location of the SPPs inside the sample. The
second minimum is located around 16° (gold-air excitation), reaching the coupling efficiency
68%, i.e. reflectivity equal to 0.32. The narrow and deep resonance indicates the excitation of
SPPs of a high efficiency. A very good agreement between the simulations performed by FDTD
and RCWA methods is observed, with a slight discrepancy between the reflectivity coefficient
calculated at the optimal angle of incidence (Rrewa = 0.26 and Rpprp = 0.39). The difference
quantifies the degree to which the plasmonic coupling is determined by the imperfections of the
surface. The discrepancy between the numerical calculations and the experimental points is
most visible at the position of resonances, caused by the implemented numerical model of the
grating (the infinite type structure, whereas the actual grating is of a finite type).
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Figure 3.27: Angle dependent zeroth order reflectivity of the 780 nm laser beam. Numerical
calculations performed by FDTD method are denoted by squares and circles. Solid lines indi-
cate the results simulated by RCWA technique. The far field measurements of the reflectivity
coefficient are presented by crosses and pluses. Black and red colours denote the TE and TM

polarizations of light, respectively.
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3.5. Near Field examination

The near-field techniques enable observation of the electromagnetic field in the vicinity of
nanofabricated structures [127]. The near-field scanning optical microscopy (NSOM) was devel-
oped to provide insight into electromagnetic field extending up to tens, or hundreds of nm in the
direction perpendicular to the surface, for visible and near-infrared light [128, , |. The
near-field measurements provide an opportunity to investigate the physical processes, such as
extraordinary optical transmission of light on periodically patterned structures [131, |, light
propagation in photonic crystal waveguides [133, | and dynamics of plasmonic nanoanten-
nas [135, |- The knowledge about the near field distribution is crucial for the design of a
number of devices, e.g. nanomanipulators [121, |, sensors based on surface enhanced Raman
spectroscopy |5], plasmonic sensors |1 1], surface plasmons-based circuits |1 20], electro-optic plas-
monic modulators [123], and chip-scale atomic devices [121]. The understanding of near fields
is also necessary for the construction of structured optical potentials for cold atoms, e.g. atom
mirrors and plasmonic surface traps [15, 19, 75, 84].

The SPPs are a common object of study by near-field techniques, both, the localized and
propagating SPPs |3, and references therein|. First near-field observation of SPPs was performed

on a flat, silver film [137, ) , 140]. Other studies include mapping the near field associated
with metallic waveguides based on: stripes [111, |, nanowires 143, , , |, cavities
[147], nanoparticles [118, |, or gold film surface covered with randomly positioned scatterers
[150, 151]. The plasmonic modes were also imaged in gold nanorods [152], gratings [117, ,

, |, slits [114, ) |, metallic discontinuities [153], Au-Al heterostructure [154, ],
and nanoholes [156, ) |- Using NSOM imaging of inhomogenous nanoscale structures, the

dependence on the handedness of the circularly polarized incident light was revealed [159]. Apart
from localized and propagating SPPs, also the standing waves of SPPs, have been observed by
NSOM technique for a variety of structures [160, and references therein|, including a set of nano-
slits [161, 162]. The propagation length has been widely studied with NSOM technique, e.g. for
prism configuration [140, 163], metallic discontinuities [153], nanowires [115] and gratings [60,

|- The enhancement in the propagation length for a buried diffraction grating in comparison
to the usual one, is described in [117].

So far, only the qualitative analysis of the intensity distribution have been studied. In this
section, the direct observation of SPPs is presented with a fully quantitative description of the
excitation of SPPs on a nanofabricated transmissive structure.

Figure 3.26 presents the experimental setup for near field measurements, with simultaneous
control of plasmon resonance in far field. The near field distributions were imaged by Nanonics
MultiView 1000 Scanning Near Field Microscopy, integrated with an optical microscope. The
entire structure was scanned, including the grating and tens of ym beyond, with a single scan
size of 20 pm x 20 um. The scanned area was observed in real time via optical microscope. The
structure was imaged with multimode, Cr-Au coated fibers of two diameters: 50 and 100 nm,
operating in contact, in a collection mode. The signal was collected through NSOM aperture,
and detected with a photomultiplier, revealing the intensity of the electromagnetic field. The
topography of the surface was measured with the same NSOM probe, working as an atomic force
microscope (AFM).

The various parameters are taken into account during the near field studies, such as polariza-
tion of light, angle of incidence and the effective separation between the NSOM aperture and the
grating surface. For each NSOM measurement the corresponding FDTD simulations have been
performed, taking into account the finite size of the grating. The modelled structure consisted
of 100 pum of grating periods, surrounded by plain, gold surface of 100 um on each side of the
grating.
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Figure 3.28: Electromagnetic field enhancement above the transmissive diffraction grating and
topography of the surface measured by NSOM (AFM part). a) Qualitative comparison for
polarization of light varying gradually between TE and TM. The polarization was varied within
a single measurement cycle. b) Topography of the surface.

3.5.1. TM/TE polarization of light

Figure 3.28 presents the intensity distributions, and the corresponding topography of the
surface, taken at the center of the grating for different states of polarization. The state of
polarization was varied from TM to TE polarization, by the rotation of the orientation of the
polarization plane with the half-wave plate, with the step of 7.5°. Different polarizations of light
were investigated in a single NSOM cycle in order to obtain a reliable comparison. The near
field distribution has significantly changed due to the rotation of the polarization plane. The
minima and maxima switch their positions between TM and TE cases. Likewise, the strength
of the signal decreases with the vanishing excitation of SPPs (this is, from TM to TE).

