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Abstrakt

Diplomovéa priace se zabyvd fotoluminiscenci polovodi¢ovych materidli zesilené
plazmonovymi polaritony. Je popsana zdkladni teorie interakce mezi lokalizovanymi
povrchovymi plazmony a fotoluminiscencnimi latkami. Dva mechanismy, které mohou
vést k fotoluminiscenci zesilené plazmonovymi polaritony jsou diskutovany. Nasledné je
popsan navrh aparatury pro méfeni fotoluminiscence a zpusob jeji realizace. Funk¢nost
aparatury je ovéfena meéfenim fotoluminiscencnich spekter objemového GaN,
nanokrystalického Si a CdTe kvantovych tecek. Nakonec je zkouméana metoda ptipravy
vzorkill sestavajicich z kovovych nanokulicek a fotoluminiscencéné aktivnich CdTe
kvantovych tecek.

Summary

The diploma thesis deals with plasmon-enhanced photoluminescence in semiconductors.
Fistly, the basic theory of the interaction between localized surface plasmons and
photoluminescent materials is described. Two mechanisms leading to plasmon-enhanced
photoluminescence are discussed. Subsequently, the design of the apparatus
for measuring photoluminescence is depicted and the way of its assembly described.
Functionality of the apparatus is tested by measuring photoluminescence spectra of bulk
GaN, nanocrystalline Si and CdTe quantum dots. Finally, the preparation method
of samples consisting of metal nanospheres and photoluminescence active CdTe quantum
dots is investigated.
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Introduction

Photoluminescence is a spontaneus light emission of materials following optical
excitation. This phenomenon was observed in the nature from the ancient times. In China
and Japan photoluminescent pigments were used as early as 1000 years ago. The first
scientific study of photoluminescence started in the 17th century by discovering the
“bolognian stone* (BaS). The term “phosphorescence* was introduced for a sustained
emission after termination of excitation and “fluorescence* for a fast decaying emission.
The therm “photoluminescence* was used first at the end of the 19th century and it
includes phosphorescence and fluorescence as well. The rigorous description of
photoluminescence came only in the 20th century thanks to the quantum physics. In the
20th century photoluminescence started to be used in various applications of microscopy
and in research of organic materials, and also in spectroscopy. More recently,
photoluminescent materials are used in ligth emitting devices as laser diodes and in
biology and medicine for sensing and imaging.

Since in 1946 Edward Mills Purcell reported that emission properties of materials
are influenced with the environment in which the emitter is placed [1], the possibilities to
enhance luminescence have been widely investigated. It was already reported in the 70s
and 80s of the last century that metal surfaces or small particles in the proximity of
emitter can strongly enhance or quenche photoluminescence due to the excitation of
surface plasmon polaritons. Surface plasmon polaritons are collective oscillations of
electrons at metal interfaces coupled to the electromagnetic field.

The plasmon-enhanced luminescence was well described theoretically in the 80s,
but the efforts for its application have intensified only since the past decade due to the
appearance of advanced fabrication and characterisation methods at nanoscale.

This thesis deals with the theoretical description of plasmon-enhanced
photoluminescence. Furthermore, the experimental part of the thesis contains the design
and realization of an apparatus for measuring photoluminescence and the results of the
measurements carried out using the apparatus. Finally, preparation methods of samples
for studying the enhanced photoluminescene are shortly investigated.



1 Theoretical foundations

This chapter contains the brief introduction to the theory of electromagnetic field
and to the optical properties of metals in order to understand existence and behaviour of
surface plasmon polaritons.

1.1 Maxwell’s equations

The fundamental equations describing electromagnetic field in vacuum and in
different media are the Maxwell’s equations.

V.D = peyx¢ (1.1)
V.B=20 (1.2)
0B
VXE=-— (1.3)
dD
VXH=]+—-- (1.4)

This is the differential form of the macroscopic Maxwell equations, which are describing
every electromagnetic phenomenon and link the electric and magnetic field. Dielectric
displacement D and intensity of electric field E are further inetrconnected with the
equation

D = ¢yE + P, (1.5)

where & is the permittivity of the vacuum and P is the polarization.
Magnetic induction B and magnetic intensity H are linked through the equation:

1
H e B—M, (1.6)
where p, is the permeability of vacuum and M is the magnetization.

The Maxwell’s equations define the electromagnetic field generated by charges
and currents, but they do not describe how these currents and charges arise. This means,
that to solve the Maxwell’s equations, so called constitutive (or material) relations are
needed, which describe behaviour of materials in an electromagnetic field. These
relations are in general tensor equations, because of possible nonlinearities and anisotropy
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in materials. However, for linear (P = y,E a M = y,,H) and isotropic media they have
the following form:

D = g&E (1.7)
B = popu-H (1.8)
J=0.E (1.9)

where &, and p,. are the relative permitivity and permeability of the material, respectively,
and o is the specific conductivity.

In the following we will limit ourselves to homogeneous, nonmagnetic media that
do not exhibit spatial dispersion. This means, that i,, = 1 and ¢, and o are not dependent
on position, only on angular frequency ® of the electromagnetic wave.

1.2 Electromagnetic waves

The wave equations can be obtained combining curl equations (1.3) and (1.4),
which in vacuum without free charges and currents have the following form:

.. 10%E

V°E — Eﬁ =0, (1.10)
) 10%B

V B — EF = 0, (1.11)

where ¢ = 1/,/1,¢, is the vacuum speed of light and operator V? is defined as:
V2= V(V)—VXVX (1.12)

Because the wave equation can be derived directly from the Maxwell’s equations, every
solution of Maxwell’s equations has to be also a solution to the wave equation. However,
the opposite statement is not valid, not every solution to the wave equation satisfies
Maxwell equations.

It is known, that the monochromatic plane waves

E(r,t) = Eg.exp (i(k.1 — w.t)) (1.13)
B(r,t) = Bg.exp (i(k.r - w. t)) (1.14)

are solutions to the wave equation. By substituting (1.13) and (1.14) to the Maxwell’s
equations is apparent, that if the following conditions are fulfilled:

k1lE akxE = wB, (1.15)

monochromatic plane waves are solutions to the Maxwell’s equations.
For homogeneous non conductive media without free charges and currents and the
time harmonic electromagnetic field (~exp(—iwt)), so called Helmholz equations can be
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obtained from the Maxwell’s equations using similar a procedure as in case of the wave
equations:

VZE+K?E=0 (1.16)
V2B + k?B = 0, (1.17)

where k? = popgoe,w? , and the propagation speed of the waves is v = 1/,/pohr€oe;.
In general, the electromagnetic fields are not time harmonic, but they have an
arbitrary time dependence. To calculate the time developement of such arbitrary fields
Fourier transformed Maxwell’s equations are required.
The spectrum E(r, ) of an arbitrary field E(r,t) is calculated using the Fourier
transform:

—

1 [ .
E(r,w) = %f E(r, t)e'®t dt. (1.18)

Applying the Fourier transform to the Maxwell’s equations gives the following equations:

V.D = poy (1, 0) (1.19)
V.B(r,w) =0 (1.20)

VX E(r,w) =—iwB(r, o) (1.21)

V x H(r,w) = j(r,w) + D(r, w). (1.22)

Firstly, the solution for E(r, ) is calculated and the time dependent field is determined as
the inverse Fourier transform of E(r, w):

E(r,t) =j E(r,w)e @t duw. (1.23)

Thus, time dependence of an arbitrary field is Fourier transformed and every
spectral component is calculated as a monochromatic field and subsequently inversely
transformed to obtain the general time dependence.

1.3 Optical properties of metals

Every environment influences the propagation of electromagnetic waves. In case of
the visible light there are many examples observable in every day life supporting this
statement. For example, water and glass reflect just a small part of the incident light, the
majoritiy of light is transmitted, materials which appear to be black absorb most of the
incoming light and metals like silver are shiny and opaque due to effective reflection of
the light.

These effects are in fact consequences of optical properties of given materials. For
quantitative description of optical properties of materials mostly two quantities are used:
complex index of refraction:

12



N =n+ik (1.24)

and the complex dielectric function (relative permitivity)

e=¢g + e (1.25)

These quantities are not independent on each other, but are connected through the
following formula:

N =+e. (1.26)

Consequently, the real and imaginary parts of the index of refraction and dielectric
function can be obtained using these quantities:

g =n*—k? (1.27)
e = 2nk (1.28)
1
e 1 2
n= (E + E\/s' + s») (1.29)
1
e 1 2
k= (— LG g,,> . (1.30)

In the following, the optical properties of metals will be discussed using simple
models.

1.4 Lorentz model

The Lorentz oscillator model provides the simplest description of the interaction
between atoms and an electromagnetic field. It is a classical model based on a concept
from mechanics.

The starting point is that electrons are bound to nuclei with a restoring force which
is linearly dependent on the displacement from the equilibrium position. This means, that
the atoms of a material are represented as harmonic oscillators. The incident field is
interacting with the electrons, resulting in a harmonic motion in case of a time harmonic
electromagnetic field.

