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Abstract

The integration of conventional optical elementd afectronic circuits is limited by
size mismatch between these components. The difrabmit does not allow miniaturizing
optical elements to nm-scale. It was realized lightt being strongly coupled to coherently
oscillating electrons at the metal surface couldubed to overcome this limit. The coupled
state is called surface plasmon polariton. Surfslesmon polariton propagates in plane of
metallic film within 10-100um range but decay exponentially in perpendiculagdtions to
metal-dielectric boundary. Interaction of the saefglasmon polaritons with fluorescent dye
molecules may result in development of new nanodsimmal photonic elements as planar
frequency converters, planar refractive elementh desirable refractive indeatc Conversion
from light to the surface plasmon polariton modes &dackwards can be done employing
fluorescent molecules. Due to imperfections of hetAlm surface plasmon polariton can be
scattered into photons that can excite fluorestemcules. One of the most powerful techniques
of the surface plasmon polaritons propagation imggs based on this effect. The study of
surface plasmon polaritons interaction with flucerg dye molecules is high priority task.

The aim of this thesis is an investigation of theefaction between surface plasmon
polaritons and Sulforhodamine 101 dye molecules.flihdamental property of SPP oscillation is
dispersion relation: the dependence of energy afl@sn on the wave vector of the oscillation.
The dispersion curves for silver-Sulforhodamine Hainples are obtained experimentally
performing reflectometry measurements. Excitatodane by using prism coupling technique
(Kretschmann configuration). The vacuum Rabi splitis observed. Transfer matrix method
is used to model reflection coefficient R of stutlieultilayer structures. Detection of the
scattered radiation provides another way to g@iedsson relation of surface plasmon polaritons.
Comparison of this dispersion relation to one otgdi from reflectometry measurements
provides insight into dynamics of surface plasmolapton/dye molecules interaction.
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1. Introduction

In recent decades the attention has been paidperiexental and theoretical study of
exciton and photon interaction phenomena in quantuorocavities [1, 2, 3]. The quantum
microcavity is usually formed by alternate layefdigh and low refractive index semiconducting
materials — distributed Bragg reflector (DBR). Tdawity usually has width equal to the desirable
wavelength that is formed between the DBRs. Quamturrocavity permits control of photonic
and excitonic properties. Resonant wavelength rgrotbed by cavity thickness; while the
width of the resonance is determined by cavitykiiss as well as the refractive indices of the
materials that form the cavity. Excitonic propest@an be changed by placing quantum wells
(QW) into the cavity. The typical materials used BRs formation are AGa,«As compounds,
In,Ga.xAs can be used for QWs and cavity material coul@GhAs [1]. The most of the work in
this area is based on axial confinement by the DBR$uding the study of the dispersion of
cavity polaritons, Rabi oscillations observatioteaehing of the strong coupling, and control
by changing external conditions (temperature, gleanagnetic fields) [1].

In order to obtain a significant interaction betweabe cavity photon and excitonic
state in QW, the excitonic energy should be resbwnéth cavity mode. The strong coupling
manifests itself in this case by anticrossing bédrenf the dispersion curve and is called Rabi
splitting by analogy with atom-photon interactioonsidered by Rabi [4]. The coupling is
determined by exciton oscillator strength and theplgude of the electromagnetic field
associated with cavity mode and can be describeshbygy difference between the branches
of the dispersion curve
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wherec is the speed of lighty,is refractive index of the cavity materidl,; is an effective
cavity length,N_, is the number of QWs andl'; is the radiative width of the free exciton. It
can be expressed in terms of exciton oscillat@nsith per unit ared,,
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where eand m, are electron charge and masgis the vacuum dielectric constant.



Also in-plane dispersion of such cavities was &ddn [5, 6]. In-plane wave vector
component is not quantized in this case and inepldispersion can be determined. In the
study of Houdré et al.[5] the angle of incident light was fixed. Collegy emitted light at
different angles the dispersion curves were obthifie energy split was obtained to hé
meV for 29° angle of incidence, when the measurements was dbiié K. Baxter et al.
obtained dispersion relation for quantum microgawy varying light incidence angle; the
energy split was also observed [6].

Also a huge attention has been paid to the surfda@emons, which are coherent
oscillations of electron plasma at metal-dielecbbaundary. Their interaction with light has
been studied very efficiently since 1960s [10, 1¥any unexpected phenomena were
observed during these years [12, 13, 14]. For elaniessen et al[13] demonstrated a
strong enhancement of transmitted light throughopér 2D-arrays of holes in a metallic film
with dimensions smaller than the wavelength. Thinmation dependence, dependence on
the incidence angle and dependence on the filmrrabggove that the enhancement is a result
of light coupling to the surface plasmons.

The size mismatch between conventional optic devidee to diffraction limit these
components cannot have size smaller than sevenaleregths) and electronic components
(size range is 100 nm -1Q0n) does not allow their integration into effectiwptoelectronic
circuits. But the light being coupled to surfacagshons can be confined into sui- scale
[15, 16]. The idea of light propagation in a forinsarfce plasmon polaritons (SPPs) inspired
many research groups to develop new types of wadegyl5], light to surface plasmon
polariton convertors [17], planar optical comporsdidi8] and many others.

Also the key role of SPPs in optical metamatenais realized. Metamaterials are
structures possessing properties that are not mir@seatural materials, but are designed by
introducing different structural elements. Electegnetic metamaterials are characterized by
unusual electromagnetic properties, such as negatiagnetic permittivity and negative
refractive index. For example, the SPP planar waiksg were used to achieve negative
refraction in visible frequencies [19RAtwater et al.fabricated Au-SiNs-Ag waveguide

sustaining a SPP mode with antiparallel group dvase velocities. At visible frequency range

Wld SN < w< af” (where wfd>™ and «f" are the resonant frequencies of Aghgi SPPs



and the Au bulk plasmons) the dispersion curveR® $ode exhibits negative Sl0p§I§X <0).

For such a multilayer structure in double-prism faguration geometry the refractive index
was deduced from the Snell’s law to b@l =514nm) =-46.

Interaction of SPPs with fluorescent dye molec(teganic semiconductors) may result
in development of new nanodimensional photonic eleism Conversion from light to SPP
modes and backwards can be done employing fluoresedecules [17, 20]. Due to imperfections
of a metallic film surface SPPs can be scatter@d photons that can excite fluorescent
molecules. Also SPPs can excite fluorescent madscdirectly. One of the most powerful
technigues of SPPs propagation imaging is basd¢diseffect.

The behavior of in-plane dispersion of the excitotavity photon interaction discussed
above is very similar to behavior of dispersioratien of surface plasmon polariton — exciton
interaction [7]. However, to achieve surface plasmpolariton — exciton strong coupling no
optical cavity is needed. A typical sample is prepeon a glass substrate. The thin metal layer
is evaporated on the substrate and as in [7, &nicgsemiconductor layer is formed on the top.
The organic semiconductors (cyanide dye J-aggredgateodamine 6@tc) have large oscillator
strength, so in principal huge Rabi splitting candzhieved (equations 1.1, 1.2). The energy
splits for planar structures having an organic semductor were obtained to be up2@meV
for Rhodamine 6G dye [8]. But the large excitoreWndth that is due to vibronic states and
inhomogeneous broadening complicates observatiostrohg coupling regime in quantum
microcavities [9].

Taking into account a variety of applications ftnustures based on SPPs interaction
with fluorescent dye molecules in weak and stromgpting regimes the study of dynamics of
these interactions is high priority task.

In this work the SPP dispersion curves for silvatf&hodamine 101 fluorescent dye
samples are obtained experimentally by performailgctometry measurements.

Sulforhodamine 101 dye is widely used in biologicahging to monitor Cd amount
in the medium. This organic semiconductor has thspgtion maxima at arourkb0 and600
nm and large oscillator strength (section 4.3)it$®a good candidate to achieve a large Rabi
splitting. SPPs excitation is done by prism coupliachnique (Kretschmann configuration).
Due to the similarity to exciton-cavity photon cding the formalism of the vacuum Rabi



splitting is easily adapted to explain SPP disperselation behavior. Results obtained from a
coupled oscillator model and transfer matrix methoglin good agreement with experimental
data. Detection of the scattered radiation proviaesther way to get dispersion relation of
SPPs. Comparison of this dispersion relation toalstained from reflectometry measurements
provides insight into dynamics of the SPPs/dye mdés interaction [8].



2. Theor etical approachesto the analysis of surface plasmon polaritons

2.1. Surface plasmon polariton isaresult of the Maxwell equations

The free electrons can fluctuate coherently on tahundary. These oscillations are
called surface plasmons. As a result of interadbietween surface plasmon and light in strong
coupling regime the quasiparticle called surfaeesmlon polariton (SPP) can be formed. The SPP
is a coupled state of conductor’s electron plasnthedectromagnetic field (figure 2.1.1 a)). The
electromagnetic field has a maximum at the sur{ae@) and it is localized in the direction
within the Thomas-Fermi screening length (figure. 2b)). The field can be described by

E =E, exp[+i(kxtk,z—at)], (2.1.1)
for z=0 one should take + and far< ©One should take — The imaginaky causes

exponential decay OE, . K, :?is parallel to thexdirection andA jis the wavelength of the
p

plasma oscillation.
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Figure 2.1.1 a) Schematic picture of the electrameéig field and charges that are associated wity SP

b) Exponential decay dE, in dielectric and metal layers.

A fundamental property of the SPP oscillation $s dispersion relatiori,e., the dependence of
frequency (or energy) of longitudinal oscillation wave vector of the oscillation. The simplest case

of SPPs is oscillation on a surface of a semiitefimetal. The system is shown on figure 2.1.2.
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Figure 2.1.2 Schematic picture of interface betw®enlayers.