More thorough analysis is introduced in Fig. 3.29. Figure 3.29a presents the signal, which
was by detected by NSOM at the center of the grating. The image of the intensity distribution
and the respective cross-section are presented for TM and TE polarized light. The red colour
on the graphs denotes the TM polarized light, whereas the black describes the TE polarization.
The numbers expressed in kHz denote the quantity, which is proportional to photon counts. To
compare the intensity distribution with the geometry of the grating, two of the grating slots are
denoted by black, dashed line in the plot. The results of numerical simulations are shown in Fig.
3.29b, taking into account the irregularities of the surface for a finite grating (the figure presents
only 13 grating periods periods out of 183 for comparison). The position of maxima and mainima
with respect to grating’s geometry are well matched for the simulations and experiment. The
maxima of the TM polarized light occur in the middle of the ridge, whereas the maxima of TE
case can be found in the vicinity of the groove. The diameter of the fiber aperture is 50 nm,
excluding the Cr-Au cladding, and the width of the slot is 40 nm. The spatial integration of the
collected signal over the probe diameter slightly widens the recorded maxima in comparison to
the FDTD simulated signal. For both, calculations and experiment, the TM case gives stronger
signal than the TE. Quantitatively, a typical TM/TE ratio measured by NSOM is 10, and
the highest recorded ratio was 40. According to the FDTD calculations, the TM/TE ratio is
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Figure 3.29: Electromagnetic field intensity above the transmissive diffraction grating imaged
by NSOM (a) and calculated with FDTD method (b) for TE and TM polarized light. Quanti-
tative analysis of the respective cross-sections, obtained for TM and TE polarizations of light is
presented underneath. Two of the grating slots, based on the AFM topography, are denoted by
black dashed lines. Note the break in the vertical axis.
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expected to be more than 500. The disagreement of a factor of 10 can be readily explained by
the operation method of NSOM.

The signal, which is measured by NSOM, comes from the out of plane and in plane electric
field components. The out of plane component corresponds to the direction perpendicular to the
surface of the structure, whereas the in plane is parallel to the surface. For the aperture-type
probes, the out of plane component is greatly suppressed in NSOM detection, as shown in [127].

The electric field of SPPs possesses the following nonzero components:

e For TM polarization of light: E, (in plane) and E, (out of plane).
e For TE polarization of light: E, (in plane).

Therefore, the total electric field of TE polarized light is detected by NSOM, whereas for the
TM polarization, the E, component is weakly detected by the probe. Figure 3.30 shows the
contribution of the respective components of the TM polarization of light. A quantitative
comparison in Fig. 3.30a determines the E? component being the main contribution to the
total intensity, 20 times stronger than the E2 component. Thus, the plasmonic enhancement
is mostly caused by E, component, not detected by NSOM, which qualitatively explains the
differences between the TM/TE ratios obtained for NSOM detection and calculations.

For the sake of completeness, the presence of the interference pattern in glass in Fig. 3.30b is
due to the interference between the leakage radiation [164] and incident and reflected plasmonic
beams. The angle of incidence of the excitation beam is 15.4° and the calculated angle of leakage
radiation is 43°, both measured in glass.

3.5.2. Poynting flux calculations

In order to quantitatively examine the discrepancy between FDTD intensity distribution and
NSOM results, the presence of the fiber probe has been taken into account in the calculations.
The modelled structure is presented Fig. 3.31a. The numerical model consisted of 20 ym long set
of grating periods, modified by the irregularities corresponding to the topography measurement.
Note, that this is the infinite type of the structure; the calculations on the finite case were
infeasible due to the required computing power and time. The NSOM probe consisted of a
trapezoid-like, glass structure of a 50 nm diameter, covered with 100 nm of gold coating, placed 15
nm above the grating structure. The typical results obtained for TM and TE polarization of light
are shown in Fig. 3.31b. The power transmitted through the aperture into the probe is calculated
by integrating the Poynting vector over the cross-section of the core. The Poynting flux has been
calculated with the built-in flux function, 5 um above the tip apex. After calculating the flux
in one position, the simulations have been repeated, scanning more than one period in total,
with a step of 50 nm. Figure 3.31c presents the quantitative comparison between the Poynting
flux and the intensity distribution I/, calculated without the NSOM presence, for TE and TM
polarizations of light. The compared values agree on shape of the intensity distribution for both
polarizations, therefore, it matches also the NSOM signal. The TM to TE ratio determined
by I/Iy equals 2000, whereas the one driven by Poynting flux gives factor of 200, reducing the
no-probe ratio ten times, giving the previously missing factor of 10. This proves, that the out of
plane component of electric field is greatly suppressed in NSOM detection, and shows that our
quantitative comparison between NSOM measurement and FDTD simulations is correct.

The analysis suggests that for the calculations of the TM/TE ratio, it is more reliable to
calculate the Poynting flux instead of the intensity distribution I/Iy. However, these calculations
are unrealizable for the finite gratings, and since the Poynting flux reproduces the shape of the
distribution of I /Iy, all the following simulations are carried out for the numerical model without
the NSOM probe. In addition, for any further experiments, i.e. plasmonic sensor or atomic
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Figure 3.30: FDTD simulations of electromagnetic field enhancement above the transmissive
diffraction grating for TM polarization of light. a) The comparison between the total intensity
I/Iy and the corresponding electric field components E, (in plane) and E, (out of plane). b)
Amplitudes of F, and E, on the left edge of the grating. The maxima of interference pattern,
resulting from interference between the incident and reflected light and leakage radiation, are
schematically marked with white lines.
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Figure 3.31: FDTD simulations of electromagnetic field enhancement above the transmissive
grating. a) Scheme of the modelled structure with a NSOM probe. b) The respective intensity
distributions for TE and TM polarization of light. ¢) Poynting flux calculated for TM (red

squares) and TE (black circles) polarization of light, compared with the intensity distribution
1/1y, calculated without the NSOM presence (solid and dashed lines).

100



mirror, the knowledge of the actual field distribution is crucial (the field, which is not affected
by the probe).