According to this model, taking into account damping as well, the equation of
motion for an electron can be expressed as:

mXx +yx + Kx = —eE(t), (1.31)

where m is the mass of the electron, x is the displacement of the electron from its
equilibrium position, K is the restoring constant, y is the damping coefficient and the time
harmonic field can be expressed as:

E(t) = Ey. exp(—iwt). (1.32)

13



Magnetic forces are usually neglected with respect to electrical forces and radiaton
reactions are also neglected. The solution of this differential equation yields the
displacement of electrons affected by the time harmonic field:

e/m

X =— E.
wé — w? —iyw (1.33)

where w3 = K/mis the resonant frequency of the oscillators. The displacement of
electrons towards positive ions induces polarization effects. The magnitude of
polarization in unit volume is:

2

ne
P = —nex = E,
m(wg — w? — iyw) (1.34)
where n is the density of electrons. By substituing (1.34) into (1.5) we obtain:
D E + ne” E 1+ @ E (1.35)
=& =& —— | E, .
0 m(wy — w? — iyw) 0 wi — w? —iyw

where wj = ne? is the plasma frequency of the free electron gas [2]. The dielectric

meg

function can be obtained by comparsion of (1.7) and (1.35):

2

(@) =1+——2
Elw) = .
wé — w? —iyw (1.36)
The real and imaginary parts of the dielectric function have the following form:
w2 (w3 — w?)
elw)=1+ P
(w) (0% — w2)2 + 1202 (1.37)
wyyw
e(w) = (1.38)

(wg — wZ)Z + ]/2(1)2.

Altough the Lorentz model is a purely classical model, it gives a good basic insight
into the problem of atom-field interactions. The model becomes even more useful if more
types of harmonic oscillators (with different resonant frequecies) are considered ([3]
pp.244).

In the following section, the particular situation of metals will be investigated (the
charge moves freely within the material).

14



DIELECTRIC
FUNCTION

Figure 1.1 Frequency dependence of the real and imaginary parts of the dielectric
function according to the Lorentz model. Picture taken from [3] pp. 230.

1.5 Drude model

Paul Drude proposed his model in 1900 to explain conduction properties of metals
[4]. The model was further advanced by Arnold Sommerfelder in 1933 by taking into
account quantum mechanical principles. The Drude model is in fact an asymptotic case of
the Lorentz model but from the chronological point of view it foregoes the Lorentz
model.

The model is based on the idea, that electrons inside metals create a free electrons
gas. This means electrons can freely move inside metals without resistance, without
interaction with each other and they are not bounded to the positive ions of the crystal.
Furthermore, electrons undergo elastic collisions with the heavier positive ions with
frequency y = 1/t, where t is the average time between collisions (relaxation time).

When an external time harmonic electric field is considered, the equation of motion
of electrons has the following form:

mx + myx = —eE. (1.39)

The solution of this differential equation is:

e
x(t) = m(wZ—+in)E (©). (1.40)

The dielectric function can be obtained by the same procedure, as in case of the Lorentz
model:

0)2

e(w)=1-— m (1.41)
The real and imaginary parts of the dielectric function have the following form:
w2t?
e(w)=1- m (1.42)

15



2,2
pT

w(1+ w?t?)

w
e(w) =

(1.43)
At high frequency values (with respect to ») close to the plasma frequency, where
wt > 1, the dielectric function is predominantly real:

(1)2
e(w)=1- w—z (1.44)

which can be taken as the dielectric function of the undamped free electron plasma [5].

It is imprtant to note, that the Drude model itself does not precisely describe the
optical properties of all metals, because not only free but also bounded electrons are
present in the atoms. The free electrons can be treated according to the Drude model, but
bound-electrons have to be treated by means of Lorentz oscillators to calculate the
dielectric function of real metals a combination of Drude and Lorentz model is required.

1.6 Kramers-Kronig relations

The Kramers-Kronig relations connect the real and imaginary parts of dielectric
function and provide fundamental constrains for the linear frequency-dependent response
of a system to an external perturbation [6]. These integral relations are often used to find
the complex refractive index of a medium from a measured absorption, reflection or
transmission spectrum or to calculate the real part from the imaginary counterpart (or vice
versa) of the dielectric function.

The Kramers-Kronig relations for the dielectric function have the following form:

2 ([ 0e(0)

2w “e) -1
e(w)=—-—FP jo 7 — oz (1.46)

where P denotes the Cauchy principal value.

The derivation of the Kramers-Kronig relations is based on the basic physical
principle of causality and on Cauchy’s residue theorem. In the case of the interaction of
an electromagnetic wave with a medium, the causality implies that the medium will
respond to an external perturbation (incident wave) only after its occurrence (incidence).
In the spectral region of the visible light, the response of the medium can be observed as
the polarization of electrons. Kramers and Kronig realized, that knowing over the full
spectral range either the real or the imaginary part of the complex refractive index it is
possible to reconstruct the full refractive index. The detailed derivation can be found in
[7] pp. 306-312.
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2 Surface plasmon polaritons

The subject of this chapter is to define the basic notions used in the field of
plasmonics and to derivate the existence and basic properties of surface plasmon
polaritons.

As mentioned in the previous chapter, plasmons are the oscillation quanta of the
free electron gas in metals. When these oscillations occur at the metal suface we talk
about surface plasmons and when they occur in the bulk we talk about volume plasmons.

Surface plasmon polaritons (SPP) are quasiparticles arising via coupling of
electromagnetic field to oscillations of the free electron gas. The resulting
electromagnetic surface waves travel at a metal-dielectric interface and they are strongly
confined to the interface and exhibit an exponential decay perpendicular to the interface.

For the simplicity, in the following text instead of the correct term surface
plasmon polariton, shortly just the term surface plasmon or SPP will be mostly used.

2.1 Surface plasmon polaritons at metal/insulator interfaces

The existence of surcface plasmons can be derived by solving the Maxwell’s
equations without free charges and currents at a planar interface. The solutions are waves
coupled to the surface. The first assumptions will be that the waves are time harmonic
(~exp(—iwt)), propagate in the x direction, they are homogenous along the y direction
and the interface is at the z = 0 coordinate, as it is shown in the Figure 2.1.

dielectric (&)

L z
— \[/ (direction of propagation)

metal (g1) y

Figure 2.1. Planar metal-dielectric interface. Picture taken from [5].
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Furthermore, the propagating waves expected to have the following expression:

E(x,y,z) = E(2)e'*, 2.1)

where [ is the propagation constant of the waves in the x direction. Inserting this
expression to the Helmholtz equation yields:

ZE 2 2
where k, = w/c. A similar wave equation can be obtained for the magnetic field H.

To obtain the spatial wave profile from these wave equations, it is neccesary to
have explicit expressions for the intensity of the electric (E) and magnetic (H) field.
These expressions can be obtained from the Maxwell’s equations. Provided, that the

fields have a harmonic time dependence (% = —iw), the waves propagate in the X
o a . . N a :
direction (5 = Lﬁ) and are homogeneous in the y direction (5 = 0), the curl equations

yield the following set of coupled equations:

JE,, )
2 —iwpgH, (2.3)
J0E, . .
a_zx —IPE, = iwupH, (2.4)
oH,
' = lwegeE, (2.6)
0H, . )
azx — ifH, = —iwg€E, 2.7)
iBH, = —iwégyeE,. (2.8)

These equations can be divided into two independent sets of equations. The first
represents the transveral magnetic (TM) modes, where only the E4, E; and Hy components
of the field are nonzero:

o ___L 0H,

¥ wegy 0z (2.9)

E,=—— (2.10)
WwEE,

18



By substituing these two equations into (2.4) we obtain the wave equation for the H,
component in the TM modes:
0%H

azzy — (k&e — B*)H, = 0. (2.11)

The seconds set corresponds to the transversal electric (TE) modes, where only Hy, H; and
Ey components of the field are nonzero:

i 0E,
Who

By substituing these two equations into (2.7) we obtain the wave equation for the TM
modes:
0%E

azzy — (k3e — BYE, = 0. (2.14)

For the planar geometry of the interface (see Figure 2.1) the TM solutions have
the following form:

H,(2) = Aye'Frekez (2.15)
E.(2) = iA, s kpetFrehar (2.16)
E,(z) = —-A P eihxe—kaz
2(7) = —4 S (2.17)
forz>0and
Hy(z) = A,e'Prekaz (2.18)
i 1 ifx  kqiz
Ey(z) = —iA; wege, kie™e (2.19)
E,(z) = —A A eihxokaz
22 =M (2.20)
forz<O0.

The parameter k, is the component of the wave vector perpendicular to the interface in
the metal which can be expressed as:

ki = B? —kie (2.21)
and k. is the component of the wave vector perpendicular to the interface in the dielectric
k3 = p* — ke, (2.22)

Furthermore, &, is the dielectric constant of the dielectric and &; is the complex dielectric
function of the metal.
19



From the boundary conditions (continuity of Ex and Hy) at the interface we obtain A;= A;
and

k; &2

P (2.23)
Combining (2.23) and equations (2.21)-(2.22) yields the main result of this computation,
which is the dispersion relation of the SPPs propagating at the planar interface between a

metal and a dielectric:
&1&
=k, =k / :
B x 0 et e, (2.24)

The TE solutions are formally very similar to the TM solutions:

E,(z) = Aye'Pre ez (2.25)
H,(z) = —i4, L koe'hxe—kaz (2.26)
Who
H,(z) = A, F_ it (2.27)
WHo
forz>0and
E,(2) = Aje'Prekaz (2.28)
H,(2) = iA, 1 kyethrekaz (2.29)
WHo
H,(2) = A b gipx gtz (2.30)
WHy
for z < 0. Continuity of Eyand Hyat the interface yields conditions A;= A, and:
Ay (ks + k) = 0. (2.31)

This condition is only fulfilled if A;=0 due to the evnanescent character of the waves
(Re[ki] and Re[kz] has to be positive). Thus, the solution doesn‘t exist for the TE
polarization of the surface waves, only for the TM polarization.