First considemp-polarized (TM polarization) electromagnetic wabattpropagates in
the x direction along the interface between the metalckvis described by complex dielectric
permittivity &, =& (w) = Relg (w)] +i1Im[g (w)] and the dielectric with
&, =& (w) = Relg,(w)] +ilm[&,(w)] [21]. The field is not dependent gncoordinate and can

be written as

z>0 H, =(0OH,; 0)expli(k,,x+k,,z-at)],

E, = (E, 0 E,) expli (kX + k,,2— ab)] (2.1.2)
z<0 H, = (O,H,;0)expli(k,X—k,z-at)],
E, =(E. 0. E,) expli(kax—k,z-at)] . (2.1.3)
The set of Maxwell's equations that must be fudfillis
10
OxH,=¢,——E,, 2.1.4
12 12 C at E1,2 ( )
10

DXELZ :_EEHLZ, (215)
dive ,E,, =0, (2.1.6)
divH,, =0 (2.1.7)

and boundary conditions that must holdzat aré
Exl = Ex2’ (218)
Hy=H,, (2.1.9)

£E, =¢&,E,,, (2.1.10)
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(2.1.8) and (2.1.9) result in

k, =k, =K,. (2.1.11)
From equation (2.1.4) one gets
1
kuH yl =_51Ex1'
C
1
k,H,, = —?ezExz. (2.1.12)

The equations (2.1.12), (2.1.8) and (2.1.9) giwesystem of uniform linear equations

H,-H,, =0,
k Ko oy _n.
?THY1+£_22Hy2_o, (2.1.13)

and the determinant of the system is

Ko Ko _g (2.1.14)

& &

And one gets (2.1.12) by solving equations (2.12},.5)
kf + k221,2 = ‘912(%)2- (2.1.15)

Finally by combining (2.1.14) and (2.1.15) the @isgion relation for SPPs at the boundary of

two semi-infinite media is obtained

Ky =3)1/(—‘gl‘g2 ). (2.1.16)
c\ & +s,

Figure 2.1.3 represents the ener@y<%« ) of the SPP as a function &elk, (&) and

as a function oim[k, kb) for semi-infinite metal layer and semi-infigir layer € = ). In
general cas&, =Relk,]+iIm[k, &ndE =Re[E]+iIm[E ]. In optical region the relations for
wave vector and energy the following relationsuseally hold

Im[k, ] <<Re, ]

Im[E] << Re[E]. (2.1.17)
But in some cases the uncertainty in wave vectorbealarge (figure 2.1.3) and the limits of a
well-defined wave vector should be considered [BRthe regions, where the relations (2.1.17)

are fulfilled, one considers the SPP’s dispersedation a£ = E(Relk, ])
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Re[k ] x 10°, m" Im[k,] x 10°, m"
a) b)
Figure 2.1.3 a) Energy as a functionRe[Kk,]; b) energy as a function th[k, ]. Black curve

represents semi-infinite silver layer/semi-infinéi layer structure; red curve represents senniitef
gold layer/semi-infinite air layer structure; greeurve represents semi-infinite copper layer/semi-
infinite air layer structure. The permittivities thfe metals are calculated using the refractivexrahd

media damping coefficients presented in [23].

It can be shown that the valukgandk,, are imaginary, so the field amplitude decreases
exponentially normal to surface. According to [1i8 skin-depthi.e. the length within which the
field decreases'times, is

1
Ko

(2.1.18)

lskinLZ =

For the silver layer and air one gets skin-deptha@qual to 23 nm and 370 nm, respectively,
for the wavelength of 600 nm; and, 29 nm, 280 nmgold and air interface for the same
wavelength (data for silver and gold dielectricrpitivities are taken from [23]).

Consider also the possibility to excite SPPs wifiolarized field (TE polarization). In

this case the field is described as
z>0  H,=(H, 0H,,)expl(k,x+K,z-at)],

E, = (O,E,, 0) expli(k,x+k,,z—at)]; (2.1.19)

y2?1

Z<0 Hl=(HX170’Hzl)explj(kxlx_kzlz_al)])

E = (O E, 0 expli(k,x—k,z-at)]. (2.1.20)
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Continuity of H, and E, results in the relation
k, +k,, =0. (2.1.21)
But Im[k,] >0 and Im[k,,] >0, so the condition (2.1.21) cannot be fulfilled.ushit is

impossible to excite SPPs witpolarized electromagnetic field.
The first approach to real systems is the SPPsptiogiagate on a thin metallic film in

an asymmetric environment. The system is showngumed 2.1.4.

ZA
&
z>a
al
E1 -a<z<a
> X
_a_-
z<-a
Es

Figure 2.1.4 Schematic picture of three layersctiine.

The electromagnetic field in this case is

z<-a
H; = (0,H,5.0) expli(kx+k,z—-at)],
E; =(E,.0,E,;) expli(K X +K,z—at)]; (2.1.22)
z>a
H,=(0H,, 0)expli(k,x-k,,z—at)],
E, =(E,, 0, E,,) expli(k,x—-k,z—at)]; (2.1.23)
-a<z<a

H, = (0,H,, 0){exp[i(k X+ K, z— at)] + expli (K, X —K,Z - at)]}
E =(E, 0 E, ){expli(k ,x+k, z—at)] +expli(k,x—K,z—at)]} (2.1.24)
Solving Maxwell's equations (2.1.4)-(2.1.7) togetheith two sets of boundary
conditions (forl/2 interface and/3interface), the following dispersion relation daobtained
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Ky . Ky Ky o K

(721 + 723) (711 + 722)
El 53 gl 52

explik,a) = : 2.1.25
‘91 83 ‘91 82
And according to (2.1.15)
7
kf + k221,2,3 = 51,2,3(?)2- (2.1.26)

In general case the equation (2.1.25) has to beedohumerically. Solving the
Maxwell's equations one can get also an analytiegbression for SPPs dispersion in

multilayer systems. But it is challenging to sotliese equations.

2.2. Reflectance of multilayer structures

The most common method in analyzing multilayer ctrite is the transfer matrix
method [24]. Consider la-layer structure presented in figure 2.2.1. Asstina¢ the multilayer

system is placed within a media with dielectricrpitivity £&,. The layers are homogeneous

and isotropic, and are described by compiex € (w (as$ume: = 1

Z 4 80
Zimaln
E1 I a
Ei2, EL3 ... E3, E2
Zu |
EL Qi
. T
SL ac
0 %
&Eo

Figure 2.2.1 Schematic picturelofayers structure

A plane electromagnetic field is incident on theckt Considep-polarized light,.e. the
field is described byH =(O,H, Q)The field in" layer can be described as a superposition

insident —

of two waves (reflected and transmitted waves)
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H, (x,2,t) = H/' (2) expli (kX + k,z+ at)] + H (2 expli(k x—k,z+at)] . (2.2.1)
As a result of transformation (reflection or tramssion) across the interface betwednlayer

andl| layer the phase change occurs. It can be desaibed

H*) (g* OYH5S) (HL
(H'*_j{o #IH.:J‘R(H,:J’(Z'Z-Z)

whereg =explk,a, ] (2.2.3)
On the other hand the change in amplitude and sittercan be described using Fresnel
equations
B FEY
Hli = tI,I—l tI,I—l Hli—l :A Hli;l , (224)
H, AFES i Hi H.
tI,I—l tI,I—l
where
— kz|£|—1_kz|—1£| and

e =
kzl‘gl—l + kzI—l‘E‘I

2kzI‘E‘I -1

— St (2.2.5)
kzl‘fl -1 + kzI—l"gl

Gy =

Inserting (2.2.4) and (2.2.5) into the expressmmmfatrixA and after simplification one gets

1 + kzl—l"c’.l 1 _ kzl—l"c’.l
— 1 kzl"c’.l—l kzl"c’.l—l
A 2 1- K& 1+ Kaa&) (2.2.6)
kzI‘E‘I—l kzI‘E‘I—l
Taking into account both change in the phase atideiamplitude one gets
+ + ¥ . 1+ k2|—1‘E‘| 1- kz|—1‘E‘| .
H, =PA HZ =T H :} exp[-ik,a] 0 K€ Ky&a | Hia . (2.2.7)
H H, HS,) 2 0 explik,al ) 4 _ Ky18 1+ Kaa€l |\ H,
kzI‘E‘I—l kzI‘E‘I—l

To describe the total field transformation throutjie stack ofL layers (that is
described further by transformation matfiy one has to take a productlofnatrices of type

T, and take into account also the transformationuinothe surface, ,, =0.The dependence

of reflected fieldH, at z,,;, =0 and transmitted fieldd, at z, on incident field can be written as
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(H incidentj - T( H t ] = (Tll T12 j( H t ] (2 2 8)
H, Z,.,=0 0 z T TN 0 z

Then using a definition of reflection and transiticoefficients for the stack

_ H.(z=0) t = H.(z=2)
L 1 L )
H insident(Z = 0) H incident(z = O)

e )
= (2.2.10)
r'L T21 T22 O

(2.2.9)

one can rewrite (2.2.8) as

and get
r=ia f =1 (2.2.11)
Tll Tll
Reflectance (reflectance coefficient) can be foasd
R=rr, :T21—T2}. (2.2.12)
TllTll

As an example consider a structure that consisewfi-infinite glass layer, 50 nm silver
layer, 50nm dielectric resist layer with embeddetfdghodamine 101 dye molecules and semi-
infinite air layer. Glass is assumed to be dispetsis and have dielectric permittivity 562° .
For silver dielectric permittivity one can use esipeental data frondohnsonandChristie [23].
The dielectric permittivity of the resist layds

2 2
_ A

&(w) =3+ : 2.2.13

() ;wj, - —iwy, ( )

where A={0.133,0013 , w,; ={1039,1133 10 m™ andy = {106} 10° m™. To model

the dielectric permittivity function the classidhkeory of molecular dispersion has been used.
In Appendix A one can find more details about thedeling.