3.5.3. Area of the grating

The intensity distribution was measured for the entire sample’s area, with a single scan size
up to 20 pm x 20 um. The following areas are distinguished: the right edge, the center, the left
edge, and outside the left edge (the excitation beam illuminated the structure from the left side).
Figure 3.32 presents the specified areas, which are marked with white squares, in relation to the
grating structure (black, dotted square). The real-time scanning area was observed through the
optical microscope — the relevant images are included on the left side of the figure. The picture
of the scanned area is completed with FDTD simulations and the NSOM measurements for TE
and TM polarization of light, imaged together in a single measurement cycle. The quantitative
comparison is shown in Fig. 3.33 for the SPPs excitation on a grating.

Right edge of the grating The intensity of the TM polarized light is very low at the right
edge of the grating. This proves the process of SPPs build-up, reaching the enhancement of 10
at 15 pm from the right edge.

The center of the grating The center of the grating was extensively discussed in the previous
section, i.e. Sec. 3.5.1. Both, the signal and the contrast become stronger, in comparison to the
right edge of the grating for TM polarization.

Left edge of the grating The signal observed for TM polarization of light is significantly
stronger than the signal obtained for TE case, reaching the enhancement of 40 times the intensity
of the incident light.

Outside the left edge of the grating Although there are no grooves outside the grating
area, the presence of interference fringes is observed for the TM polarization of light, revealing
the fringes of a high contrast and high intensity. The presence of the fringes is due to the in-
terference between the propagating SPPs, and the incident beam, which leaks through the gold
layer. For the TE case there is only a residual amplitude of the fringes outside the grating.

The comparison between the numerical simulations and the intensity distribution measured
by NSOM is very accurate throughout entire grating area. The analysis shows, that the SPPs
propagate backwards, as expected (it results directly from the dispersion relation for SPPs
excited on the grating, for our set of parameters). The propagation length £p is given by eq.
1.3.18, valid for a flat surface of an infinite thickness. The length describes the distance, at which
the intensity of SPPs decreases e times, giving for a flat gold §Iéla’t = 43 pm. As mentioned in
the Introduction, the propagation length in the case of the thin layers decreases by a factor of
2 due to the leakage radiation. This is confirmed by the numerical simulations for a perfectly
flat grating (i.e. no irregularities on the surface). The exponential function ~ exp (—xz/&p)
has been fitted to the intensity distribution calculated for a perfectly flat grating, revealing
{’;,erf = 21 pm, which is half of the analytical calculations. Likewise, the same function has
been fitted to the intensity distributions, which correspond to the actual grating (Fig. 3.33),
for both, FDTD simulations of the rough grating, and the NSOM signal. The numerically
calculated propagation length is ¢E5PTP = 12.9(0.1) pm and is consistent with the experimentally
measured value (EXF = 11.5(2.0) ym. In addition, the presented intensity distribution allows
one to quantitatively describe the SPPs build up. The numerical and experimental intensity
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Figure 3.32: Electromagnetic field intensity above the transmissive diffraction grating measured
by NSOM and calculated by FDTD method for TE and TM polarizations of light. The com-
parison is shown a) outside the left edge, b) on the left edge, ¢) in the center, d) on the right
edge of the grating. The respective area is marked in the images taken by optical microscope.
The white square corresponds to the scanning area, whereas the black, dotted square indicates
the grating.
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Figure 3.33: Electromagnetic field intensity distribution above the transmissive diffraction grat-
ing calculated by FDTD method (a) and measured by NSOM (b) for TM polarized light. The
particular areas of the grating are shown by images taken with the optical microscope.

profiles are very accurately characterized by an analytic formula I /Iy ~ (1—exp ((z — 20)/£D))?,
where £p is the amplitude decay length [165]. The calculated values of the decay length are
¢EPTD = 30.3(0.1) and ¢EXP = 31(2) pm, for FDTD simulations and NSOM observation,
respectively.

Corners of the grating For the sake of completeness, the plasmonic excitation on the corner
of the grating is presented in Fig. 3.34. The observation of SPPs on the corners confirms that
the SPPs build-up on the right edge of the grating, and propagate outside the left edge. The
intensity of the TE signal is equal on both edges, whereas the TM signal shows a significant
variation in the detected intensity between the edges.

3.5.4. Nonoptimal angle of incidence

The near field distribution was also measured for the nonoptimal angles of incidence of the
excitation beam. The measurements have been performed for TM and TE polarization of light
and four angles of incidence. The angle is given as a deviation from the optimal angle, i.e. 0°,
0.3°, 0.8° and 1.1°. The NSOM images are presented in Fig. 3.35, together with the respective
cross-sections of the intensity distributions. The strongest plasmonic signal is observed for the
optimal angle of incidence, as expected. Then, the contrast weakens with the increasing deviation
from the optimal angle. The same measurements, performed for TE polarized light, show no
differences between various angles of incidence.
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Figure 3.34: Electromagnetic field enhancement above the transmissive diffraction grating mea-
sured by NSOM for TE and TM polarized light, taken during one measurement cycle on the
bottom corners of the grating.

3.5.5. The probe-surface separation

The amplitude of SPPs decays exponentially in the direction perpendicular to the surface,
which can be precisely examined by the NSOM technique. However, in Nanonics MultiView
1000 SNOM the position of the probe with respect to the level of the structure is not known
when the probe leaves the contact mode (in the AFM sense). Therefore, only the qualitative
measurements on the probe-surface separation were performed. The change of the separation
was controlled by option ’withdrawn’, provided by the software, which vertically shifted the
probe from the surface by a unknown distance.