20
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Figure 2.2. Dispersion relation of SPPs at the interface between a Drude metal
with negligible collison frequency and air (grey curve) or silica (black curve) normalized
to the plasma frequency w,. Solid curve- real part of 8, dashed curve- imaginary part of

B. Picture taken from [5].

Figure 2.2 shows both the real (solid curves) and imaginary (dashed curves) part
of the wave vector f for an interface between an ideal metal (negligible damping) and air
or silica. It is apparent from this figure, that the wave vector of SPPs is always bigger
than the wave vector of light with the same frequency. This results in the fact that SPPs
cannot be excited by direct impact of light on the interface and special wave vector
(momentum) matching techniques are required to excite SPPs at planar interfaces (see at
[5] Chapter 3). However, at low frequencies (mid-infrared or lower) the wave vector of
SPPs is close to the wave vector of light and SPPs can be excited via grazing-incidence
light field. These SPPs are known as the Sommerfeld- Zenneck waves [5].

In the opposite regime, the propagation constant of SPPs diverges at the
characteristic surface plasmon frequency:

1

W = .
sp \/TEZ (2.32)

This relationship can be obtained by inserting (1.44) into (2.24) for § = . Between the
surface plasmon frequency and plasma frequency exists a frequency gap, where S is
purely imaginary (see Figure 2.2), thus at these frequencies SPP propagation is
prohibited. At frequencies higher than the plasma frequency the metal becomes
transparent (curves lying to the left of the light lines).

The discussion above is valid only for ideal conductors, where Im(e;)=0. For real
metals the travelling waves are damped, so 8 has a finite limit at the surface plasmon
frequency. Also for real metals doesn’t exists a prohibited frequency region between wg,
and wy,.
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3 Localised surface plasmons

In the previous chapter the basic propagating excitations of surface plasmon
polaritons were introduced. The subject of this chapter is devoted to the localized surface
plasmons, which represent a special case of SPPs.

The localised surface plasmons (LSPs) are non-propagating excitations arising from
coupling of the electromagnetic field to the oscillations of conduction electrons of metal
nanoparticles or similar nanostructures (e.g. antennas). The electron oscillations are
limited by the size and the shape of the particles leading to localised and non- propagating
nature of these surface plasmon polaritons.

LSPs have an advantage in contrast to the SPPs, that due to the curved particle
surface they can be excited without using special techniques, just by direct light
illumination. The limted size and curved surface allows also resonances of LSPs leading
to a strongly enhanced elemectromagnetic field in proximity of the particles
(nanostructures).

In the following the conditions of LSP resonance on a metallic sphere and the
enhanced field will be investigated using two different analytical methods: the quasi-
static approximation and Mie theory.

3.1 Quasi-static approximation

Electric
Field

Metallic Particle

4( \ﬁ. N

Electron Cloud

Figure 3.1. Metal sphere in electromagnetic field. Picture taken from [8].
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The quasi-static approximation is a useful and accurate method for computing
resonance frequency and enhanced field in case of very small spherical particles. When
the sphere diameter is much smaller than the wavelength of the incident light (1 >>d), the
phase of the oscillating field can be considered as a constant in the whole volume of the
sphere (i.e. the field retardation is neglected). Thus, the spatial charge distribution can be
solved as an electrostatic problem and the time dependence can be added afterwards.

Hence, the starting point of calculation is the problem of a metal sphere in an
electrostatic field [9].

A homogenous isotropic metal sphere placed in the origion of the coordinate system
and having a dielectric function &) is located in the homogeneous electrostatic
field E = EyZz (see Figure 3.2). The sphere is surrounded by a homogeneous,
non-absorbing medium with the dielectric constant &,. First, the potential distribution is
determined using the Laplace equation V2d® = 0 and subsequently the corresponding
electric field by the relation E = —V®.

/ P

g 0

£(w)
Em

Figure 3.2. Geometry of the problem. Picture taken from [5].

Due to the spherical symmetry the Laplace equation is solved in spherical
coordinates (r,¢,6):

162(¢)+ 1 6(_60613)_'_ 1 62613_0 3.1)
rarz Y ) T izsing 90\ " 90) T r2sinzgagz '
The solution is expected in the form of:
Ur
o(r,0,¢) = %P(H)F(d))- (3.2)
Substitution of (3.2) to (3.1) yields after small modification:
g 1 d Fr
2ein2p( — (qi Ny =_—-— 3.3
rosin®6 (U + Pr?sin6 06 (sin(6) P )) F (33)

The equality has to be fulfilled for any r, ¢ and 6, yieldig thus both sides of the equation
equal a constant, denoted as m®. Equation (3.3) fragments then to two equations:

F'+m?F=0 (3.4)
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U 1 6(_ 6P + m?
U~ Psingog >

1,.2

3.5
sinZ @ (35)
The left side of the equation (3.5) is dependent only on r and the right side only on . It is
possible again only when both sides equal a constant value. In that case the constant is
introduced as I(I+1).

I(L+ 1)

—U=0 (3.6)
T

a(' OP)+ 11+ 1) m P=0 3.7
sin 8 90 S sin2 @ o 37

Using assumption (3.2) it was possible to transfer the partial differential equation (3.1)
into three ordinary differential equations (3.4), (3.6) and (3.7) with known analytical
solution. Equation (3.4) has analytical solution:

F(¢) = exp(tim), (3.8)

where m is comlex constant. The symmetry of the problem implies that the condition
F(¢) = F(¢+2nx) has to be fulfilled and it yields that m can take only valuesm =0, 1, 2 ...
Furthermore, the symmetry also implies independence on the azimuthal angle, which
leads to m = 0 and

F(¢) = 1. (3.9)
The solution to (3.6) has a form of:
U(r) = At + Br—t1, (3.10)

where in general A, a B are complex constants. The meaning of index /will be discussed
later. Using the substitution x = cosé and relationship m = 0, the so called Legendre
equation can be obtained from the equation (3.7):

d dP
—( @ =x)—|+1(l+1DP =0. (3.11)
dx dx
The solutions to this equation are the Legendre polynomials:
dl
— 2 _ 1\l :

where | = 0,1,2... is the degree of polynomials.
The general solution is given by the linear combination of products of U(r) and

Pi(9):
d(r,0) = Z(Alrl + B;r~"1) P;(cos 6). (3.13)
1=0

The constants A and B will be determined using boundary conditions on the surface of the
sphere and at very large distances from the sphere. These constants are different inside
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and outside the sphere, therefore the solution is diveded into two parts: the potential
outside the sphere is denoted ®¢(r, ) and the potential inside as ®!(r, 6).

®e(r,0) = Z(Alrl + B;r~"1) P;(cos 9) (3.14)
1=0

di(r,0) = Z(Clrl + D;r~"1) Py(cos ). (3.15)
1=0

The magnitude of electric field intensity of the electric field at very large distances from
the sphere has to be Eq, which yields the condition for the potential outside the sphere:

D|, 0o = —Eyrcos. (3.16)

It follows than, that A, = —E, and A; = 0 for [ # 1. Furthermore, the potential can not
diverge at the center of the sphere (for r = 0), which results in D, = 0 for all I. The
remaining unkown constants are determined using continuity conditions of tangential
component of E and perpendicular component of D. The final form of the potential is:

®e(r,0) = —E,r cosf + £ Em Ea3ﬁ (3.17)
o0 e+2e, O 12 '
di(r,0) = — ‘Mg orcos6 (3.18)

’ e+ 2e, ° ' '

It is apparent from equation (3.17) that the field outside the sphere is a superposition of
two fields: a homogenous field in which the sphere is placed and the scattered field from
a dipole located in the center of the sphere. By introducing a dipole moment

3 €~ Em
Eq. (3.17) is amending to:
p.T
de = —F _—
(r,0) o7 cos 6 + Iege, (3.20)

Furthermore, the polarizability « can be introduced using relationship p = ¢,¢,,,aE, as

a = 4mad (3.21)

Equation (3.21) expresses the complex polarizability of the spehere according to the
quasi-static approximation. It is important to note, that, if the denominator |e + 2¢,,|
vanishes, the resonant enhancement of polarizability occures. When Im|[¢] is negligible,
the resonant condition is fulfilled for:

Rele] = —2¢,. (3.22)

This relationship is known as the Frohlich condition and for Drude-metal spheres in
vacuum is fulfilled at frequnecy:
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Wo = —. 3.23
0 \/§ ( )
The distribution of electric field can be obtained from E = —V®, which yields:
. 3¢
i_ m
= E 3.24
£+ 2¢y 0 (3.24)
3n(n.p)—-p 1
E° = E, + (np)—p (3.25)

Amteye,, 13

where n is the unit vector in the direction of the point of interest. It is apparent, that
resonance in polarizability implies resonant enhancement of the electric field outside and
inside the sphere. This resonance is called the localised surface plasmon resonance. From
the previous considerations it is also apparent that in the quasi-static approximation the
sphere acts like an ideal dipole.

Up to this point the problem was treaed purely electrostaticly and the field
distribution at a given moment was obtained. In the following the time dependence and
the magnetic field are added to the solution.