The reflectance coefficient as a function of aridance angle and a light wavelength
of p-polarized light is plotted in figure 2.2.2. Theaee two strategies that can be used to get

SPP’s dispersion relation from this data. One casider the white light incident on the structure

" In all examples in this thesis dielectric permitsi of Sulforhodamine 101 resist is obtained from

measured transmittance of the reference samplabtsrption is presented on figure 4.1.4, sample 4.
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at a fixed angle. The reflectance coefficient &snation of wavelength will have several minima
(in figure 2.2.2 red horizontal line representshsaaneasurement). Knowing the wavelength of
the reflectance minima one can calculate the enef@PP; knowing the angle of incidence
and wavelength one can obtain in-plane componethefSPP’s wave vector. The obtained
dispersion relation of the structure is shown @urfe 2.2.3 a) (black curve). In this case the
strong coupling between SPP and dye molecule n&siféself as energy gaps. The SPPs
possessing the frequencies that correspond to diferisodamine 101 absorption maxima
cannot be observed in the multilayer system. Matimally, the resonant energy is a
singularity point in the dispersion relation. SPPresonant energy has infinitely large (if

damping is neglected) wave vector comporient

45

40

35

30

25

angle, deg.

20

15

10

5

0
350 400 450 500 550 600 650 700 750 800 850 900

wavelength, nm

0,05 1
Figure 2.2.2 Reflectance coefficient of a multilag&ructure (see text) as a function of inciderglan

and wavelength gb-polarized light.

The second strategy is illumination of the struetwith a monochromatic light at

different angles of incidence (in figure 2.2.2 ragitical line represents such a measurement).
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In this case the reflectance coefficient as a fonabdf the incidence angle has always only one
minimum and dispersion relation looks like showrfigure 2.2.3 a) (red curve). The strong
coupling regions are represented by the kinks @ndispersion curve. The uncertainty of
wavevector component determination is very higthatkinks region. Figure 2.2.3 b) shows the
reflection coefficient as a function of the andlelifferentexcitation wavelengths. At wavelengths
(e.g.605nm) close to the Sulforhodamine 101 absorbancenmuax, the reflectance minimum
gets wide and shallow. This huge uncertainty inviiagevector component means short lifetime

of SPP. In this work the first type of the expenmsevas carried out.

NNN N
w B 0 o
1 ! 1 y

= [ s

204

——605nm (2,05 eV)
——615nm (2,02 eV)
~———625nm (1,98 eV)

635nm (1,95 eV)
——645nm (1,92 eV)
——655nm (1,89 eV)

665nm (1,86 eV)
——675nm (1,84 eV)

E, eV

1.9 +

1.8

174

Reflectance coefficient, a.u.

1.8 T T T T T T T T T T T 1 055 T T T T T T T T 1
8 9 10 11 12 13 14 15 16 17 18 19 20 0 5 10 15 20 25 30 35 40 45

Re[k,]x 10°, m" angle, deg

a) b)
Figure 2.2.3 a) Black curve is a dispersion functd multilayer structure (see text) obtained
from experiment simulation with white light soure@d fixed angle of incidence; red curve is a
dispersion function of the multilayer structure abed from experiment simulation with
monochromatic light source and changing the anfjiaaiddence. Black horizontal lines represent the
energies of Sulforhodamine 101 molecule excitomsdebance maxima are at 2.07 eV (555 amq
2.25 eV (599 nm)). b) Reflectance coefficient daraction of light incidence angle. Curve colors kar

the excitation wavelength that is written in thedh
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2.3. Theory of Rabi oscillations

As it was mentioned at the introductory part theaept of the Rabi splitting can be
adapted to describe SPPs interaction with excitdhs. origin of this concept is well-known
Rabi problem [4]. It deals with electromagnetic wanteraction with two energy levels system.

Consider the electromagnetic wave that is resomaith a molecule transition
frequency. As the result of interaction the molecid excited from ground state. When a
photon of the same frequency interacts with excitealecule, with certain probability it
causes the emission of the photon, which has thee saequency and phase that initial
electromagnetic field (stimulated emission). Thgimee described above is called a weak
coupling regime. In this regime perturbation thedyvalid and Fermi’'s Golden rule is
applicable.

However, another regime can be achieved. If theplooy of the molecule and the
electromagnetic field is high, the quasi-losslessng coupling regime holds. The molecule
absorbs and emits photon, due to the strong cauphie photon is absorbed again and re-
emittedetc This process is called Rabi oscillations. It mWwn that in this regime the system
eigen states are mixed electron-photon states amtenergy split that is dependent on square
root of a transition oscillator strength, numbemudlecules and number of photons involved.
When the number of photons is small this phenoménoalled the vacuum Rabi splitting [26].
The electronic states of the system and the eleeigoetic field must be quantized to enter the
strong coupling limit. So if a system has a coniimuof electronic states no strong coupling
effects occur and irreversible absorption is presen

One can fully describe system in a strong couphlegime by Jaynes -Cummings
model. The electromagnetic field is quantized iis tnodel. Here the semi-classical Rabi
model is reviewed. In this model the system (atanmolecule) has quantized energy levels
and the electromagnetic field is described as walassical description of electromagnetic
field). The analogy to the SPP-exciton interacfiooblem can be easily made. SPP propagating
at metal/dielectric matrix interface has certainiltetion frequency, this oscillation in reality is
not monochromatic, but has a final linewidth. Buthm certain error one can think about this
field as being monochromatic. Initial and finaltstaof electronic transition in Sulforhodamine

101 are two levels under consideration.
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In general case the Hamiltonian of the interactiygiem can be written as [4]
H=H+H +HO ), (2.3.2)
whereH ., is the free two level system (in present caseofdtiamine 101 molecule) Hamiltonian,

H ;o4 iS the Hamiltonian that describes the electrontigfield andH ) is the Hamiltonian that

describes interaction between the atom and eleatyoetic field.
The classical representation is used for field (fas problem we are not interested in
magnetic component of electromagnetic field
E(t) = E, (t) = E,Coqat) . (2.3.2)
Assume that the molecule can be in the ground gtateor in the excited stafe >. The free

molecule Hamiltonian is

1
H :Eha)eg(|e><e|—|g><g|), (2.3.3)

mol

E, - E,

where w,, = . Assume that the energy of the ground state is. 2erthis case one can

rewrite eq. (2.3.3) as
Hoo =R, |e><el. (2.3.4)
The interaction part of the Hamiltonian is
H" =dE(t) = —dE,Coqat), (2.3.5)
where dipole moment = -, eis electric charge. The Hamiltonian of interactgygtem is
H =hw,, |e><e|-dE,Coqat) . (2.3.6)
The state vector of the system is
C,(t)|g>+C (t)exp[-i(E, —E)t/n]|e>=C(t)| g >+C,(t) exp[-iw,,t]|e>. (2.3.7)

After inserting (2.3.7) in time-dependent Schro@ingguation

ih# = HW(1), (2.3.8)

.. 0 : -
ih=H{Cy )19 >+C. () expl-ic ] e} = (2.3.9)

[, |e><e|-dECogat)][C,(t)| g > +C,(t) exp[-icw,t]|e>]

one can get equations for coefficie@g(t andC,(t)
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dc, -

e ._hl E,Cog(at)d., expliat]C, (2.3.10)

dolcte - _7-,1 E,Cos(at)d,, expl-ia]C,, (2.3.11)
|

whered,, =<e|d|g>. The fact that at= @nly |g > -state is populated is used as initial

conditions
C, ©0)=1, C,(0)=0. (2.3.12)

After applying Rotating wave approximation (onlyowly oscillating (w., - w)-terms are

retained) one can get from (2.3.10) and (2.3.11)

dC,
=0 (2.3.13)
dt
dC, _ i . .
¢ =—E,d, exp[i(w, —wt]. 2.3.14
dt 2% 0%eg p[ ( eg )] ( )
Solving the equations (2.3.13), (2.3.14) with aditonditions (2.3.12) and introducing
A=w,, -w, (2.3.15)
one gets
= iAt, . Q.
C.(t) =-i = "ex Sin(—R&), 2.3.16
(1) Q. p%] n( 5 ) ( )

[ d.E
Q= (%0)2+A2, (2.3.17)

whereQg denotes the Rabi frequency.
Now the probability to find the system in the egditstate can be calculated

(OB Gz Ot

P.() =Cc (D)= Q1) >

). (2.3.18)

One can conclude that the smallerthe larger the probability of finding the molecule

in the excited state. In the case of resonancenwhge= w, the Rabi frequency is directly

proportional to the transition dipole moment:
=

: (2.3.19)

Qp
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It is well known from the atomic physics that theag laser field causes the dynamic
Stark splitting of the atomic levels [4]. The eneggparation of these features is predicted to
be described by equation (2.3.20). Since for tsemant case it is directly related to the Rabi

frequency
Erap =7Q5 = d;gEO (2.3.20)
Taking into account the relation (2.3.21) betweeangition dipole moment and

oscillator strengthf

|Gy 2mw

eg

2
p=_"%_ ¢ (2.3.21)

one can get the energy gap dependence on thetimarsscillator strength

he®

Erani = Eo oma
eg

f (2.3.22)

wherem, is electron mass.

Experiments performed to study exciton and phototeraction phenomena in a
quantum microcavity revealed that strong couplirenifests itself as formation of separated
minima on the reflectance curve. The energy diffeee between the minima is linearly
dependent on the square root of the oscillatongtheof the cavity mode [1]. The same kind
of behavior was recently shown for SPP/exciton tagg8].

In general case quantum Jaynes — Cummings modeicfgdhat Rabi frequency is
dependent on amount of photons interacting with lewel system. So the energy separation
should become intensity dependent. Only in the o&dke vacuum Rabi splitting mentioned
above the intensity is independent on intensitgabee only one photon in a time interacts

with two level system.