Figure 3.36 presents the intensity imaged by NSOM for three different positions of the probe,
with the respective cross-sections. The first position, marked as ’in contact’, corresponds to the
contact position between the probe and the surface. The positions 'withdrawn (1 step)’ and
'withdrawn (2 steps), describes the probe which is shifted vertically with 1 and 2 steps, respec-
tively. The results reflect the nature of SPPs, showing the strongest signal for the measurement
taken in contact, and significant weakening of the intensity with the growing distance from the
surface.

3.5.6. Contamination of the surface

Figure 3.37a presents the peculiar shapes, which emerged on the grating structure after two
days of the NSOM investigation. The double-like fringe structure is observed due to microscopic
contamination of the gold surface. All the near field measurements were carried out in air (i.e.
no under vacuum). Although many precautions have been taken, the sample has been exposed
to organic contaminants from air conditioning and other unwanted factors, which deteriorate the
quality of the surface. The grating was successfully decontaminated by Dr. Pawet Dabczynski
in a plasma cleaner, recovering the proper plasmonic resonance (see Fig. 3.37b). Thus, it is
highly suggested to keep the sample in a vacuum after the fabrication process until it is applied
in further experiment.

As a side effect, an extraordinary sensitivity of the structure to the contamination is con-
firmed, making this grating a promising structure for plasmonic sensors.
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Figure 3.37: Electromagnetic field enhancement above the transmissive diffraction grating mea-
sured by NSOM for TM and TE polarized light, taken during one measurement cycle. a) The
NSOM observation of a transmissive grating with contaminated surface. b) The same grating
structure, after plasma cleaning.
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Chapter 4

Conclusions

This thesis discusses the plasmonic near field potentials for plasmonics, sensors and cold
atoms. The near fields are associated with Surface Plasmon Polaritons in the vicinity of the
metallic reflective and transmissive grating structures. The use of SPPs enables the design
and fabrication of complicated dipole potentials, which are tailored with subwavelength reso-
lution, unlike the typical magnetic or optical potentials, in which spatial resolution is limited
by technology and diffraction. Therefore, the plasmonic potentials are a promising platform for
nanomanipulation, ultrasensitive detection and surface trapping of cold atoms.

The thesis discusses two types of plasmonic structures: reflective and transmissive grating
couplers. The main observations and findings, which are reported in the thesis, are summarized
below.

1. Reflective structures and Optical Dipole Mirror, published in [75].

— The widely available optical discs: DVD+R and DVD+RW can be successfully used
as very efficient plasmonic couplers.

— The AFM examination of optical discs revealed the topography of the internal layers
of DVDs, which was later included in numerical simulations.

— The RCWA simulations showed the most effective plasmonic resonance of recordable
optical discs for the top (labelled) polycarbonate layer. The rewritable optical discs
provide the most effective plasmonic coupling for the bottom (transparent) layer.

— The RCWA and FDTD simulations showed that the DVD based structures are most

effective for near-infrared light (780 nm) [105] However, other wavelengths such as
633 nm and 1083 nm can be used as well, especially with potassium and caesium
atoms.

— The described method of optical discs modification provides sharp plasmonic reso-
nances with 95% coupling efficiency.

— The goniometric far field zeroth-order reflectivity measurements confirmed the high
quality of plasmonic resonances.

— The DVD based structure was successfully implemented in ODM for cold rubidium
atoms, with the mirror efficiency of 100% (based on the comparison between the
measurements and numerical simulations). The ODM experiment indirectly proved
the intensity of SPPs reaching 90 times the intensity of the excitation beam for a
particular structure. See also [110].

— The most effective DVD based structure revealed the calculated enhancement of 220
with respect to the intensity of the excitation beam.
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2. Reflective structures and thermal plasmonic effects, published in [75, |.

— The SPPs excitation on DVD based structures is accompanied by thermoplasmonic
effects.

— The increase of the temperature on a plasmonic grating is significant at laser powers
greater than several milliwatts. The high temperatures cause the thermal damage of
the grating and prompt deterioration of plasmonic coupling efficiency.

— The thermal plasmonic effects can be limited by introducing the quasi-pulsed exci-
tation regime in the ODM experiment. Slightly stronger pulses can be employed to
reduce the rubidium adsorption of the gold surface

— The measurements of energy conversion revealed the unknown mechanism of SPPs
energy dissipation.

3. Transmissive structures, written up in a preprint [167].

— The RCWA numerical calculations of the parameters of the transmissive grating at
780 nm revealed the optimum grating period of 550 nm, the grating height of 55 nm,
and a slot width of 40 nm.

— The FDTD numerical simulations of intensity distribution proved the importance
of surface quality. The strongest SPPs intensity is observed for perfectly flat sur-
face. However, the microscopic analysis of the structure showed that the presence of
spherical-like shaped grains is inevitable.

— For the calculations of SPPs intensity, the numerical model must take into account
the corrugation of the flat surface and finite size of the grating.

— The goniometric far field zeroth-order reflectivity measurements confirmed the narrow
and deep plasmonic resonance, reaching the coupling efficiency of 68%.

— The direct near field observation of SPPs intensity by NSOM showed the processes
of the build-up and propagation of SPPs. The propagation length equals to 11.5 um
(outside the grating), and the build up rate, which characterizes the growth rate is
31 pm (within the grating). The values are consistent with FDTD calculations and
prove, that the presence of the surface corrugations reduces the propagation length
in comparison to the perfectly flat surface, roughly by half.

— The generated field builds up along the grating, so the effective area of the plasmonic
field appears smaller than the grating size. On the other hand, the SPPs propagate
also outside of the grating. Both features are crucial in the design of nanostructures
for cold atoms.

— The different intensity distributions are observed for TM and TE polarized light, both
in NSOM imaging and FDTD calculations. The maxima of the TM polarization occur
in the middle of the ridges, whereas the maxima for TE case were found in the vicinity
of the grooves.