A monochromatic plane wave is impinging on the sphere, which means the
incident field is time harmonic:

E(t) = Egexp(—iwt). (3.26)

The oscillating electric field induces oscillation in the sphere’s dipole moment:
p(t) = gpeaEgexp(—iwt). (3.27)

It is known, that the oscillating dipole is irradiating electromagnetic waves and the
radiated field can be described with the following equations [7]:

ikr

ck? e 1
_ ck” _ 3.28
H 41 (nxp) r (1 ikr) (3.28)
E = k*(n x p) x ikr+(3 (n.p) )(1 ik) thr (3.29)
= P nxp)xn " n(n.p)—p i e ) .

Surface plasmons are confined to the surface of the metal, therefore more interesting is
the expression of the electromagnetic field in the near-field zone close to the sphere‘s
surface. By taking into account that in the near field, where k.r << 1 is valid, equations
(3.28) and (3.29) are simplified to:

iw 1
H=_ (nxp) ) (3.30)

3nnp)—p 1
ponnp -p1

Ameye,, T3 (3:31)

To summarize, in the quasi-static approximation the sphere scatters the incident
plane wave, which can be represented as a radiation by an ideal point dipole. It is
important to note, that the localised surface plasmons arise naturally from this scattering
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on a small sphere. When the Frohlich condition is met, the dipole associated resonance of
the localised surface plasmon occurs. This condition is fulfilled for Drude-metal spheres
placed in vacuum at frequency w, = w,/V3.

3.2 Mie theory

When the size of the particle is not negligible in comparison to the wavelength of
the incident wave, the quasi-static approximation is not giving correct results. The phase
shift of the wave along the particle must be considered. In this case it is suitable to use the
Mie theory, which uses a correct electrodynamic approach.

Gustav Mie, a German physicist, published in 1908 analytical solutions to the
Maxwell’s equations for absorption and scattering of light on spherical particles. His
solution is pivoted on the expression of the scattered field and the field inside the particles
using so called normal modes which are evaluated via vector harmonics. In the following
the basic ideas and the results of this theory are represented. The detailed description of
the Mie theory can be found in [3] pp. 80-111.

Using a scalar function y and pilot vector r vector functions M and N are defined
in the following way:

M=Vxry and N=VxM/k (3.32)
By means of vector identities it is possible to prove the validity of equations:
VM + k*M = V X [r(Ay + kK*¥)]. (3.33)

If the function v fulfills the scalar wave equation the right side of the equation
equals zero, resulting in the fact that M fulfills the vector wave equation. The same
condition is valid for the vector N. Between the vectors M, N and B, E exists
homomorfism, because both pairs have the necessary properties to describe
electromagnetic field.

The introduction of vectors M and N simplifies the scattering problem. It is not
neccesary to solve two vector wave equations to obtain the electromagnetic field, just the
scalar wave equation for vy is needed. If the functions i» and r are determined, using
equations (3.32) it is easy to obtain vectors M and N.

Because of the symmetry of the problem the scalar wave equation is solved in
spherical coordinates and in this particular case the pilot vector is directly the polar vector
r (for that reason it was denoted as r fom the beginning).
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Figure. 3.3. Geometric configuration of the problem. Picture taken from [3].

The solutions to the wave equation are functions:
Yemn = cos(me). B (cos8)z, (kr) (3.34)

Yomn = sin(me). P (cos0)z, (kr). (3.35)

The indexes e, 0 express the parity (even and odd), indexes m a n the order and degree of
the Legendre polynomials, respectively, and functions z,(kr) are the spherical Bessel
functions. The so called normal modes can be obtained by introduction of the wave
functions to (3.32):

Memn =V X Temn Momn =V X "omn (3.36)
Nemn =V X Memn/k Nomn =V X Momn/k. (3.37)

It can be shown that these vectors are mutually ortogonal and since the superposition
principle is valid the incident wave and the field inside and outside the sphere can be
expressed as an infinite series of the normal modes.

The field inside the sphere is:

L, 2n+1 )
E, =E, z l m (caMo1n — idpNe1n) (3.38)
—ky O, 2n+1 _
H, = w_ulEo Z ) (dnMein + icuNo1n) (3.39)
n=1
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and the scattered field can be expressed as:

o2+l
Es =E, Z l m (iayNe1n — bpaMo1p) (3.40)
k., 2n+l
H; = w_‘uEO le m(lbnNoln + anMeyy). (3.41)
n:

where k; and k are the magnitudes of the wave vectors of the incident wave inside and
outside the sphere, respectively, and a,, by, ¢n, d, are complex coefficients which can be
obtained from boundary conditions at the metal-dielectric interface. In the simplified form
the coefficients a,, b, have the following expression:

S T (M), () — & OP, (M) (3.42)
b Pn G () — myp, (), (mx)
m T P, (mx)E, (x) — mE, ()P, (mx) (3.43)

The symbol m denotes the relative index of refraction with respect to the surrounding
medium, x is the so called size factor defined as a product of the magnitude of the wave
vector k and the sphere diameter a. Furthemore, the functions 1, and &, are the Riccati-
Bessel functions. The prime indicates differentiation with respect to the function’s
argument.

Figure 3.4 shows the field distibution of the individual normal modes (only one
from the coefficients a, and b, is nonzero) on the surface of an imaginary sphere, which is
concentric with the particle but has a bigger diameter. When only the coefficients a, are
non-zero, we talk about transversal magnetic modes, because the radial component of the
vector H equals zero. When the coefficients b, are non-zero, we talk about transversal
electric mode, because in that case the vector E has no radial component.

For the small spheres (x—0) the coefficient a, goes to infinity, when the
denominator of the equation (3.42) vanishes. However, the denominator vanishes only for
complex frequencies (so called virtual frequencies). For the real frequencies close to the
magnitudes of these virtual frequencies the coefficients a, are very large. The normal
modes at these frequencies are the so called surface modes and with an increasing order
of the normal modes the electric field inside the sphere is localized closer to the surface
(expression for coefficient d, has the same denominator as the expression for a, so
according to (3.38) the dominant term inside the sphere is N,;,, Which has the following
radial dependence: N, (r)~r""1).

For the very small spheres only the lowest order surface mode is dominant
(coefficient a; is dominant). That means, the lowest order surface mode according to the
Mie theory has to be equivalent to the quasi-static approximation. From Figure 3.4 it is
apparent that the lowest order surface mode generates a dipole-like field, which is in
agreement with the quasi-static approximation. Also the Frohlich condition can be
obtained from the Mie theory for a;— oo ([3] pp. 340-341).
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The advantage of the Mie theory is that it is suitable for computing the
electromagnetic field inside and outside spherical particles with an arbitrary diameter.
The theory was further developed for computing absorption and scattering properties of
particles with ellipsoidal or cylindrical shapes. Introduction of the absorption, scattering
and extinction cross sections are also very useful tools for characterizing the scattered far
field ([3] pp 101-118). Therefore, the Mie theory is mostly used in the field of
meteorology for study of many optical problems as cloud scattering etc.

EaN,,

EaN,, ExM,,
ExN,., Eox M,
TM MODES TE MODES
(No Radial H Component) (Mo Rodiol E Component )
ELECTRIC TYPE MAGNETIC TYPE

E ~ WAVE H = WaVE

Figure 3.4. Normal modes according to the Mie theory. Picture taken from [3].
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4 Photoluminescence

The previous chapters were dedicated to the introduction to plasmonics including
localised surface plasmon polaritons. The subject of this chapter adresses the related main
field of interest of this diploma thesis, i.e. photoluminescence.

Luminescene in general is surplus electromagnetic radiation emitted by material
above the thermal radiation described by Planck’s law. From the thermodynamical point
of view it is a non-equilibrium radiation, therefore for its continuation it is neccesary to
deliver energy. Luminescent phenomena are classified according to the method of energy
supply into different types. If excitation energy is delivered via electromagnetic waves,
the emission process is called photoluminescence. Other frequent types of luminescence
are for instance electroluminescence, cathodoluminescence and chemiluminescence.

Photoluminescence (PL) differs from other types of secondary radiation (Rayleigh
or Raman scattering or Cherenkov radiation) with its finite decay lifetime. This is because
at photoluminescence the excitation energy is absorbed in the material and electrons are
excited to higher energetic states and the reverse transition of electrons is followed by
photon emission.

This chapter deals with photoluminescent properties of bulk and quantum dot semi-
conductors.

4.1 Excitation

As it was mentioned above, at PL electrons are excited to higher energetic states by
absorption of the excitation energy. In case of semiconductors electrons are excited from
the valence band to the conduction band. Therefore to understand a mechanism of
photoluminescence it is important to investigate interband absroption properties of
semiconductors.

It is apparent that electrons can be excited from a valence band to a conduction
band only by absorbing a photon with higher energy than the energy band gap of the
semiconductor (hw > E; ). Also the electron transition has to be allowed in sense of
selection rules and the Pauli exclusion principle must be also respected. The excited
electron leaves an unoccupied state at the initial energy E;, which is equivalent to the
creation of a hole. Therefore, the interband absoprtion of the excitation energy can be
considered as the creation of an electron-hole pair.

The bound electron-hole pairs (so called excitons) play also an important role in the
light absorption and in luminescenct properties of semiconductors. However, stable
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excitons do not exist in semiconductors at room temperature, only at very low
temperatures [10], therefore their effect will be neglected in this study.