2.4. Coupled oscillators model

In order to describe SPPs interaction with absgribredium also a coupled oscillator’s
model can be used. The classical and quantum meehdreatment of coupled oscillator's
problem predicts very similar behavior of the syste
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Consider the multilayer structure that consistsaofilver layer and a dielectric
absorbing medium. The dielectric medium is formgdalmon-absorbing matrix material and
absorbing molecules that are embedded in the maissume that the molecule has one

allowed optical transition, so that an exciton wehergyE., and linewidth y, can be

associated with the molecule. SPPs can be execitsddh structure by one of the techniques

described in section 3.1. The set of equationsritesg the SPP interaction with the exciton

(ESPP(Re[kx]) _inPP \ j(xlj — ‘{XlJ , (2,3,1)

\ EEx _iyEx X, X,

can be written as

where E¢..(Relk, ])is an energy of the uncoupled SPP at the interfmte/een the silver
layer and the dielectric matrix (without absorbimglecules),y..is a linewidths of SPP. It is

assumed that the linewidth is independent on theewaector. ParameteY is a coupling
strengthbetween the SPP and the exciton. This parametesuglly varied in order to get good
agreement with experimental dispersion data. Paexmes energy of the coupled state. If the
system of linear equations has non-trivial solutitre determinant of the system must be
equal to zero. It is easy to write such equatianttie system (2.3.1). The equation has two
solutions, which describe two branches of the SERJsersion curve. Note that the solutions are
complex. The complex energy describes exponerarapthg of oscillations. At resonant conditions,

when Eg..(Relk E.,, the difference between upper and lower branchgsnealues

x,resonam]) -

is named an energy gap valag& . It is easily calculated from (2.3.1)

DE =&V = (Vepp — Ver)? - (2.3.2)

Very often the broadening of the electronic traositas well as the SPP linewidth are

neglected and the energy gap value becomes simply
AE=2V. (2.3.3)
The presence of the damping terms results in tbeedse of the energy gap according to (2.3.2).

One can compare the equation (2.3.3) to the equétid) and get that
v Oyf,,, (2.3.4)
where f,, is the exciton oscillator strength per unite ateavill be shown later (section 4.3)

that f_, depends on the absorbing molecule concentration.canging the dye molecule
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concentration could change the energy gap value.€éfuation (2.3.2) reveals other way to
change the energy gap. The SPP linewidt}) is inversely proportional to the SPP lifetime.
So, the decrease (increase) of the SPP lifetingsleathe increase (decrease) of the energy

gap value.
The similar reasoning holds for the SPP couplingyt®e molecules, which possess two

absorption maxima. Now two excitoBs, and E,, are associated with the resonant absorber.

The system of the equations that describes SPR@titen with two excitons is

ESPP(kx) =i Vsep V1 Vz X X
V, Eco —1Ven 0 X, | =& X, (2.3.5)
V2 0 EExz =i Veo N\ X3 X3
Ese(Rek,]) V, V, \(% X
or \A Eca. O [ X [=¢X,]. (2.3.6)
V, 0 Eee A X X3

Here y.,, andy., are linewidths of exciton¥, andV, .are the coupling strengths to two

excitons. The remaining task is to solve the equat2.3.5) for the energy of the coupled state

as a function ok-component of the wave vector:

(Esen(RebD) =1V = €)(Eca ~1¥eu =€) (Ece ~ 1Yo =€)~ (Baa ~1Vea =Ny, 0o
—(Ego —1Veo €V, =0
or (Espp(RelK,]) = €)(Ecq = €)(Eyo = &) = (Egq =€)V = (Egp — )V =0, (2.3.7b)
when the damping terms are neglected.

In this thesis the solutions of the equation (2B.d@re used to fit the experimental
dispersion relations. But one should always keemimd the approximation and be careful in

the data comparison. To illustrate this let us @mmrsan example. Equations (2.3.7a) and

(2.3.7b) have solutions, which in general casecareplex functions ok, E.,,, V, andV,.

At the resonant condition, when for examplg..(Re[K, csonand) = Eg. » the difference between
the upper and the middle branch values is namegbper energy gap valukE (it is assumed
thatE.,, > E,,). WhenEg..(Relk,]) = E,,, the difference between the middle and the lower

branch values is named a lower energy gap \alje Consider the upper energy gap

valueAE,, as a function of the SPP linewidtl,, (figure 2.3.1). For doing this let us consider
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Sulforhodamine 101 molecules embedded into SU{8aliee matrix. For this absorbing medium

the exciton energies afe., = 228/, andE., = 207eV; the linewidths of excitons are
Veq = 015 eV andy,,, = 014eV (these values are obtained from Sulforhodartiriesolutions

absorption measurements). Values/pandV, are taken from the table B.2 that can be found in

the appendix B. These values are parameters usét eégperimentally obtained dispersion
relations of samples with different Sulforhodamli®d concentrations. One can see in figure 2.3.1
that the upper energy gap value does not decreasetomously with increasing SPP linewidth as

it is predicted for the single exciton system,ibbis more complex behavior.

0,18 4
0,16 4
0,14 4

0124

AEy , eV

0,10 4

Figure 2.3.1 Upper energy gap as a function of3Re linewidth. Blue curve corresponds to the case,
whenV,; = 0.17 eV V, = 0.075 eV, cyan curve ¥4y = 0.15 eV V, = 0.06 eV, red curve ¥; = 0.13 eV,
V,=0.05 eV, green curve¥; = 0.11 eV V,=0.04 eV.
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3. Experimental techniquesin surface plasmon polaritons study

3.1. Surface plasmon polaritons excitation methods

A straightforward method to excite SPPs at a metallum interface is illumination of
the metal layer witlp-polarized light. But special arrangements mushtseduced to get coupling.

The dispersion relation, as a function of the waaator component parallel to the interfakg, for

the light in vacuum that incident to the surfacaratingleg is

k =%sma (3.1.1)

xlight

It was shown in chapter 2.1 that the dispersiomatieh for SPPs propagating at

k = ﬁ) —5182
X,.SPP ,
c\e +e,

where g, is dielectric permittivity of the insulator and is dielectric permittivity of the metal.

metal/dielectric interface is (2.1.16)

Figure 3.1.1 shows dispersion relations of lighipamgating in vacuum and SPPs for
silver/Sulfornodamine 101 resin interface (seminité layers). To excite SPP the component

of the wave vector of the incident light paraliethe surfacek, ,,, ) must be equal to the SPP
wave vector component parallel to the surfakg,(.). In figure 3.1.1 one can see that SPP

wave vector component is larger than light wavetamecomponent. To provide matching
conditions or to make

Ky jone + K, = Kgp, (3.1.2)

x light
one can introduce an additional dielectric layer( ). The dispersion relation of the light in a

dielectric media is

we

k Tsin& (3.1.3)

xlight —

From figure 3.1.1 one can see that after intrody@dditional dielectric layer the
coupling is possible. By varying the angle of iremde one can couple the light to every point
of the SPP dispersion curve.
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Figure 3.1.1 SPPs dispersion relation for silve n)/ Sulfornodaminel01 resin (50 nm) structure,

dispersion relations of light propagating in vacugiotack line) and dispersion relations of light

propagating in media witke =15 (red line). The arrows indicate the change in waeetor
component parallel to interface due to the additiatielectric layer. The angle of incidence is #0°

both cases.

The most common optical excitation technique isetdam the prism coupling. In a
so-called Kretschmannconfiguration (figure 3.1.2 (a)) the metal filmr(enultilayered
structure) is illuminated through a dielectric prigit an angle of incidence greater than the
critical angle for total internal reflection. If eéhfrequency and wavevector-matching
requirement are fulfilled, light tunnels throughetmetal film (the thickness of the film must
be thin,e.g.50nm for optical radiation) and excites SPP atekiernal metal interface. As a
result of the SPP excitement one observes minintizeinetected reflectivity [27].

If one introduces an additional thin dielectric éaypetween the prism and the metal
layer, SPPs can be excited at internal metal eterfis well (figure 3.1.2 b). Then varying the
angle of incidence one can fulfill the matching @idions for the internal interface. So the SPP
excitation can occur at both interfaces [27].
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In Otto configuration (figure 3.1.2 c) the gap beém the prism and the metal layer is
introduced. The total internal reflection occurstta prism/air interface, the decaying wave
travels through the gap and excites SPP at airlmatface. Such arrangement provides

necessary matching conditions to excite SPPsk thetallic layers.

SPP,
SPP SPP. SPP

e a& é
N /

Figure 3.1.2 SPP optical excitation configuratioay Kretschmannconfiguration; b)Kretschmann

configuration with an additional dielectric laye); Otto configuration.

An alternative excitation method that can be useal¢oupling with help of a microscope
objective with high numerical aperture. An oil-esien objective is in contact with the glass
substrate (the metal layer is on the top of thetsate). The high numerical amplitude provides an
angular spread (the angles greater than critiogleanf total internal refraction are present) of
focused excitation light, so the total internaleetion occurs at glass/air interface [21].

Diffraction effects can be also be used to fulfiile equation (3.1.2). The diffraction
grating can be created on a certain place of tre#nmetallic film. Consider a planar periodic

structure with periodl (in both directions) that is placed in media véith As a result of the

interaction of incidenp-polarized light with the periodic structure a cfann the wave vector

occurs. SPPs will be excited if the matching caadiholds

Kspp = Espp

Kepp = 6 w@sin@tp%éiq%ﬁ, (3.1.4)

where &, is the unit vector in the direction of in-planemgonent of the incident light,

a andb are the unit lattice vectors of the structure amdare integer numbers. By varying

the grating parameters and film thickness, SPP$eaxcited on both interfaces of the metal
layer [21].
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Randomly rough surface can provide matching caomdi{3.1.4) without any special
arrangement, because the near-field region of the diffracted light alave vectors are
presen{27]. But the efficiency of coupling in the caserotigh surface is very low.

The very neat method to excite SPP is the excitatibh SNOM (scanning near-field
microscopy). A small probe tip illuminates the niestarface in the near-field, so the radiation
of anywavevectors is present at the interface. The $BRshus be excited locally and at any
place of the metal film.