— The NSOM analysis compared with FDTD calculations revealed that the aperture-
type probe does not couple the out of plane component of the electric field. The
results confirm the widespread notion shown in [127]. However, there are works,
which anticipate that the two field components contribute to the detected signal
equally [161]. The findings of this thesis throw a new light on the matter, revealing
the quantitative analysis, in favour of the findings presented in [127].
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— Only the numerical model which takes into account the presence of the surface corru-
gations and finite size of the grating gives consistent results with near field observa-
tion. The fully quantitative comparison between the NSOM observation and FDTD
calculations requires calculating Poynting flux. The SPPs intensity is 50 times greater
than the intensity of the excitation beam.

These findings indicate that both, reflective and transmissive gratings studied here are ef-
fective plasmonic structures. The efficient plasmonic coupling makes the structures a promising
tool for cold atoms experiments and ultrasensitive plasmonic sensing. With the experience gath-
ered in Sec. 2.5, the construction of ODM based on the transmissive grating is being currently
realized in the Laboratory. The implementation of transmissive grating separates the excitation
beam from the magneto-optical trap, preventing the unwanted photon scattering. The ODM can
be further used for construction of surface trap for cold atoms, as proposed in [85, 21, 86, 87],
as well as in other atomic devices [15, 19].

The narrow and deep resonances, which were observed with far field goniometric measure-
ments, prove that the investigated types of gratings are an effective base for ultrasensitive plas-
monic sensing |11, 5]. This is also confirmed by the high sensitivity to any contaminations. The
thermoplasmonic effects, discussed in Sec. 2.4, can be effectively used in biophysics for bacteria
sterilization [168].

The numerical simulations presented in Sec. A provided the fully quantitative description
of SPPs intensity, proving the numerical method to be correct. The numerical analysis can be
further used to calculate the near field distribution, which is crucial for the design of a number
of devices, e.g. nanomanipulators [121, 122], surface plasmons-based circuits [120], electro-optic
plasmonic modulators [123], chip-scale atomic devices [124], and the aforementioned sensors
[11, 5] and atomic devices [15, 19, 75, 84].
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Contribution of the Author

The cold atom experiments often require a team of people to operate and advance the ex-
periment. The magneto-optical trap was constructed by the Author and Roman Panag (PhD
student at that time). Similar applies to the investigation of the MOT operation, the procedure
of optimization and measurements during ODM experiment (the mirror based on a reflective
grating). The results, obtained together with Roman Panas, are presented in Fig. 2.29. The
numerical simulations presented in Fig. 2.30 and Fig. 2.31 were performed by Roman Panas,
excluding the RCWA simulations of the intensity distribution, which were carried out by the
Author. The entire experimental setup was rebuilt for another type of ODM (mirror based on
a transmissive grating), in a cooperation between the Author and Piotr Sowa (current PhD
student).

All other measurements, calculations, data processing, and analysis, which are presented
in the thesis, were made entirely by the Author. This includes the full characterization of
optical discs, AFM investigations, thermoplasmonic measurements and calculations, RCWA
and FDTD numerical simulations of plasmonic resonances and intensity distributions, optical
characterization of reflective and transmissive structures, and near field measurements.
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Appendix A

Numerical simulations

In the thesis, the two numerical methods have been used for calculations of the plasmonic
structures: Rigorous Coupled Wave Analysis and Finite Difference Time Domain.

The calculations for plasmonic structures require the knowledge of the dielectric constant
of gold, or any other dielectric/metal, which is implemented in the simulations. The dielectric
constant is determined by theoretical models, or measured in the experiment |

|- In the thesis, the refractive indices of gold are:

7 Y 7 ?

0.18344 + 3.4332¢ at 633 nm,

0.14737 + 4.74144 at 780 nm,

0.14891 + 4.7830¢ at 785 nm,

0.26760 + 7.1115¢ at 1083 nm.

The numerical calculations were run on a 4-core computer with 32 GB RAM.

A.1. Rigorous Coupled Wave Analysis

The Rigorous Coupled Wave Analysis (RCWA) is a computational method, which solves
scattering problems, and is mostly used for periodic structures [174]. In the method, the struc-
ture is divided into the layers, uniform in the direction perpendicular to the surface of the planar
structure, with the two additional layers, which surround the structure. In the area of the struc-
ture, the periodic permittivity function is expanded in the Fourier series, and the respective
components of the TM/TE electromagnetic field are written via the plane wave expansion. The
Maxwell equations are turned into the set of differential equations, and with the proper boundary
conditions, expanded into Floquet functions and transformed into algebraic equations.

The RCWA calculations were carried out via Matlab-based rewa-1d script, created by Pawel
Kviecien from Optical Physics Group, University in Prague. The script was modified for near-
infrared plasmonic grating optimization firstly by Dobrostawa Bartoszek-Bober [105] and then
by the Author.

A.2. Finite Difference Time Domain

The Finite Difference Time Domain (FDTD) is a class of grid-based numerical methods,
which solve time-dependent Maxwell’s equations in a partial differential form. Based on the
equations, every alteration in the electric field in time (OE/0t) affects the value of the magnetic
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field in space (V x H), and conversely. In the FDTD methods, the changed value of E (or H)
in time, affects the stored value of the field, and the numerical curl of the H (or E) field in
space. In 1966, Kane Yee’s proposed a method, which discretizes the equations through finite
volume cubic cells [175], covering the total calculated area. The electric £ and H fields are
determined over each cell. The vector components are distributed in such a way, that each
electric field component is located midway between a pair of magnetic field components, and
vice versa. The boundary conditions around the calculated area minimize the reflection and
provide the maximal absorption of electromagnetic waves. The material constants of each cell
are specified, e.g. permeability, permittivity, and conductivity.

The FDTD calculations were performed using commercially available EM Explorer, employ-
ing the built in script Surface Plasmon Resonance (SPR) Produced by Grating. The original
script has been modified a number of times, as needed. The calculations of the structures with
any geometry were introduced, by implementing the structure parameters from an external file.
This way a random surface roughness and other features were taken into account. Also, the
multiple loops were used, enabling the automatic scanning of many parameters.