The interband absorption depends also strongly on the band structure of the
semiconductor. In a direct gap semiconductor, where both the valence band maximum
and the conduction band minimum, occurs at the center of the Brillouin zone (k= 0),
electron can be excited simply by photon absorption. The transition is represented by a
vertical arrow in the E-k plot (see Figure 4.1), because the photon momentum at optical
frequencies is negligible compared to the typical momentum of excited electrons (wich is
related to the size of the Brillouin zone). This means that the electron wave vector does
not changes significantly by the transition. However, in an indirect gap semiconductor,
where the conduction band minimum is usually at the edge of the zone (see Figure 4.1),
the excitation is not possible only via photon absorption. Phonons must be involved to
provide the significant change in the electrons wave vector.

E

conduction band

ho

valence band

> k

0 0

(a) Direct band gap (b) Indirect band gap

Figure 4.1. Electron excitation in a direct (a) and indirect (b) gap semiconductor.
The vertical arrows represent electron excitation by photon and the wiggly arrow depicts
impulse transfer by ponon. Picture taken from [11] pp. 51.

The transition rate is given in case of direct absorption by Fermi’s golden rule:
21 21 ]
W =—IMI*g(hw) = —I(fIH[1)*g (haw), (4.1)

where g is the joint electron-hole density of states and M is the matrix element of the
transition, which describes the effect of an external perturbation on the electrons. The
symbol H’ denotes the perturbation Hamiltonian, i and f characterises the wave function
of the initial and final state, respectively.

In the electric dipole approximation the preturbation Hamiltonian equals d. E, where d is
the electron dipole moment and E is the of electric field of the exciting radiation ([11]
Appendix B). Therefore the transition rate can be written as:
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21
lo = —={fld. EI)|*g (haw). 4.2)

The joint density of states in direct gap materials rises as \/hw — E; at photon energies
higher than the band gap. In case of indirect gap materials the density of states depends
quadratically on photon energy:(hw — E; + hQ)?, where AQ is the energy of phonons
involved in the electron transition.

Considering the above mentioned dependences of the joint density of states, it is
possible to deduce the frequency dependence of the absorption coefficient a (fraction of
the absorbed intensity in a unit path length) from the absorption rate [11].

4.2 Emission

E

. electrons
conduction band

____________________________ E
JVWW» hiw,
-------------- 0
valence band -
Density of states
(a) (b)

Figure 4.2. Picture a) shows a schematic diagram of the electron excitation,
relaxation and photon emission. Density of states of electrons and holes is shown in the
diagram b) including the thermal distribution (shaded) described by the Fermi-Dirac
distribution. Picture taken from [11] pp. 98.

If the absorbed photons have the energy Aw > E; the excitated electrons have
energy higher than the conduction band edge. However, after excitation electrons loose
their energy within the conduction band very fast by emission of fonons (see figure 4.2 a).
This series of events is known as electron relaxation and it occurs is due to strong
electron-phonon coupling. Electron relaxation is much faster process (hundreds of
femtoseconds) than the electron- hole recombination (nanosecond range), therefore
electrons are able to relax to the bottom of the conduction band long before they are able
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to emit a photon. The same relaxation process takes place in the valence band with holes.
The distribution of electrons at the bottom of the conduction band is given by the Fermi-
Dirac statistics (see Figure 4.2 b).

Following the electron (and hole) relaxation the recombination of electron-hole
can occure. As in case of the absorption, the energy and momentum conservation laws
must be fulfilled and the Pauli exclusion principle cannot be violated by the
recombination. The intensity of photon emission (number of emitted photons from a unit
volume in a unit time) is given by the following simple equation:

I'=—, (4.3)

where N is the instantaneous concentration of excited electrons in the conduction band
and 7y is the lifetime of the radiative of the transition. Equation (4.3) says that the number
of emitted photons is proportional to the concentration of excited electrons and inversely
proportional to the radiative lifetime. However, electron-hole recombinations can occur
also non-radiatively without photon emission. Energy is released in this case in form of
heat (phonons) or is discharged into defects and impurities. Ultimately the change in the
concentration of excited electrons is given by three factros: radiative and non-radiative
recombination and the excitation. The non-radiative recombination is characterized with
its lifetime 7,y like the radiative transition and the excitation is expressed with a quantity
G, which is the number of excited electrons per unit volume and in unit time. Using a
simple approximation the excitation can be expressed as the product of the absorption
coefficient and the intensity of the excitation ligth lo: G = al, ([10] page 113). The
change in the concerntration of excited electrons can be written as:

dN_ N N _ N N
-G =aem——— (4.4)

It is apparent, that when the radiative lifetime is shorter than the non-radiative lifetime,

the dominant channel of recombination is the photon emission.

From practiacal point of view two situations are important: stationary state when
the intensity of luminescence is constant and the decay of the luminescence when the
excitation is turned off (G=0). In this work only the stationary state will be investigated
(time resolved measurements are not available).

The stationary state is characterized by the conditiondN/dt = 0. Intensity of
luminescence can be expressed by inserting this condition and equation (4.3) into (4.4):

I'=naly, (4.5)

where 1 denotes the qauntum efficiency (or quantum yield ) of photoluminescence defined as:
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=—=1 (4.6)

where y, andy,, is the radiative and non-radiative decay rate respectively defined as a
reciprocal value to the corresponding lifetime. The sum of these decay rates gives the
total decay rate y. The value of quantum efficiency gives the ration between the
probability of the radiative recombination and the probability of the total recombination.
Typically the quantum yield of strongly pohotoluminescent materials is much less than 1,
as a rule in the orders of 10™.

It is important to emphasize that the linear dependence of the luminescent
intensity on the excitation intensity is generally valid only for ideally clean, intrinsic
semiconductors. The impurities and dopants present in semiconductors create luminescent
centers in the material which give arise to new radiative recombination channels,
resulting in more complex intensity dependence. However, discussion of these
luminescent centers is beyond the scope of this thesis.

4.3 Photoluminescence of semiconductor quantum dots

Low dimensional semiconductors have many new interesting optical properties
compared to bulk materials. In the following a few basic features of the quantum dots will
be qualitatively mentioned.

Quantum dots are low dimensional structures with a confined size in all three
directions. The charactreristic dimesions of these nanostructures (often called also 0D
structures) are in units of nanometers. At such a small size of structures their optical
properties are different from the bulk properties. The deviation is due to the quantum
confinement effect, which is significant when the size of the nanostructure is comparable
with the de Broglie wavelength of electrons and holes in the material. The strong spatial
confinement of electrons and holes in the quantum dots results in discrete energetic states,
like in case of individual atoms. The position of energetic levels in the valence and
conduction band can be tuned by size modification.

The next important property of quantum dots is that excitonic effects are observable
in absorption and emission spectra even at room temperature [10]. Stable excitons at
room tempereature are possible in quantum dots because electrons and holes are forced to
be close together resulting in an enhanced Coulomb interaction between them.

As a result of quantum confinement, PL spectra of quantum dots are shifted to
higher energies (blue shift) compared to the bulk material. Furthemore, the increased
overlap of the electron and hole wave functions leads to the increased quantum vyield.
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Relaxation mechanisms are also very efficient, therefore mostly one emission peak is
significant in the spectra which is attributed to the allowed transition at the lowest energy.

It is important to note, that from the technological point of view, it is impossible to
manufacture quantum dots with exactly the same size. This finite size distribution results
in broadening of the emission and absorption spectrum peaks.

4.4 Plasmon-enhanced photoluminescence

In his pioneering work in 1946 Edward Mills Purcell reported that the radiative
emission rate is influenced by the environment in which the emitter is placed [1]. This
effect (later named after Purcell) was later widely investigated in connection with surface
enhanced Raman spectroscopy (SERS) [12]. The first modells describing the interaction
of plasmons with photoluminescent materials were proposed alredy in the 1970s and
1980s [13,14], but the experimental work was lacking at that times. However, in the past
few years many experimental works dealing with the plasmon-controlled luminescence
were published due to appearance of new advanced nanofabrication and charcterisation
techniques [15,16].

In general, there ar two ways how plasmon polaritons can affect the emission
properties of photoluminescent materials:

- via local field enhancement
- via decay rate modifications.

Local field enhancement

It is known that under resonant conditions the electric near field around metallic
particle can be enhanced by the orders of magnitude. If an emitter is placed in the vicinity
of such a metallic particle, the emitter will be excited with the enhanced field, resulting in
a strong enhancement in absorption and possibly emission related to the luminescent
material (see equations 4.2 and 4.5).

To achieve enhancement in luminescence by local field enhancement it is important
to match the LSP resonance frequency of the metallic particle with the excitation
frequency. This is possible by appropriate choice of the size, shape and material of the
metallic nanoparticle.

Decay rate modification

The physics behind plasmon induced decay rate modification is more complicated
compared to the local field enhancement. It works in both ways: it can enhance but also
strongly quenche the PL. The brief essence of this phenomena is that presence of metal
nanoparticles or surfaces has a strong impact on the lifetime of PL. It occurs due to the
energy transport between the metal and the emitter and due to LSP excitation. As a
consequence, the quantum yield of the emitter is modified.
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Decay rate modifications were first investigated using classical electrodynamic
calculations for emitting molecules near metal surfaces [13, 17]. The first model
describing the effect of small metal spheres on emitters decay rates was proposed by
Gersten and Nitzan [12]. This model uses the quasi-static approximation for computing
the electric field around the metal sphere, which gives inaccurate results for big spheres
and vanishingly small emitter-sphere separations. The first exact calculation methods
were proposed by R. Ruppin [14] and by T.F.George et al. [18] in the 1980s.