The brilliant coupling method was used recentlyHgkala et al.[17]. Organic dye
molecules can be used as couplers between farliggidand near-field light. The method has
several advantages: no special geometry is requamnag light source can be used. The dye
molecules (Coumarin 30 was used as a donor, Rho@a6G was used as an acceptor,) are
imbedded into SU-8 polymer resin. The positionifgttee molecules was done by e-beam
lithography. Before positioning the molecules 58 long silver waveguide was fabricated on
top of the ITO coated glass. The excitation ofdbe@or molecule was done by 405 nm diode
laser. At the same time a confocal microscope sanallected the light from the whole
sample. It was shown that SPPs excited by the Coon3® fluorescence can propagate
even ~1Qum, then excite the acceptor molecules and fin&lé/Rhodamine 6G fluorescence
was detected in far-field.

This kind of excitation method can be combined wifite conventionaKretschmann
geometryexperimental techniques. For this purpose thetexdiuorescent molecule is placed
in a vicinity of the metallic film. The excited ftwescent molecule can then decay non-
radiatively into SPPs modes. The SPPs then beiatiesed on metallic film imperfections
radiate into the glass substrate and employingtlsen the scattered light can be detected at

certain angles. This method is called revéissschmann metho@§].
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3.2. Surface plasmon polaritons detection methods

The successful excitation of SPPs by prism or mgatoupling techniques can be easily
deduced from a decrease in the intensity of reftedbeam. When direct visualization of
propagating SPPs is desirable one can use on fllith@ing methods: SNOM (SNOM in collecting
light mode — photon scanning tunneling microscopyging based on fluorescence [17, 29],
scattered light collectiorgtc

Photon scanning tunneling microscopy The small probe tip is brought into vicinity

(within a distancel,, (see the equation (2.1.18))) of the surface of streicture. The

evanescent light in the near-field that is colldcby the tip (the metalized etched end of an
optical fiber with a small aperture) is convertedptopagating modes in the optical fiber. The
resolution is limited by the size of the fiber apee.

Fluorescent imaging is based on collection of the radiation emitted floyprescent
molecules or quantum dots that are placed on thalmaerface (within the evanescent SPP
field). These emitters usually have broad absangbiand. If the frequency of propagating SPPs
lies within the band the excitation of emitterpassible. The intensity of the emitted radiation is
proportional to the intensity of SPPs field at #mitter position. If one places a thin spacer
between metal and the layer of fluorescent molactiie enhancement of fluorescence can be
achieved, because the non-radiative quenchingedfubrescence does not occur.

Scattered light collection The propagation of SPPs at air/metal interfacebsamaged
by collecting the light that is scattered at filmperfections. This method cannot be used for
films with excellent surface quality. The neat expent based on this technique was
performed byDepine et al[l21]. The metal surface was corrugated with adidagrating, the
excitation was done by He-Ne laser and the scdtieght was projected to the screen parallel
to the structure. Using such setup makes posdiblelétermination of the band gaps of SPPs

for films with blazed grating.
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4. Experimental study of threelayersstructures
4.1. Samplefabrication techniques

The schematic structure of the studied samplesas/s on figure 4.1.1. The sample is
fabricated on top of a cover glass with dimensioh$5 mm x 15 mm, thickness0.15 mm,
purchased fronKnittel Glaser The glasses are used after advanced cleaninggues. First,
glasses are cleaned with hot acetone, and thee Wwhihg into hot isopropanol alcohol glasses
are cleaned by ultrasoun2-% minutes). After that glass is dried in dry nitrageow. Next the
silver layer is formed on top of the glass substiat electron-beam evaporation in an ultra-
high vacuum (18-10° mbar). The typical thickness of the metal layer5% nm. It was
verified with AFM (atomic force microscopy). It shid be noticed that metallic film is semi-
continuous. At first, metallic grains are formedtbe glass substrate, as evaporation continues
coalescence occurs and clusters are formed. Atp#reolation threshold insulator-metal
transition takes place, the voids become smalldriagular. Finally, the metal filling factor
increases, so the film could be considered as fiwet@he size of the clusters is dependent on
evaporation rate (figure 4.1.2). The higher fillifector was achieved for films evaporated at
higher rates. There is contradicting informationliierature about the evaporation rates of Ag
layers for optical studies. In [23] 5 nm/s rate wasd to get smooth surfaces, but further polishing
was required. In [25] 0.05 nm/s rate was choseobtain lower roughness (1.7-2.9 RMS). At
present work the low evaporation rate is chose-0.04 nm/s to get smoother surfaces and
reduce formation of Ag clusters with the charastgrisize ofum (the example of the clusters is
shown in figure 4.1.3). It was noticed that thehleigthe rate of the silver evaporation the more

clusters formed on the surface.

WuGG | Wueg

]

glass substrate

Figure 4.1.1 Schematic structure of the samples.
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Figure 4.1.2 AFM phase images of the semi-contisusilver films fabricated at different
evaporation rates: a) 0.04 nm/s; b) 0.29 nm/s;€hf/s; d) 1.98 nm/s.
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Figure 4.1.3 a) optical image afMm Ag clusters formed during thin film deposition electron beam

evaporation with rate 0.34 nm/s; b) AFM image afuster.

On top of the metal film the resist that contaims desirable organic molecules was spun.
In this work six samples with different Sulforhodam 101 concentrations were prepared. SU-8
epoxy-based negative polymer resist was used asniatorder to get desirable thickness of the
resist layer commercially available Microchem SBRE25 was dissolved with cyclopentanone in
volume ratiol:6. Using this root solution one can get layer thedshof 800 nm when rotational
speed is 5000 rpm. To get thinner layers the SUeRild be dissolved more. The appropriate
solvent for Sulforhodamine 101 is ethanol alcoBat it is also known that SU-8 has a tendency to
make aggregates (irregular shaped particles amasjibn ethanol [30]. So one should chose
amounts of SU-8 and ethanol carefully in orderr&vent the aggregation. The typical recipe of the
resist is following. Desirable amount (1-5 mg) aflf8rhodamine 101 (purchased from Sigma
Aldrich) were dissolved in 300 ethanol. To this solution 4.5 ml cyclopentanonged with 420
ul SU-8 root solution was added. It was noticed thatolutions that contained more than 3 mg
Sulforhodamine 101 a colloidal solution was fornaee to the lack of ethanol. Further filtering
was used to remove aggregates with size abdem.

After the filtration the resist is spun on top betsilver (or chemically cleaned glass

for reference samples) and sample is baked at @b®vaporate the solvent and polymerize
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the resin. To get resist thicknes$0 nm the spinning rate was chosen to be 4500 Tipra.
thickness of the resist layer was verified with AAMshould be mentioned that the resist film
is not totally smooth. The profile of the film shewresence of aggregates (20-50 nm)
possibly due to SU-8 photoresist aggregation irarmh or Sulforhodamine 101 aggregates
formation.

For absorption measurement reference samples witkituer were fabricated. The
absorbance spectra were measured with Perkin Bi@rIS Lambda 850 spectrometer. The
absorbance curves are shown in figure 4.1.4. Th®rhbnce spectra were fitted with two
lorentzian curves and the absorbance maxima weeendi@ed to be around 555 nm (2.07 eV)
and 599 nm (2.23 eV). The wavelengths of the maximanot change significantly for the

samples under study.

0,35
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Figure 4.1.4 Absorbance of Sulforhodaminel01 rkssiar spun on top of the glass substrate. The

Sulforhodamine 101 concentration increases fronpsatto sample 6.

Also a sample having Ag layer (50 nm) and SU-8rrémsyer (50 nm) without dye molecule
was prepared. It was used to study the SPP dispersliation at silver/SUS8 layer interface.
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4.2. Coupling method and experimental setup

The figure 4.2.1 shows the schematic picture of #perimental setup. The
hemicylindrical prism made of BK7 glass in Krets@mn configuration is used. The prism
average index of refraction for optical range ikgkated to bel.52 To get continuous index
of refraction between the prism glass and the glabstrate index matching oil with the same
refractive index was used. For excitation Of6[L82white light source is used. The spectral
characteristic of the white light source is showm figure 4.2.2. In the analysis of the
reflectometry data the collected light intensitydisided by incident light intensity, so the
shape of spectral profile does not affect the wavgth data.

The light is collimated and aligned by using twdssIRotatable Glan Taylor prism
polarizer is used to adjust the polarization ofltgket. The incident angle of the incoming light
is adjusted manually by a goniometric prism mount.

In the experiment one can obtain the wave vectoipoment parallel to the interfase,
W,/ i
Kyjignt =————sing, (4.1.1)
' o

where « is the excitation frequency, .., is dielectric permittivity of the prism materigh¢

dispersion of BK7 glass is neglected) ahds the angle between the normal to the sample
surface and the normal to the wave front , e.gatigge of incidence. The angle of incidence can
be read from the scale of the rotating mount. Tasuee the frequency of light that excites SPPs
the reflected (detection 1) and transmitted (detec2) light spectra are collected by an optic
fiber connected Jobin YvoRR320spectrometer equipped with Jobin Yvon Symphony CCD
camera.

The methods of the excitation and detection arglsino perform, but they have some
disadvantages. According to section 3.1 and figutel in this coupling method (fixed angle of
incidence and changing wavelength) the light liceits” the SPP dispersion curve of the
multilayer sample under present study in a way tihate than one cross is possible. Thus, in the
reflected spectrum one observes more than oneésdipone has to think about the resolution of

the detection because due to big FWHM the dipsowanap.
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Detection 1 (D1)

Detection 2 (D2)

Light source  Slit 1 Polarizer Slit 2 Rotating mount

Figure 4.2.1 Schematic representation of the empmrial setup.
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Figure 4.2.2 The spectrum of Orié6182white light source. The water filter is placedvoe¢n the
lamp and the detector. The filament current is 18.%he applied voltage is 20 V. The spectrum is

normalized.