A.2.1. EM Explorer script

The rectangular structure

The script has been used to calculate the diffraction efficiency and the intensity of the
electromagnetic field, for the rectangular transmissive grating, for any given number of grating
periods and length of the flat surface outside the grating.

# Material properties
set L 0.78

set n_GL 1.51

set n_VAC 1.0

set k_GL 0.0

set k_VAC 0.0

# Grating properties
set PITCH 0.55

set WIDTH 0.0

set HEIGHT 0.055

set NP 183; # number of grating pitches
set W 100.0; # grating-free region size

# Yee cell size
set GRIDSIZE 0.01; #0.005; # user should try a smaller gridsize for better accuracy

# Simulation domain size

set LX [expr $PITCH * $NP + 2.0 * $W]
set LY $GRIDSIZE

set LZ 5.0

set OUTFILE [open "filename.txt" w]
puts $0UTFILE " theta R"
close $0UTFILE

# Number of Yee cells

set NX [expr int($LX/$GRIDSIZE+0.5)]
set NY [expr int($LY/$GRIDSIZE+0.5)]
set NZ [expr int($LZ/$GRIDSIZE+0.5)]

for {set THETA 15.4} {$THETA <15.8} {set THETA [expr $THETA+0.6]} {
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set ID $THETA
### Setup FDTD grid
emxp::grid lx=[expr 1*$LX] 1ly=$LY 1z=$LZ nx=$NX ny=$NY nz=$NZ nO=$n_GL kO0=$k_GL

### Setup FDTD geoemtry

set n_Au [expr -0.27830938+0.85820907*3$L-0.58519103*$L+$L+0.23758361*$L*$L*$L]
set k_Au [expr -1.62161159+8.00501576*$L]

#

set XC [expr 0.5*$LX]

set YC [expr 0.5*$LY]

set ZC [expr 0.5%3$LZ]

set XW $LX

set YW 1.0

set ZW $HEIGHT

emxp::solid shape=box xc=$XC yc=$YC zc=$ZC xw=3$XW yw=$YW zw=3$ZW n=$n_VAC k=$k_VAC

for {set i 0} {$i < $NP} {incr i} {
set XC [expr 0.5%$W]; #podklad zloty z lewej
set ZC [expr 0.5%$LZ]
set XW [expr $W]
set ZW $HEIGHT
emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=%$n_Au k=$k_Au

for {set i 0} {$i < $NP} {incr i} {
set XC [expr 1.5*%3W+$NP*$PITCH]; #podklad zloty z prawej
set ZC [expr 0.5%$LZ]
set XW [expr $W]
set ZW $HEIGHT
emxp: :solid shape=box xc=$XC yc=3$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=%$n_Au k=$k_Au

for {set i 0} {$i < $NP} {incr i} {
set XC [expr $W + $PITCH * ($i + 0.5)]; #cokolik zloty
set ZC [expr 0.5%$LZ]
set XW [expr $PITCH-$WIDTH]
set ZW $HEIGHT
emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$%$n_Au k=$k_Au

#vacuum

set XC [expr 0.5*$LX];#obszar nad siatka

set YC [expr 0.5*$LY]

set ZC [expr 0.5*$LZ+0.5+$HEIGHT+0.5* ($LZ- (0.5*$LZ+0.5+x$HEIGHT))]

set XW $LX

set YW 1.0

set ZW [expr $LZ-(0.5*$LZ+0.5+*$HEIGHT)]

emxp::solid shape=box xc=$XC yc=3$YC zc=$ZC xw=3$XW yw=$YW zw=3$ZW n=$n_VAC k=$k_VAC

### Setup FDTD incident field (i.e., p-polarized planewave)
emxp: :planewave2 wavelength=$L z_source=[expr 0.03*$LZ] theta=$THETA phi=0
ep_amp=1 es_amp=0 ep_phz=0.0 es_phz=0.0

### Setup FDTD convergence monitor
emxp: :convergence i=[expr $NX/2] j=0 k=0 samples_per_cycle=0.1 sample_size=10

tolerance=0.001

#emxp: :snapshot property=intensity file=I_filename imin=0 imax=$NX jmin=0 jmax=0
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kmin=0 kmax=$NZ;

### Run FDTD solver
emxp::run n_cycles=1000

set ROO [emxp::diffraction_efficiency field=reflected type=individual m=0 n=0]

emxp: :output property=intensity imin=0 imax=$NX jmin=0 jmax=0 kmin=0 kmax=$NZ
file=I_filename.vtk

# Save data to file

set OUTFILE [open "filename.txt" a]
puts $0UTFILE " $THETA $ROO"

close $OUTFILE

### Reset FDTD solver before next loop
emxp: :reset
}; # THETA loop

exit

The structure from file

The script has been used to calculate the diffraction efficiency and the intensity of the
electromagnetic field, for the rectangular transmissive grating, for a structure profile given by
the external files. The calculations of the script are time-consuming, taking from a few hours
up to few days to calculate the intensity distributions and plasmonic resonances.