According to these models, emitters are represented as classical damped dipoles,
where damping is characterised with a total decay rate (see equation (4.6)). The
radiation from the emitter is scattered on the sphere and this scattered field at the dipole
position acts as a driving force for dipole oscillations. This force is incorporated to the
equation of motion of the dipole emitter and in the result it causes modification in the
total decay rate.

The modification of the radiative decay rate is determined by comparing the
energy fluxes through a surface of a very large imaginary sphere containing the metal
sphere and without the sphere. Modification of the non-radiative decay rate can be than
computed as a difference between the modified total decay rate and the radiative decay
rate.

The modified (or apparent) quantum yield of the dipole emitter in the proximity of
a metal sphere can be written as:
YR +VYnr tVNRO V'

Ne 4.7)

where yy and y is the modified radiative and total decay rate, respectively, yygo the non-
radiative decay rate without the metal sphere and yyg is the non-radiative decay rate
assiciated with the absorbtion in the metal sphere. The radiative and total decay rates can
be expressed analytically for two main dipole orientations with respect to the metal
sphere (radial and tangential) [18]. By a weighted average of the two basic orientations it
is possible to compute also decay rates for orientation averaged over all solid angles [19].
For simplicity, the results will be introduced only for the radial dipole orientation (L):
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where y* is the total decay rate, y4 is the radiative decay rate in the radial dipole
orientation, respectively, y, is the radiative decay rate in the absence of the sphere, [ is
the angular mode number, r is the distance between the emitter and the sphere center, b,
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is the Mie scattering coefficient, hl(l) and j; are the ordinary Hankel and Bessel functions,
respectively.

The results of this theory suggest that resonant coupling of the emission to the
surface plasmon modes results in enhancement in both radiative and nonradiative decay
rates. Depending which rate is dominant, the quantum yield can be signifacantly
enhanced or decreased. Furthermore, the quantum yield enhancement is strongly
dependent on the sphere size and the emitter-sphere separation.
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Figure 4.3. Quantum yield enhancement depending on the distance between the emitter
and silver sphere for different sphere diameters (10 nm, 60 nm,140 nm) by taking into
account coupling to all plasmon modes (solid lines) and by coupling to the dipole mode
only (dashed lines). The quantum yield of the emitter in the absence of the sphere is 0.01.
Picture taken from [19]

Figure 4.3 shows the quantum yield enhancement according to the exact electrodynamical
calculation for emitter-sphere orientations averaged by all solid angles. The
enhancements are calculated at emission wavelengths, where the radiative decay rate
enhancement is maximal.

According to the calculations, there is an ideal emitter-sphere separation at which
the efficiency enhancement is maximal. This can be attributed to the different distance
dependence of the radiative and non-radiative decay rates. The enhancement of the non-
radiative decay rate is much bigger at short distances (below 5 nm) than radiative decay
rate enhancement. At these short distances the emitter excites higher plasmonic modes
due to the strong field-gradient, even if they have different frequencies. Higher order
plasmon modes are confined to the sphere surface, hence coupling to them increases the
non-radiative decay rate frequency. It is also apparent from the dashed lines in the Figure
4.3, that if only coupling to the dipole mode is considered, the quantum yield increases
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monotonously by decreasing the distance (it is possible to express the contribution of
individual plasmon modes to the decay rate enhancement by considering only one non-
zero Mie coefficient in the general realtionships (4.8)-(4.9)).

To explain dependence of the enhancement on the size of the metal sphere the so
called radiating plasmon model [20] can be used. Although this only hypothesis it
explains the experimental results very well. This model predicts the emission
enhancement based on the optical properties of metal spheres using Mie- theory.

The ability of small spheres to absorb and scatter the incident light into the far
field is characterized according to the Mie theory [3] by absorption (Ca) and scattering
(Cs) cross sections. It is known, that at LSP resonance these cross sections can many
times exceed the physical cross section of the sphere. For very small sphere diameters the
absorption cross coefficient strongly dominates over the scattering cross section, which
means the sphere absorbs very effectively the incident radiation. As a result, the
luminescence is always quenched for small spheres (in case of silver it means less than 20
nm in diameter and for gold less than 40 nm). With an inceasing sphere diameter the
scattering starts to dominate, which means the spehere scatters the incident light
effectively to the far field. Effective scattering is than attributed to the enhancement of the
PL. On the other hand for larger spheres the quantum yield decreases due to increased
mode volume [21], which results in existence of an optimal sphere diameter. According
to the exact calculation the optimal sphere size is 55 nm for silver and 110 nm for
gold [19].

The dependence of the emission enhancement on the sphere’s size can be
alternatively explained in a slightly different way: to achieve emission enhancement is it
important not only to provide resonant coupling of the emitter to the LSPs, but it is also
important to achieve outcoupling of the LSPs into radiation. This outcoupling is
negligible for very small spheres but for certain sphere diameters it can be very
significant.

For computing the decay rate modification in the presence of metallic objects a
free online available software can be applied [22]. This program enables us to compute
decay rate and quantum yield modifications caused by spherical and ellipsoidal metallic
particles using an exact electrodynamic method or an improved Gersten Nitzan model
[19].
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To summarize, the two mechanisms which give arise to the plasmon-enhanced
photoluminescence were introduced above. It is important to note that these mechanisms
are related to different frequencies: the local field enhancement to the absorption
frequency and the decay rate modification to the emission frequency. Therefore, to
achieve both enhancements, the nanoparticle should have LSP resonances at both
frequencies.

Te overall intensity enhancement can be expressed as:

I_E — nE(wEM) |d-EE(wabs)|2
I 7 1dE(@as)l? (4.10)

where Iz , ng and Eg is the enhanced PL intensity, quantum yield and electric field,
respectively, and I, n and E are the initial values without the presence of the metal
nanoparticles.
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5 Apparatus for photoluminescence
measurements

Our institute is not equipped with a commercial instrument for measuring
photoluminescent spcetra, so there was a task to design and assemble an experimental set-
up for that purpose. A tunable UV-laser and spectrophotometer were already available,
but a proper sample holder and optical system to collect the photoluminescent signal was
lacking. This chapter deals with describing the proposed apparatus and with its
calibration.

Figure 5.1 shows the proposed set-up of the apparatus. The main parts are the
excitation source (E), the sample holder (H), the collecting optics and the
spectrophotometer (SD). The secondary branch with the light source (L) and CCD camera
provides illumination and selection of the sample area to be investigated, and also helps
to properly set positions of L1 and L2 lenses (imaging the sample plane to the entrance
slit of the spectrophotometer).

| SD

<:::2;. : 52
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Figure 5.1. Schematic of the set-up for PL measurements. E- excitation source, H-
sample holder, SD- spectrophotometer (spectrograph and detector), F1 to F3- filters, L1
and L2- focusing lenses, L3 and L4- auxiliary lenses, S1 and S2 beamsplitters, L- ligth

source.
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5.1 Components

Excitation source

The excitation source is a countinous, unpolarized He-Cd laser from CVI Melles
Griot Co., with a tunable emission wavelength between 325 nm and 442 nm and a
maximum emission power of 15 mW. The laser emitts ligth also at higher wavelengts,
therefore filter (F1) is used to supress the radiation at higher wavelengths.

The filter F1 is a bandpass interference filter from Edmund Optics Inc., with a
center wavelength of 326 nm and a 10 nm full width at half maximum. It also reduces the
laser intensity at this wavelength by more than 70%.

The filter F2 is a variable neutral density filter, which enables to change continously
the intensity of excitiation. The transmission of the filter can be adjusted from 100%
down to 0.01% by its rotation.

Sample holders

There are two proposed sample holders to the apparatus. The first one is a small
aluminium plate with a tantalum clip to fix the sample (see Figure 5.2 b). The aluminum
plate is attached with a screwe to a 3-axis miniature translation stage. The stage is fixed to
the table via magnetic base.

3-axis
translation stage

A

Aluminium
plate

Figure 5.2 a) Image of the first sample holder. b) Detailed image of the aluminum
plate on which the sample is mounted using a tantalum clip.

The advantage of this holder is that it enables quick sample mounting. On the
other hand changing the sample requires removing the whole holder from the table by
unbinding the magnet base. Therefore the position of the holder needs to be again set
manually afterwards.
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The apparatus will be also used for the measurements in transmission regime,
therefore a second sample holder was designed. The holder is again fixed to a 3-axis
translation stage but in this case for mounting and changing the sample the translation
stage can stay fixed to the table and only the holder is removed from it. It significantly
reduces the time required for refocusing the signal light after exchanging a sample. The
sample holder is a 5cm x 15cm x 1cm aluminium plate being fixed to the translation stage
with two bolts. Samples can be mounted to it from both sides over the hole drilled
through the block. In the transmission regime the samples are mounted on the rear side
with two tantalum clips. In the reflection arrangement a thin copper plate is placed over
the hole on the front side of the aluminium block and the samples are fixed to this plate
again with tantalum clips (see Figure 5.3b).

Figure 5.3. a) Image of the complete sample holder with the 3-axis translation stage.
b) Detailed image of the front side of the sample holder with a fixed copper plate. The
sample is fixed to the copper plate with tantalum clips. c) The front side of the holder
with the uncovered hole for the transmission regime.