36

4.3. Dispersion curves of surface plasmon polaritons propagating in three layers
structures

The dispersion relation is a fundamental propeft$®P. In this chapter the dispersion
relations obtained experimentally for samples wlifferent Sulforhodamine 101 concentrations
are considered. The dispersion curves can be azhgerforming reflectometry measurements
(D1 in the figure 4.2.1) or detecting the radiatiesulting from SPPs scattering to photons (D2 in
the figure 4.2.1). The reflectometry measuremesmt®wone using the setup described in previous
section. The angles were read from the scale ofjtimometric tool, the coupled wavelengths
were obtained from fitting of the dips in the refnce curve with lorentzian curves. Then the

dispersion curve& = E(Re[k, ]jvere built.

As it was discussed in section 2.1, in general dhsewave vector is treated as
complex valud, = Relk,]+iIm[k, ] Figure 4.3.1 represents dependeriéesE(Rek, anf
E =E(Im[k,]) for semi-infinite silver and semi-infinite Sulfadamine 101 resin structure
calculated using (2.1.16) and (2.2.13). As it canseen from figurdRelk,]=3Im[k, In
the strong coupling region, so one cannot totakglect imaginary part ok,. In such

situation the appropriate parameters to presenéxperimental data could be the wavelength
of surface plasmon resonance as a function of aaglé was done in [31]. But nowadays the
most authors present the result in the form of3R€s dispersion curves= E(k,) = E(Relk, .])
This is justified since the real part of the infdawave vector component describes the SPP
propagation, while the imaginary part describesditsipation, which does not need to be
considered while discussing pure dispersion praggsertn this study the representation of the

dispersion relation i€ = E(Re[k, 1)
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Figure 4.3.1 a) Energy of SSPs as a functiorgl ], b) energy of SSPs as a functioni@fk |. The

calculations were done for semi-infinite Silver a®hi-infinite Sulforhodamine 101 resin structure.

First, the sample without Sulforhodamine 101 mdkedayer was studied. 55 nm of
silver were evaporated on the top of glass sulestrat example of measured reflected light
spectrum is shown in the figure 4.3.2. Also theoedtly calculated curves for the reflectance
of such a structure are shown. To obtain theodetoaves the transition matrix method
(section 2.2) was used. The theoretical and experiah data do not overlap perfectly. There
are several reasons for the discrepancy. Theréeston is related to the silver film preparation
difference, i.e.Christie andJohnson[23] used 34 nm films evaporated with high rateofzt
5 nm/s), after what films were polished. In oppositthe films used in this project are
evaporated with very low speed about 0.04 nm/sthiciness of the films is about 55 nm. No
special treatment was done after the metal evapardExamination of the films with AFM
shows (figure 4.1.2) that the film surface is quitegh. It was shown by.P. Drachev et al.
that the surface roughness could affect the métddatric function (imaginary part) [25]. The
authors concluded that chemical interface effegisit boundary has different properties from
the grain bulk) and defects in the film have caitimfluence on the silver dielectric function. The
other reasons are that the prism material dispersinot taken into account in the calculations as

well as the presence of the glass substrate anddée matching oil.
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As one can see, the reflectance curve calculatddsiver dielectric permittivity from
[23] is in better agreement with presented expemtaledata. So for all calculations in this

thesis the silver dielectric function from [23] wased.
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Figure 4.3.2 Intensity of the reflected light me&suat detection position D1 for 55 nm silver layer
divided by incident light spectrum (red curve). Aa@f light incidence is 42° 30'. The theoretical
reflectance curves for the same structure andah® sangle of incidence using dielectric permityivit

for silver from [23] (black curve) and [31] (greearve) are plotted. Experimental and theoreticéh da

were normalized.

The second set of refractometry measurements was fdo six samples that contain
Sulforhodamine 101 molecule in different concerdret. The absorption curves of the test
samples are shown in section 4.1 in the figure44Bxamples the measured reflectance spectra
divided by the incident light intensity togetherthvcalculated ones are shown on figure 4.3.3.
Later we will discuss the details of the calculasiolt should be noted that the use of the name
“reflectance coefficient” for the experimental cernis not quite valid. The definition of
reflectance coefficient was done in the section 22.12) and the calculation was done
according to the definition. Reflectance coeffitienthe relation of average energy flux density
of reflected light to the average energy flux dgnsf incident light measured at the same point

in space. But the measurement cannot be performeatding to the definition. The result is
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dependent on the detector position while colleciimgdent and reflected radiation. In this work
the reflected light spectrum was divided by incidkght spectrum and then the result was
normalized. This notation is related to the absok#lues of reflectance coefficient, but the
wavelength dependence of the refraction coefficaamnot be changed. There is another fact
that affects the wavelength dependence — the mealiintensity dependence of the CCD
response. The square-root response function wad, lsé in reality it is more complex
dependence. The tilt of the experimental refle@arurve is probably due to this discrepancy.
The careful calibration of the device should be eddn properly perform the reflection
coefficient analysis. Thus, one can conclude thatntjtative comparison of theoretical and
experimental reflectance coefficient values ispassible in this work. But still the frequency of

the reflectance minima can be determined withiessonable error interval.

Reflectance coefficient, a.u.

L S
450 500 550 600 650 700 750 800

wavelength, nm

Figure 4.3.3 Experimentally obtained reflection flioc#nt curves (red curve for sample 3 and black
curve for sample 6) and theoretically predictedertion coefficients (red dashed curve for sample 3

and black dashed curve for sample 6) as a fundtidight wavelength. The angle of incidence is 75°.

In the figure 4.3.4 the wavelength dependence @fothserved minima on the angle of
incidence is shown. For convenience instead ofeanfiincidenced we use anglg90" -6 .)

Also this figure represents density plots of cadtedl reflectance coefficient using transfer

matrix method for six samples under study as atfonof light wavelength and angle.
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Figure 4.3.4 Calculated reflectance coefficienta disnction of wavelength and angle for six samples

under study. Color represents the value of reftextacoefficient. Experimentally obtained wavelength

dependences of the observed reflectance spectrmimanis represented as red dots as a function of

the angle of incidence.
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As was discussed at the section 2.2, to calcutatedflection coefficient of a multilayer
sample it is necessary to know the dielectric fimnst of every layer. The choice of silver
dielectric function was discussed above. The dietefunction of Sulforhodamine 101 layer
can be described by (2.2.13) that is based ongbidaior model of molecular dispersion

_..vw A4
g(w)_gs+§a§—af—ia);/i’ (4.3.1)

where &5 is a frequency independent dielectric permittivif/ the media that is hosting the
Sulforhodamine 101 moleculd; is dimensionless parameter characterizing stresfgdim oscillation
with the resonance frequeney; ; y,is parameter that describes damping of such oswilla

The details of the calculation of the dielectriedtion using Sulforhodamine 101 thin film
transmittance can be found in Appendix A as welbbasics of the molecular dispersion theory.
Besides silver and resin dielectric functions oheusd include into calculations dielectric

permittivities of the prism glass, index matchingamd glass substrate. But in the model these
layers are undistinguished and considered as sawitiseffective dielectric permittivitg, . It has to be
noted that parametegg and especially,, were varied to get the best overlap of experirnpatats with
calculated data. The new set of paraméferay, andy; was deduced from the Sulforhodamine 101 resin
absorbance data at every step wlagrwas changed. The relation (4.3.1) will not chaitge

form if the wave numbers are used instead of firezjes. Table 4.3.1 contains all parameters that
were used in modeling. Thickness of silver is 55 thickness of the Sulforhodamine 101 resin layer
is 50 nm. Light is incident from a semi-infiniteagé layer (in the experiment the light is incident

perpendicularly to air/cylindrical prism interfag® this boundary can be neglected).

Table 4.3.1The parameters used in reflectance coefficientatiogl

Sample| g | g A A, Vo, 10mt |y, 10mt | w10 mt | @, 100 mt
1 25 | 1.605| 0.028] 0.00084 1 0.35 10.52 11.45

2 2.7 | 1.610| 0.0365 0.001 1 0.34 10.50 11.42

3 2.9 | 1.485| 0.094| 0.0065 1 0.54 10.46 11.4

4 3 1.505| 0.133| 0.013 1 0.6 10.39 11.33

5 3.1 | 1.485| 0.168| 0.019 0.9 0.58 10.38 11.27

6 3 1.33 0.226| 0.029 1 0.73 10.38 11.32
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One can notice that the parametgs changing from sample to sample. The possible

explanation for this is the compensation of thererof determination of the angle of incidence.
Also the detection of the scattered radiation vassedht detection geometry D2 (figure 4.2.1).

The main problem in the scattered radiation meawmeis a weakness of the signal. That's why the

detector should be brought very close to the samupiethe exposure time should be increased

significantly. An example of a signal determinedhét geometry is shown in figure 4.3.5.

1,0

0,9 4

eflectance coeffickent, a.u

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0.4 _: i !"4;' s00 525 550 575 500
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wavelength, nm
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0,14

0,0 e R SN
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Figure 4.3.5 Normalized intensity of signal detered at geometry D2 for three layers system (Sample
3) is plotted as a function of wavelength (blackve). Angle of incidence is 63°. The inset in ted r
frame shows zooming of the region of high wavelbnggtaks. The red curves are fitting lorentzian
curves. Inset in the green frame represents thectahce spectrum of the same sample at the same

angle of incidence.

The relation of the signal strength of the low wiangth peak to the signal strengths of
the high wavelength peaks @01:0.01:1 For the comparison one can look at the depth
relations of the dips of the reflectance spectrumset in figure 4.3.5). It is approximately
0.4:0.3:1.0ne could conclude that high frequency SPPs sdattkght less effectively than

low frequency ones. The possible reason for thaildcke higher ohmic losses for SPPs
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excited by short wavelength light. The rough estiamaof the propagation length of the SPPs
is done by using equation

Lep = ImM[K,])™ ﬂm[i} %1. (4.3.2)
The results of calculation are summarized in Tdle2. So, the short wavelength SPP (569 nm)
travels longer distance before being dissipatdtetd than the long wavelength o883nm). It
means that the probability to scatter on the filefedts to photon is higher for the short
wavelength excitation. If the probability of SPRatsering to photon is directly proportional to
SPP propagation length, as can be approximatedatioeof the detected peaks at geometry D2

signal would becom®.4:0.75:1. But it very clearly contradicts observations.