# Material properties
set L 0.78

set n_GL 1.51

set n_VAC 1.0

set k_GL 0.0

set k_VAC 0.0

# Grating properties
set PITCH 0.55
set WIDTH 0.04
set HEIGHT 0.055

set NP 50; # number of grating pitches
set W 0.0; # grating-free region size
# Read data from file

set dx 0.01

set FILENAME "profile.txt"
set FILE [open $FILENAME "r"]
set TEXT [read $FILE]
close $FILE
set LINES [split $TEXT "\n"]
set profile [list]
foreach LINE $LINES {
if {$LINE == ""} {continue}
lappend profile [expr double($LINE)]
}
set npts [llength $profile]
puts "$npts points read"

# Post-process the profile to compact the data
set profile2 [list]
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set x1 0.0
set pl [lindex $profile 0]
set x 0.0
foreach p $profile {
set x [expr $x+$dx]
if {$p != $p1} {
lappend profile2 [expr $x - $x1]
lappend profile2 $pil
set x1 $x
set pl $p

}
lappend profile2 [expr $x - $x1]
lappend profile2 $pil

set FILENAMEa "filename.txt"
set FILEa [open $FILENAMEa "r"]
set TEXTa [read $FILEal
close $FILEa
set LINESa [split $TEXTa "\n"]
set profilea [list]
foreach LINEa $LINESa {
if {$LINEa == ""} {continue}
lappend profilea [expr double($LINEa)]
}
set nptsa [llength $profileal
puts "$nptsa points read"

# Post-process the profile to compact the data
set profile2a [list]
set xla 0.0
set pla [lindex $profilea 0]
set xa 0.0
foreach pa $profilea {
set xa [expr $xa+$dx]
if {$pa !'= $plal} {
lappend profile2a [expr $xa - $xlal
lappend profile2a $pla
set xla $xa
set pla $pa

}
lappend profile2a [expr $xa - $xlal
lappend profile2a $pla

# Yee cell size
set GRIDSIZE 0.01; #0.005; # user should try a smaller gridsize for better accuracy

# Simulation domain size

set LX [expr $PITCH * $NP + 2.0 * $W]
set LY $GRIDSIZE

set LZ 9.9

# Number of Yee cells

set NX [expr int($LX/$GRIDSIZE+0.5)]
set NY [expr int($LY/$GRIDSIZE+0.5)]
set NZ [expr int($LZ/$GRIDSIZE+0.5)]
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for {set THETA 15.4} {$THETA <=15.4} {set THETA [expr $THETA+0.4]} {

set ID $THETA
### Setup FDID grid
emxp::grid lx=[expr 1*#$LX] 1ly=$LY 1z=$LZ nx=$NX ny=$NY nz=$NZ nO=$n_GL kO=$k_GL

### Setup FDTD geoemtry

set n_Au [expr -0.27830938+0.85820907*$L-0.58519103*$L*$L+0.23758361*$L*$L*$L]
set k_Au [expr -1.62161159+8.00501576%$L]

#

set XC [expr 0.5*$LX]

set YC [expr 0.5%$LY]

set ZC [expr 0.5%$LZ]

set XW $LX

set YW 1.0

set ZW $HEIGHT

emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$n_VAC k=$k_VAC

#vacuum->glass

set XC [expr 0.5%3LX];#obszar nad siatka

set YC [expr 0.5%$LY]

set ZC [expr 0.5%$LZ+0.5*$HEIGHT+0.5% ($LZ- (0.5%$LZ+0.5*$HEIGHT))]

set XW $LX

set YW 1.0

set ZW [expr $LZ-(0.5*$LZ+0.5+$HEIGHT)]

emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=3YW zw=$ZW n=$n_GL k=$k_GL

set position [expr 0.5*$LX-0.6]

# surface glass
set x 0.0
foreach {w p} $profile2 {
set XC [expr $x+0.5*$w]
set YC [expr 0.5%$LY]
set ZC [expr 0.5%$LZ+0.5%$p]
set XW $w
set YW 1.0
set ZW $p
if {$p < [expr 0.5*$HEIGHTI} {
emxp::solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$n_Au k=$k_Au
} else {
emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=3YW zw=$ZW n=$n_Au k=$k_Au
}

set x [expr $x+$w]

#surface au

set xa 0.0
foreach {wa pa} $profile2a {
set XC [expr $xa+0.5x$wal
set YC [expr 0.5%$LY]
set ZC [expr 0.5%$LZ+0.5*$pal
set XW $wa
set YW 1.0
set ZW $pa
if {$pa < [expr 0.5*$HEIGHT]} {
emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=3$XW yw=$YW zw=3$ZW n=$n_VAC k=$k_VAC
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} else {
emxp::solid shape=box xc=$XC yc=$YC zc=$ZC xw=3$XW yw=$YW zw=3$ZW n=$n_VAC k=$k_VAC
}

set xa [expr $xat$wal

}

for {set i 0} {$i < $NP} {incr i} {
set XC [expr $W + $PITCH * ($i + 0.5)]; #cokolik zloty
set ZC [expr 0.5*$LZ]
set XW [expr $PITCH-$WIDTH]
set ZW $HEIGHT
emxp::solid shape=box xc=$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=%$n_Au k=$k_Au

#Au

set XC [expr $position-0.075];#obszar nad siatka

set YC [expr 0.5%$LY]

set ZC [expr 0.75%$LZ+0.03]

set XW 0.1

set YW 1.0

set ZW [expr 4.97]

emxp: :solid shape=box xc=$XC yc=$YC zc=$ZC xw=3$XW yw=$YW zw=$ZW n=%$n_Au k=$k_Au

H O R O H H

#fiber

# set XC $position;#obszar nad siatka

set YC [expr 0.5*3LY]

set ZC [expr 0.75%$LZ-0.47]

set XW 0.05

set YW 1.0

set ZW [expr 3.97]

#emxp: :solid shape=box xc=3$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$n_GL k=$k_GL

H OB O R O

#Au
#set XC [expr $position+0.075];#obszar nad siatka
#set YC [expr 0.5%3$LY]
#set ZC [expr 0.75%3LZ+0.03]
#set XW 0.1
#set YW 1.0
#set ZW [expr 4.97]
#emxp: :solid shape=box xc=3$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$n_Au k=3%$k_Au

#set XC [expr $PITCH-0.5*($LX-$WIDTH1)]

#set YC [expr 0.5x%$LY]

#set ZC [expr 0.5*%$LZ+0.5*$HEIGHT+O0.5*$TH]