Further advantage of this holder is that due to wider tantalum clips and wider
movement range in the plane of the sample it is possible to mount two samples in the
holder at the same time. Also a much higher mechanical stability and the fine
(micrometric) movement in the perpendicular direction to the sample plane is an
advantage of the second sample holder.

The aluminium and copper plates were manufactured at the institute workshop.
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Collecting optics

The main parts of the collecting optics are two focusing lenses. Both of them are
made of fused silica to transmit UV radiation as well. This is neccesary, because some of
the measured semiconductors (e.g. GaN, AIN) emit in the near UV region and classic
lenses made of glass have a rapidly decreasing transmittance in that region.

As depicted in Figure 5.1, the sample is placed in the front focal plane of the first
lense and the entrance slit of the spectrophotometer is in the back focal plane of the
second lense. With this arrangement the emitted light is collected from a very small spot
on the sample and subsequently focused on the entrance slit of the spectrograph. In this
way the bunch of ligth between the lenses is paralell. The focal lengths of the first and
second lense are 50mm and 100mm, respectively. The lenses were purchased from
Thorlabs Inc. The focal length of the lense which focuses the light on the entrance slit
was chosen to obtain a maximal brightness of the entrance slit of the spectrophotometer (

[10] pp 76).

Usually, the scattered signal of the excitation laser is very strong compared to the
PL signal, therefore a third filter (F3) was placed between the focusing lenses. It is a
longpass filter which filters out wavelengths below 350 nm.

To provide correct focusing by the above mentioned lenses a secondary branch is
available in the optical set-up. This branch contains a CCD camera and light source with
lenses and two non-polarizing beamsplitter cubes (see Figure 5.1). According to the
orientation of the first beamsplitter (S1) the ligth source illuminates either sample or the
entrance slit. The focusing is done by adjusting the position of the lenses L1 and L2 to
obtain a sharp image of the sample surface and the slit, respectively, by the CCD camera.
Focusing on the slit has to be done just once and the lense L2 is fixed afterwards.
However, focusing by the lense L1 has to be done after each sample exchange. During PL
measurements the secondary branch is not used, therefore the beamsplitter in the primary
branch (S1) can be easily removed.

It is possible to provide focusing by L1 even without external light source, if the
sample possesses a strong PL in the visible region upon excitation. In this case the second
beamsplitter (S2) can be also removed and the CCD camera captures the luminescent
surface.

Spectrophotometer

The emitted light from the sample s detected with a pre-aligned
spectrograph/detector system.

The signal is processed with a Shermrock 303i-A imaging spectrograph in a
Czerny-Turner configuration with a focal length of 303 mm. It has a spetcral range from
190 nmto 10 um and maximal resolution 0,1 nm. Three different diffraction gratings
are built in it on a rotating turret enabling measurements for different resolutions and
spectral ranges. A schematic view of the spectrograph is depicted in the Figure 5.4.
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Figure 5.4. Schematic of the spectrograph (Shermrock 303i-A) in Czerny-Turner
configuration. The picture was taken from the manual of the spectrograph.

The detector, which is an iDus CCD camera with a pre-amplifier and analog to
digital converter, is attached to the spectrograph exit port (see Figure 5.4). The dispersed
spectrum from the spectrograph is projected on a CCD camera chip, which has 1024 x
125 active pixels with a pixel size of 26 pm x 26 um. During operation the CCD chip is
cooled down thermoelectrically to -70°C.

Both, the spectrograph and the detector were manufactured by Andor Technology
plc. and are fully controlled by a computer. The accessories to the appratus, like cage
plates, construction rods, post assemblies, different types of mounts and the translation
stages were purchased from Thorlabs Inc. and partly available at our institute.
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Figure 5.5. Image of the assembled apparatus. E- excitation source (He-Cd laser),
H-sample holder, SD- spectrophotometer (spectroghraph/detector).

5.2 Calibration

Already the first tests with only surfaces and GaN samples showed that the
spectrophotometer is not calibrated correctly. The scattered signal from the laser was
detected by the spectrophotometer at A = 312 nm instead of the correct value 325 nm.
Therefore, the detector was calibrated using two lasers with defined emission
wavelengths: the He-Cd laser and a green laser emitting ligth at 532 nm. The operating
software enables a manual calibration of the detector using at least two defined
wavelengths in the spectra (function “Manual X-Calibration”).

Instead of a sample a mirror was used to reflect the signal from the lasers to the
detector In the acquired spectra the correct wavelength was assigned to the two measured
sharp peaks. This calibration is very simple, but inaccurate as it uses only 2 points and a
linear fit correspondingly.

Hence it is better to use a calibration file provided by the manufacturer. However,
also this file does not guarantee the precise calibration. Due to the possible small changes
in the grating turret position the spectra can be shifted from the real position, which has to
be corrected using a well defined source and a function called “Offset adjustment
control”.
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After the calibration the signal emitted from the laser was measured using a metallic
mirror. Understandably the bandpass (F1) and the longpass (F3) filters were not used only
the neutral density filter (F2) was kept in the branch to avoid saturation of the detector.
Furthermore, the lenses showed weak PL upon direct laser radiation. Therefore the laser
wasdirected to the detector without them, only using the mirror.
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Figure 5.5. Emission spectrum of the He-Cd laser. The intensity is showed in
logaritmic scale in order to visualise minor peaks as well.

It is apparent from Figure 5.5 that in addition to the main peak at 325 nm there is a
sharp strong peak at 648 nm and few other less intensive peaks at differenet wavelengths.
The peak at 648 nm was first considered as product of the laser second harmonics.
However from the measured spectra it is apparent, that the peaks at 325 nm, 336 nm,
402 nm and 413 nm are repeated at higher wavelengths. These echoes are most likely
caused by the spectrograph.

If the peak at 648 nm were generated by the laser, than using the bandpass filter F1
it should dissapear from the spectrum. Nevertheless this peak kept the same relative
intensity with respect to the peak at 325 nm even after using such a filter. Similarly, the
peaks at 402 nm and 413 nm are still present in the spectra. On the other hand, using the
longpass filter F3 the peak at 325 nm should be less intensive than the peak at 647 nm,
but again in the measured spectra they appear with roughly the same relative intensity.
These results suggest, that the peaks at 402 nm, 413 nm and 648 nm do not originate from
the laser, but they are caused by additional effects in the spectrograph.
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To summarize the designed experimental set-up for the measurement of PL was
assembled and tested. The measurements performed using this apparatus will be
discussed in the next chapter.

Given that the apparatus is at its current place just temporarily, few operations like
the proper fixing of the laser and the spectrograph have not been completed yet.
The measurement of the laser emission spectra suggests that spectrograph should be
improved in the near future. After getting more experience in adjustement and
measurement with the apparatus, further modification should be considered after the
transportation of the apparatus to its final location.

This modification refers to the excitation. In the current state the laser has a fixed
position and the excitation beam aims directly from the laser at the sample. As the signal
has to be collected from the spot where the sample is excited, this spot must lie on the
optical axis, it means the sample cannot be moved along this axis. Therefore focusing to
the sample plane should be done by moving the lense L1.

However, it would be more useful to direct the laser beam on the sample with a
mirror or to excite with the beam perpendicular to the surface using a dichroic mirror (see
Figure 5.6). In this arrangement the focusing is done only by moving the sample and the
lense L1 can be fixed. Further advantage of this perpendicular arrangement is that it
enables more localised surface excitation. In addition with a dichroic mirror the excitation
could be filtered out from the measured spectra much more effectively (filter F3 is not of
a good quality).
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Figure 5.6. Recommended modification of the excitation arrangement. E-excitation
source, H- sample holder, L1 and L2- focusing lenses, SD- spectrophotometer, M-
dichroic mirror.
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6 Measurements

This chapter contains the results of measurements performed on different planar
samples and colloidal solutions of semiconductor quantum dots. The only bulk material
from the measured samples was GaN, the others were low dimensional structures like
nanocrystalline Si (ncSi) and CdTe quantum dots.

6.1 Bulk GaN and nanocrystalline Si

PL properties of these two samples are well know, thus they are suitable for testing
the functionality of the apparatus.

The GaN sample was made using metalorganic chemical vapour deposition (MO
CVD). The n-doped GaN thin film was deposited on a polished sapphire (0001) substrate
and its thickness was 20 um.

a) b)
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Normalized intensity (a.u.)
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Figure 6.1. PL spectrum of epitaxial GaN on a sapphire substrate, excitation
wavelength 325 nm. The PL peak in a) is attributed to the near -band gap transition and
the peak b) is to Ga vacancies.

The GaN sample was excited at room temperature by He-Cd laser at 325 nm. As it is
shown in the figure 6.1 GaN shows a strong PL peak at 362 nm and weaker broad PL
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peak around 550 nm. The peak at 362 nm is attributed to 3.4 the eV band gap width of the
GaN and the PL peak at 550 nm to the Ga vacancies [23]. Interestingly, PL intensity is
modulated but only for photon energies lower than the band-gap width. This intensity
modulation is due to the optical microcavity effect caused by the air/GaN and
GaN/sapphire interface. For energies higher than the band gap the absorption in GaN
supresses the modulation of the PL intensity [24], therefore the intensity is not modulated
for wavelengths shorter than 360 nm.