Table 4.3.2Estimation of the propagation length of SPPs aksilSulforhnodamine 101 resin

boundary in sample 3

Wavelength of reflectancePropagation lengthym

coefficient minimum, nm

536 0.97
569 2.50
663 1.03

This contradiction in the theoretical estimatiord ahe experimental observation can be
explained by several possible reasons: 1) moréserieeatment of SPP’s propagation length thastake
into account energy dependence of scattering semg®n should be used; 2) the propagation length
dependence on the metallic film defect density Ishba taken into account; 2) the energy transfer
between the SPP modes could be present. The ¢ast ihie most probable reason since the former two
reasons seems to be too minor to fully accourtitheiscrepancy. Further studies of the topicreiteal

the reason.

"The calculation of intensities ratio is done inldaling way. The coupled intensities are related as
0.4:0.3:1.The ratio of probabilities to be scattered to phetthat are assumed to be proportional to propagati

length is approximatel®.4:1:0.4 After multiplication and normalization one has$ion0.4:0.75:1
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In the figure 4.3.6 two dispersion relations meaduat detection 1 and detection 2
geometries for samples with different concentraiof Sulforhodamine 101 are presented.

The coupled oscillators model (Section 2.3) is us€fit experimental data.
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Figure 4.3.@Dispersion relations of Silver/ Sulforhodamine K#inples having different dye
concentrations. Black dots are measured dispersibdstection geometry D1; red dots correspond to
measured dispersion at detections geometry D2d Sudick and red curves represent theoretically

calculated dispersion relations for detection 1 aedection 2 geometries respectively using the

coupling strength¥, andV, as fitting parameters.
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Detection 1 For the lower dye concentration samples (sampl@3 &plit at the energy
corresponding to the absorbance main maximum @W)74s observed. By further increase of
the dye concentration the second split appearbeakehergy 2.23 eV corresponding to the
absorbance shoulder (samples 3-6). Accortiin@l.1), (1.2) and2.3.22) width of the energy
gap is linearly dependent on the square root oeffextive oscillator strength. In frame of the

Lorentz local field model the relation holds:

_4meeg,  9n
Nf = 7 2y ja(v)dv, (4.3.3)

wheref is an oscillator strength of a single absorleemnd m, are electron charge and masss
the speed of lights,is the vacuum dielectric constam,is absorbing molecule concentration,

is the refraction index of the host material (S8trix), a(v)is the absorption coefficient as a
function of incident light frequency. Integrﬁb(v)dv Is known as a total absorbance and can be

calculated straightforward from a measured absadahhe experimental absorbance spectra
are fitted with two lorentzian peaks and the anmedeu the lorentzian curve is directly related to
the integral presented in (4.3.3).

Appendix B provides the mechanism of energy gapucissh the from experimental
dispersion curves. The obtained lower energy g&a\ber is linearly dependent on the square
root of total absorbance (figure 4.3.7 a)). Thehbigenergy gap value deduced from the
dispersion curves measured at detection geometrgi€dlincreases with increasing absorbance
(figure 4.3.7 b)).

In was checked that with varying irradiance betw@ey-13W/m? the value of Rabi
splitting of certain dispersion curve did not chanyf means that the condition for vacuum
Rabi splitting holds.

Detection 2 The same behavior characterizes dispersion refatmistained from
the scattered light detection for samples 3-6. tAar lowest dye concentration samples (1, 2)
Sulforhodamine 101 fluorescence peak is obsernv8lr{B), which corresponds to the horizontal
part of the dispersion curve. The detected flueese can be du® thedirect excitation of
fluorescent molecules by SPPs. Another indirect mypossible. SPPs can be scattered into

the radiation that can further excite Sulforhodai®1 molecules.
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Detection 2 shows larger values for the lower epgap in comparison with detection 1
(4.3.7 a)). The linear dependence on the squateofdbe total absorbance holds for the lower

energy gap. However, the upper energy gap is inakpe on the sample’s absorbance and is
always close to 125 meV.
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Figure 4.3.7 Lower a) and upper b) energy splitadsnction of square root of the total
absorbance. Black and red lines are linear fiesxpkerimental data.

The observation of linear dependence on squareofdatilforhodamine 101 absorbance
can be understood as following. The moleculesrdgezacting with the SPP coherently. In other
words SPP induces polarization of the moleculeghase, so as a result the molecules of the
sample can be considered as a single high stresgttator [8]. The number of molecules that
takes part in the strong coupling is proportional the concentration of molecules, i.e.,
the reference sample absorbance. It is also piopattto the coherence length of SPP, which
can be thought as constant in this case. It méadhe energy gap is linearly dependent on the
square root of total number of molecules in therksyer.

Let us now use the quantum cavity analogy. As & watten in the introductory part
(the equation (1.1)), the value of the Rabi splithe case of cavity photons is
ZFOCNqW]l,2 = ( thequw

nc Leff ns gOrneLeff
Every parameter in parentheses is essential cprityerty and is not dependent on the way

the cavity is studied. We adopt this descriptiontfee energy gap of the SPP dispersion and

Eran = 29[ ) i Ao (4.3.4)
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write for the value of the lower energy gap obtdiret detection geometry DES, and
detection geometry DE,

ES, = AfY2+B, = A(N,, f)*? +B, (4.3.5.a)

Es, = Af2)2+B, = A(N,, f)"? +B,. (4.3.5.b)
Here Ais a constant coefficient that is dependent on $samppperties,f,,and f,,are total
oscillators strengths affecting the measuremedetction 1 and detection Rl,,and N, are
numbers of oscillators that participate in couplirigis the oscillator strength of an individual
molecule (all molecules are assumed to be eq8adind B, are contributions to energy due to

processes that are not dependent on the totaladscstrength.

In SPP excitation process certain number of moéschl,, was participated. We assume

that this number is directly proportional to théatcnumber of moleculedl embedded in the

dielectric layer, so
Ny, =8N, (4.3.6)
whereg, is a constant. When the SPP propagates and moexuhed are excited, the number
is still proportional toN
Ny, =5,N, (4.3.7)
whereg, is a constant. One can substitute (4.3.6) and/{idto (4.3.5.a) and (4.3.5.b)
ES, = AUBNG)Y2 + B, = (AB)"2(Nf,)"2 + B, =C,(Ja(v)dy)* +B,,  (4.3.8.3)
ES, = A(B,Nf,)"? + B, = (AB,)"*(Nf,)"* +B, = CZ(I a(v)dv)'> +B,. (4.3.8.b)
Here the relation between the total oscillatorrgitk and total absorbance is taken
into account,C,and C, are constants related to that.

As a result of above discussion and the experirthgraatained energy gap vs. total
absorbance curve, one can calculate the relatiegehof the number of oscillators participating
into coupling and scattering processes

N,/ Np, =B,/ B, = 0.069/0.062= 1.1. (4.3.9)

This means that approximately 10% more moleculggipate in coupling after initial excitation.

The same reasoning can be performed for the umeege gap
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EX =F(O,Nf )2 +G, = (FJ,)"*(Nf )"* +G, = Kl(ja(v)dv)”2 +G,, (4.4.0.a)
EL, =F(0,Nf )2 +G, = (FJ,)"*(Nf )"? +G, = Kz(ja(v)dv)”2 +G,. (4.4.0.b)

Figure 4.3.7. b) shows thal, -~ 0. In this model it means that always the same
amount of molecules is taking part in coupling whiBPP propagates regardless of the
concentration. So the SPPs with energies closehéo high-energy gap position while
propagating do not involve new oscillators, buheatlose them. It can be explained by fast
decay of these SPPs to the Joule heat. But exaonnaitthe equation (4.3.2) contradicts this
possibility. The same conclusions that were doméhe signal intensity analysis hold here.

The only question that remains to discuss is ter@af B, B,, G,and G, energies. As
it was mentioned before these parameters can blescantributions to the energy gap by
processes that are not dependent on the totalat@cistrength or depend on it very weakly.
The straightforward explanation to the presenceoofktant term is calculation of total absorbance
with offset. In case of the low energy gapQdileV term is most likely due to this fact. But in the
case of higher energy gap the situation is diftefexperiment reviles that at detection 2 the gnerg
gap remains unchanged with increasing concentratibrSulfornodamine 101. The possible
explanation is that modes with energies in highergy gap region can contain only certain number

N, of oscillating Sulforhodamine 101 molecules. [fially the number of molecules coupled to SPP
oscillation were less thaN_, the SPP will propagate and excite more oscifiaitirtheir number
would be close td\.. . If initially the number of coupled molecules iglter tharN., during SPP

propagation there would be fast decay of excesflatiens to heat or again the possibility of
energy transport arises.

However, it is not evident what could be the phgkreason for such phenomenon. To
gain more insight into the problem let us consaleole of SPP lifetimg,... If the fast energy
transfer from high-energy branch to the low-enebggnches is taking place, the lifetime of
SPP is reduced. So, while the number of molecglescreased during SPP propagation, the

reduced lifetime (larger linewidgh,,,) makes the gap smaller according to (2.3.2).

AE :\/4\/2 _(ySPP_yEx)2
As it was mentioned at the section 2.3, the engagydependence on SPP linewidth is more

complex function in the case of SPP interactiorwto excitons. But the decrease of the SPP
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lifetime may result into the energy gap decrease esuld be seen in figures 2.3.1 and 4.3.8
(the arrow I). The uncertainty relation used tacukdte SPP lifetime is written in form

h
TSPP(S) t m (439)

The SPP dephasing time is in 10 fs timescale [34].
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Figure 4.3.8 The upper energy gap dependence oBRRelifetime. The calculation is done using the
coupled oscillator's model in the case of the SReraction with two excitons. The black circle cates
the initial lifetime of the SPP mode. The red @sctepresent the possible SPP lifetime changes. tNait
lifetime values (as well as the energy gap valaes)used to provide qualitative analysis and nulgfer

from the real values of the SPP lifetime.