#set XW [expr $PITCH-$WIDTH1]

#set YW 1.0

#set ZW $TH

#emxp: :solid shape=box xc=3$XC yc=$YC zc=$ZC xw=$XW yw=$YW zw=$ZW n=$n_VAC k=$k_VAC

### Setup FDTD incident field (i.e., p-polarized planewave)
emxp: :planewave2 wavelength=$L z_source=[expr 0.03*$LZ] theta=$THETA phi=0
ep_amp=1 es_amp=0 ep_phz=0.0 es_phz=0.0

### Setup FDTD convergence monitor
emxp: :convergence i=[expr $NX/2] j=0 k=0 samples_per_cycle=0.1 sample_size=10 tolerance=0.001

#emxp: :snapshot property=intensity file=intensity_${ID} imin=0 imax=$NX jmin=0 jmax=0
kmin=0 kmax=$NZ;

### Run FDTD solver
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emxp::run n_cycles=100

set flux88 [emxp::poynting flux xc=$position yc=[expr 0.5*¥$LY] zc=8.8 xw=6.0 yw=$LY zw=0]
set flux98 [emxp::poynting flux xc=$position yc=[expr 0.5*$LY] zc=9.8 xw=8.0 yw=$LY zw=0]

set ROO [emxp::diffraction_efficiency field=reflected type=individual m=0 n=0]

emxp: :output property=intensity imin=0 imax=$NX jmin=0 jmax=0 kmin=0 kmax=$NZ file=I_filename.vtk
# Save data to file

set OUTFILE [open "filename.txt" al

puts $0UTFILE " $THETA $f1ux88 $f1ux98 $RO0 $position"

close $OUTFILE

### Reset FDTD solver before next loop

emxp: :reset

}; # THETA loop

exit
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Appendix B

Analysis of optical discs

B.1. Surface topography

To compare the shape and dimensions between different optical discs, it is crucial to know
the repeatability of the parameters among one disc type. Figure B.1 presents the AFM-based
topographies of the disc, performed for SK DVD+R. The comparison applies to the following:

1. In order to investigate the repeatability of the AFM measurements, the disc topography
has been imaged in two consecutive measurements at the same place, revealing the exactly
same profile.

2. To confirm the homogeneity of the disc, four approaches to different regions of one disc
have been performed. All profiles match each other.

3. To confirm the homogeneity within one company, two different discs of SK DVD-+R have
been examined, revealing good consistency.

Figure B.2 shows the AFM-based topographies of optical discs for three different brands,
from which +R/-R and +RW/-RW pairs have been tested. The measurements show the same
grating period, height and shape of the grating profile among the respective pairs, revealing no
difference in the construction of the structure for +R/-R and +RW /-RW.

Figure B.3 presents the AFM-based topographies of the disc, performed for five optical discs
of different companies. The grating period and the shape of the profile remains the same for
different brands, whereas the height varies by several dozens of nm.

B.2. Composition

The composition of the respective layers of optical disc was examined with Secondary lon
Mass Spectroscopy (SIMS), by Dr. Pawel Dabczynski. Figures B.4 and B.5 show the composition
of metallic layer of recordable and rewritable discs, respectively. The recordable metallic layer
consists of silver, with a low carbon content, whereas the rewritable metallic layer is made of
silver (mostly), carbon, zinc, sulfur and silicone.

B.3. Plasmonic resonances

The full angle dependence of the zeroth order reflectivity is presented in Fig. B.6-B.8, for
the measured and calculated values, for 633, 785 and 1083 nm laser light. The red and black
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Figure B.1: AFM-based topographies of the top, metallic layer of SK DVD+R optical disc. The
comparison between two separate measurements of one spot (’disc 1 area 1, measurement 1’ and
'disc 1 area 1, measurement 2’), two different spots on one disc ('disc 1, area 1’, 'disc 1, area
2’) disc 1, area 13" and ’disc 1, area 4’), and two different discs of the company (’disc 1’ and
"disc 2’). a) The shape of the profile for eleven grating periods. b) Close up view on one grating
period. The resolution of the scan is marked with red squares. ¢) AFM images of topographies
of the respective measurements.
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Figure B.2: AFM-based topographies of the top metallic layer performed for discs fabricated
by different companies: SK, TDK, OMEGA, Giga Master and Kaufland. a) A few periods of
profile shapes obtained for each of the measurements. b) Close up view on one grating period.
¢) AFM topographies of the respective measurements.
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Figure B.3: AFM-based topographies of the top metallic layer: comparison between +R and
-R as well as +RW and -RW on the example of 3 companies: SK, TDK and Kaufland. a) A
few periods of profile shapes obtained for each of the measurements. b) Close up view on one
grating period. ¢) AFM topographies of the respective measurements.
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cps/eV

Spectrum: 216

El AN Series wunn. C norm. C Atom. C Error (1 Sigma)

[wt.s] [wt.3] [at.%] [wt. %]
C 6 K-series 11.73 12.04 55.13 1.65
8 Ag 47 L-series 85.74 87.96  44.87 2.72

Total: 97.47 100.00 100.00

keV

Figure B.4: SIMS measurements. Composition of metallic layer of SK DVD+R. Measurement
performed by Dr. Pawet Dabczyniski.
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Figure B.5: SIMS measurements. Composition of metallic layer of Kaufland DVD+RW. Mea-
surement performed by Dr. Pawel Dabczyniski.
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colors indicate the TM and TE polarized light, respectively. RCWA calculations are marked
with solid and dashed lines, and the results of far-field goniometric measurements are denoted
by crosses.
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Figure B.6: The reflection coefficients as a function of angle of incidence. The investigation is
performed for 633 nm of TM (red) and TE (black) polarized laser beam, for a) sample 1, b)
sample 2 and c) sample 3.
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