Figure 4.3.8 also shows other scenario that leadthd increase of the energy gap value
(arrow 1l). Namely, the increase of the SPP lifetimnay occur. Now it is not possible to
conclude what is the actual behavior of the SPR@m system, because the possibility of the
energy transfer between dispersion branches istadied yet. The only conclusion that can be
made now is that the behavior of the upper eneagyvglue as a function of the square root of
the total absorbance is the result of the interpletyveen two processes. First process leads to
increase of the number of oscillators during th® $Rpagation and consequently it leads to the
increase of the energy gap. The second processsrasthe SPP lifetime change and decrease
of the energy gap value.
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5. Summary

In the present work room temperature coherent aotem between the surface

plasmon polaritons and Sulforhodamine 101 molecwie® studied. Here the achieved goals

are summarized.

1.

The various approaches to surface plasmon polariti@scription and observation are
reviewed.
Experimental observation of the strong coupling &nel vacuum Rabi splitting in
planar silver/ Sulfornodamine 101 resin structuseachieved. To do this following
steps are covered.

2.1. Sample fabrication techniques are developed.

2.2. Measurements are done in two supplementaegti@h geometries.

2.3. Experimental data processing methods are developed.
The energy gaps dependence on the oscillator stresganalyzed based on the
experimental data. The coherent coupling betweeface plasmon polariton and dye
molecules is proven.
Comparison of the results obtained for two detectieometries gave an insight into
the dynamics of surface plasmon polariton - excitmeraction.
The tasks for future study are realized. The apmitg models for surface plasmon
polariton propagation length should be found thecaly and verified experimentally.
The study of possible energy transfer between seniéasmon polariton modes should

be performed.
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Appendix A. Calculation of dielectric permittivity of SulforhodaminelO1

To obtain the complex dielectric permittivity of Iwrhodamine 101 as a function of
frequency, the classical theory of molecular disfper was used [33]. In this theory “optical”
electrons are considered as damped harmonic dscillehe oscillations in the electrical field
of electromagnetic wave can be described as

mr = -kr —gr +eE, (A.1)
where mis mass anct is a charge of electronski is quazielasticity forcergf is an

analogous to damping force, which is needed toritesabsorption of the molecule afftis

electric field. (A.1.) can also be written as

F+2)f +afr =—E, (A.2)

S|

where «f =% and 2y:E.

In the case of plane electromagnetic welie; E, () exp(at) , after few simplifications

and using a definition

D=E+47P =¢E, (A.3)
one can obtain the expression for the dielectrrongévity in this simplistic case
f(w) =1+ NEIM (A.4)
Wf - +2iyw

where N is a number of molecules in unite volume. If th@leoule hask absorption peaks, one

can considek different oscillators witrm,, e, N, , &, , ¥, - Such consideration will result in

47N e%/m,
=1+ £ : A5
-+ Ay (A-5)
For dielectric permittivity of Sulforhodamine 10dsin slightly modified formula was used
_ AL,
E=¢g. + A.6
° ; agk —af +2i Yw (A.6)

where £is dielectric permittivity of the media that is hiog Sulforhodamine 101 molecules

and A = 4N.e°/ afm,.
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One can proceed and consider a connection betweseidiélectric permittivity and
the index of refraction
Je =n-ik, (A7)
wheren is real refractive index angl is a media damping coefficient.
From (A.7) one has

ReE)=n*-«7,

Im(e) =-2n«k. (A.8)
Then, using a well-known relatior, can be written as
K= M (A.9)
47t

whereT is a transmittance of a sample of thicknessid A is a wavelength. The transmittance of
50 nm Sulforhodamine 101 resist films placed ofaasgsubstrate was measured with Perkin Elmer
Lambda350UV/VIS spectrometer.

Figure A.1 representsx =x(a« )alculated by (A.8), (A.9) and fitted to an
experimental data of a reference sample (50 nnk tlaiger of resin was deposited on top of
the glass substrate). The Sulforhodamine 101 hasatvgorption peaks, cyclic frequencies
around 3.15 and 3.42 THz (or 10.46 ¥ a0d 11.4 x 1dm™) that were obtained from the

absorption measurements after fitting the peaks leientzian curves. In calculation efc. )

one has 4 parameters to verifA(A,) and (1, ),). The dielectric permittivity of the SU-8

layer is around 3. For Sulforhodamine 101 resingeb good overlap with the experimental
curve, following parameters were takéfy, A,) =(0.094, 0.0065) andy, y,)=(0.3, 0.16) THz.

0,104

damping coefficient, a.u.

0,05 4

0,00 S P P P TP
26 28 30 32 34 36 38 40

cyclic frequency, THz

Figure A.1 Experimental (black curve) and theomdti¢blue curve) damping coefficienk = k(&) of
Sulforhodamine 101 resin.
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Appendix B. Calculation of the energy gap values

The coupled oscillator model is used to fit the exxpentally obtained dispersion
relations. In the section 2.3 it was shown thaorder to get energy of coupled statethe

following equation has to be solved

[Esen(Rel,]) = €1(Ecy — €)(Ecy, =€) = (Ecu — €V —(Ege — )V =0, (B.1)
where E¢..(k, ) is an energy of the uncoupled SPP at the interfaateveen silver and
dielectric matrix (without absorbing molecule§),,, and E.,, are energies of the excitons,
Veqandy,, are linewidths of the exciton¥, andV, are coupling strengthsetween the SPP

at the silver/dielectric interface and excitons.

Dispersion relation of the uncoupled SPP at therfiate between silver and SU-8 resin
can be calculated using (2.1.16) or obtained empeially. In this work the experimentally
obtained dispersion relation is used (figure BHEnergies of the excitons are assumed to be
constant and are obtained from experimentally nredsabsorbance (figure 4.1.4) by fitting
its two peaks with two lorentzian curveg. andV, are fitting parameters. In order to
determine the energy splitting from experimentatadanamely the difference in energy

between dispersion branches at certain wave végtdhe calculated dispersion relation with
V, =V, =0 has to be considered. Such dispersion relatipfotted in figure B.2 a). The wave
vector, at which the dispersion branches crossaiked ask,,, -

Next, experimental data are fitted with solutiofig®.1), whereV,, V, can be varied
to find a good overlap between the experimentalthectalculated curves. Energy gap values
are defined as
AE, = E,(Ky,) — Ey(Ko1) s
AE, = Ey(Ko,) ~ E;(Ks). (B.2)
Here 4E () is a lower (upper) energy gap vali®(k) is an energy of a low energy branch,

Eo(k) is an energy of a middle energy branch &s) is an energy of a high energy branch.
The procedure of finding energy splitting is shasehematically in the figure B2.
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Figure B.1 Dispersion relation of silveésq nm)/ SU-8 resist50 nm) structure obtained at detection 1 geometry
(black dots) together with dispersion relationssibfer (55 nm)/ Sulforhodamine 101 resi€Q nm) (green dots
correspond to sample 3, red dots — to sample l4t, llilwe dots — to sample 5, blue dots — to sampl8did black
line is fitted theoretical curve dilver 60 nm)/ SU-8 resist50 nm) dispersionDashed black lines represent

energies of absorption maxima and shoulder of Subidamine 101 resin.
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254 2,5
2,44 2,44
23] ; 23 M AE,=0.11 eV
3.9, : 224 Y
321 : =21 ;
i1 i = AE, =024¢eVi .
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1 i bee
1.9 H ; 1,9 '
1,8 - ' 1,84 ;
j i i
1,7 4 ! 1,7 !
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1,6 - ! 1,6 - H
j i i
154 k,=14.27 x 10°, m" ik,,=16.39 x 10°, m" 1.5 1 k,,=14.27 x 10°, m"} k,;=16.39 x 10°, m"
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Figure B.2 a) Calculated dispersion relation foresiSulforhodamine 101 resin structure, whgrV,=0. The wave
vectorskO N and kov2 are determined from the crossing; b) experimgntditained (black dots) and calculated dispersion

relation of the same structure, whér0.12 eV and/,=0.058eV. Energy gapsE, andAE, are determined from the

calculated dispersions.

Tables B.1 and B.2 contain all parameters that wsed in the modeling. Also the table
contains information about square root of totalodtence values for lower and higher energy
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absorption peaksf\ Y? and, A,Y* namely. The parametas is a multiplier used to alter Silver/SU-8

dispersion relation slope. It is needed in ordegaboverlap between silver/SU-8 dispersion curve
and Silver/SR101 dispersion at the low energy regibost likely the origin of the discrepancy
between two experimental curves is the error ineaofjincidence determination or the difference

in film thicknesses.

Table B.1Parameters used in the fitting experimental dsparrelation obtained at detection

geometry D1.

Ne = Eexo €V | VP4, V.2 A A, ao Kox, Koz, AEP, | 4B
eV Y eV a.u. a.u. 10°m* | 100m* | ev eV

6 2.06 2.25 0.15 0.12 4.97 2.10 0.95 15.66 18.17 0.330.19

5 2.06 2.23 0.12 0.082 4.24 1.92 1 14.38 16.42 0.26 .16 0

4 2.07 2.25 0.12 0.058 3.52 1.56 1.01 14.27 16.89 2 0.2 0.12

3 2.07 2.25 0.105 0.045 2.93 1.19 1.01 14.27 16.89 20 0. | 0.09

Table B.2Parameters used in the fitting experimental dsparrelation obtained at detection
geometry D2.

Ne == Eew €V | Vi%%, V2, A A Kox, Koz, AEP? | 4B,
do
eV eV eV a.u. a.u. 1fmt | 1 mt | ev eV

2.06 2.25 0.17 0.075 4.97 2.10 0.95 15.66 18.17 60.3 0.12

2.06 2.23 0.15 0.06 4.24 1.92 1 14.38 16.42 0.2 130.

2.07 2.25 0.13 0.05 3.52 1.56 1.01 14.27 16.39 0.250.12

2.07 2.25 0.11 0.04 2.93 1.19 1.01 14.27 16.89 0.220.12

W | O O