The nanocrystalline Si (ncSi) powder was only recently obtained from the Institute
of Physics, Czech Academy of Sciences in Prague and therefore it was measured only in
powder form in plastic cuvette. The ncSi powder was produced by electrochemical
etching of the p-type Si (100) and the size of its nanocrystals was between 3 and 4 nm
[25].

The PL spectra of this material show a single broad emission peak around 635 nm
(see Figure 6.2), which originates from the quantum confinement effect and a surface
recombination channel [26].
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Figure 6.2. PL spectra of the ncSi powder excited by a He-Cd laser at 325 nm.

One can say that both the measured spectra of the GaN sample and the ncSi powder
show a very good agreement with literature and data provided by the producers.

6.2 CdTe quantum dots

CdTe QDs were manufactured at the Institute of Analytical Chemistry the Czech
Academy of Sciences in Brno. The QDs were available in form of colloidal solutions.
Each of the four water solutions had a different pH value and consisted of QDs of
different sizes. The QDs were dispersed in water using a stablizing agent to avoid their
agglomeration. The stablizing agents in solutions with pH 4 and pH 6 are amino groups
on the surface of the nanocrystals. In solutions with pH 7 and ph 11 the stabilizing agents
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are carboxyl groups. The amino groups carry a negative charge and the carboxyl groups a
positive one. These charges on the surface of the QDs prevent them from aggregation.

The quantum yield and the size of the QDs is not precisely known, but according to
the producer, size of the QDs varies between 2 and 5 nm.

The QDs were first measured in the colloidal form in transparent jars. The jars were
placed in a proper sample position using post holders. The measurement didn’t require
precise adjustement of the position due to the strong photoluminescence of the solution.
The measured spectra are shown in the Figure 6.3.

It can be seen in the measured spectra that the size of the QDs significantly
influences the emission wavelength because the emmission wavelength, it varies from
500 nm to 800 nm. The QDs show purely excitonic luminescence with a narrow emission
peak as predicted in Chapter 4.3, with the emission maxima at 550 nm, 540 nm, 595 nm
and 740 nm. The solution with pH 11 has a broader emission peak compared to the other
solutions, which suggests wider size distribution of QDs. This curve is not symmetric
because a shoulder is appering at shorter wavelengths, which suggests the presence of a
second less significant peak at this peaks side. This feature will be discussed later in this
chapter.

It is important to note that QDs show significant blue-shift in photoluminescence
with aging. Measurements were performed also two months earlier and measured
emission wavelengths were higher by 20 to 40 nm. This blue shift in the emission
wavelength is well known and it is caused by photooxidation [27]. If the solution is under
air and is exposed to ligth, the surface oxidizes, resulting in reduction of the QDs size and
blue-shift in emission. The oxid layer on the surface of the QDs results in furthermore
guenching of the photoluminescence [28].
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Figure 6.3. PL spectra of the CdTe solutions, excitation with the He-Cd laser at 325
nm. Emission maximum of the solution pH 4 is at 550 nm (black curve), for pH 6 at 540
nm (red curve), for pH 7 at 595nm (blue curve) and for pH 11 at 740 nm (green curve).

Unfortunately, the solution with pH 7 showed the visible signs of aggregation (also
caused by photo-oxidation), therefore it was not used in the further experiments.

The next step was a deposition of the QDs on a substrate and subsequent
measurement of PL from planar samples. The deposition was performed similarly as in
case of gold colloid deposition on a Si substrate [29].

As a substrate, Si(100) was used with a resistivity of 6-9 Qcm. The substrate was
dipped into the solution for 1 hour and subsequently dried out by blowing with nitrogen.
It is important to note, that the distribution of QDs is usually not even on the substrate.
Ideally, the QDs are randomly distributed on the surface, as it is shown in Figure 6.4 a),
but due to blowing with nitrogen the amount of deposited QDs can be very varied (see
Figure 6.4Db).

This sample preparation rudimentary, however it is sufficient for measuring the
photoluminescence spectra.
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Figure 6.4. SEM images of the Si (100) surface after dipping the sample into
solution of CdTe with pH 11 for 1 hour and blow-drying with N,. Image a) shows the
ideal random distributin of the QDs, where QDs appear as brighter features on the darker
substrate’s surface. Image b) shows the uneven distribution of the QDs caused by the
blowing with N3 on the same sample. Images were taken at Tescan.
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Figure 6.4. PL spectra of the CdTe quantum dots deposited on Si (100) substrate.
Emission maxima are at 525 nm, 540 nm and 730 nm and the excitation wavelength is
325 nm.

As it is shown in the Figure 6.5, the emission wavelengths are further blue-shifted
and the measured signals are much lower compared to the measurements in colloidal
form, which is also attributable to the photo-oxidation of the sample’s surface.

53



In order to obtain more homogenous and thicker layers of QDs on the substrate
surface, spin coating method was used instead of dipping the substrate into the solution.
20 ul of the solution was placed on the substrate and then it was spinned for 1 minute at
different rotation speeds (2000 rpm - 4000 rpm).

The PL spectra of the samples are identical for both preparation methods with one
exception. Preparing the sample using spin coating from the solution with pH 11, the
measured photoluminescence spectra in the centre and periphery of the sample are
different. The measured spectra in the periphery are the same as in case of dipping the
substrate into the solution (see Figure 6.4, black curve). However in the central part of the
sample two peaks with the same intensity at 600 nm and 740 nm are visible in the
spectrum (Figure 6.4. red curve).

These results suggest, that the CdTe particles of two different sizes are present in
the solution with pH 11. Peak at 600 nm is attributable to a small amount of the particles
of a smaller size compared to that one of the major particles, which give rise to the pak at
740 nm. Due to the rotation of the sample the bigger QDs tend to spin off from the central
part more intensively than the smaller ones, leading thus changes in the ratio
corresponding peak intensities.
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Figure 6.5. PL spectra of the sample prepared by spin coating using the solution
with pH 11 on a Si substrate for 1 minute at a rotation speed of 2000 rpm. The red curve
shows the PL spectrum in the middle and the black curve at the periphery of the sample.

In the middle of the sample two peaks at 600 nm and 700 nm are distinguishable.
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According to that, the previously mentioned shoulder in the PL spectra of the
solution with pH 11 originates from contribution of smaller QDs present in the solution to
the peak.

6.3 CdTe quantum dots and gold nanoparticles

In the previous chapter the preparation method of the planar samples consisting of
CdTe QDs was discussed. This chapter deals with the fabrication of samples consisting
both of metal nanoparticles and photoluminescent QDs. They could allow an
experimental study of plasmon-enhanced PL.

As it was discussed in Chapter 4.4, plasmon-enhanced PL is a comlex phenomenon
and parameters like the emitter- metal distance, metal nanoparticle size and material must
be set correctly to provide enhancement. In order to choose these parameters correctly it
is essential to exploit in the design of the samples simlulation and computational
softwares.

The ideal emitter-metal distance can be calculated using the online software created
by Polman et al. [22]. This software also enables us to calculate the enhancement of the
quantum yield as a function of excitation light wavelength for spheres of different sizes
and materials (see Figure 7.1). The only drawback of this software is that it enables to
apply only homogeneous sphere surrounding medium, so possible effects of the substrate
on the LSP resonances cannot be involved in the simulations.
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Figure 7.1. a) Dependence of the emitter quantum yield on the emitter-metal sphere
distance in vacuum at emission wavelength of 550 nm. b) Dependence of the emitter
quantum yield on the emission wavelength at fixed emitter-metal distance (10 nm). The
reference quantum yield of the emitter is 0.2 and the size of the gold sphere is 20 nm
(black curve) and 80 nm (red curve). Data were calculated using [22].

If the PL is enhanced by local the field effectt, the LSP resonance of the sphere has

to match the excitation wavelength. The resonance wavelength of the nanospheres can be
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computed using the Mie theory, but only in homogeneous media. Again, in case of the
planar samples the effect of the substrate has to be considered, therefore instead of
analytical calculations numerical simulations are recommended for computation.

The most commonly used numerical methods are the FDTD (Finite-difference time
domain) and the FEM (finite element method). In one of the previous works at our
institute the simulation of resonance wavelength of gold spheres on a Si substrate was
done. The results showed that for a sphere diameter of 40 nm the LSPR resonance
wavelength of the sphere on the surface of a Si substrate was red-shifted by 15 nm with
respect to the sphere resonance in vacuum (see Figure 7.2). The simulations were made
by the FDTD simulation software Lumerical.
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Figure 7.2. FDTD simulation of scattering of a gold sphere (r= 40 nm) into the far
field as a function of the wavelength in vacuum (black curve) and for a Si substrate (red
curve). Resonance of the scattering for the sphere in vacuum is at 527 nm and in case of

the substrate at 542 nm.

Finally, once designing of samples the measurement method has to be considered as
well. In case of measurements with high spatial resolution it is possible to detect PL from
an individual QD, but the diffraction limit has to be taken into account. It means if we
want to measure the enhanced PL of the single QD in the proximity of a metal
nanoparticle, than in the minimal spatially resolvable region (which is typically around
lum in diameter) cannot be other emitting QDs. Otherwise, the measured signal is the
sum of emitted signals from all QDs inside the diffraction spot, which can give false
results about the PL enhancement (for instance: the PL from some of the QDs is
quenched and from others it is enhanced due to the distance dependence giving the same
result as if there was no metal particle).
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Using the assembled apparatus, discussed in Chapter 5, it is impossible to measure
spatially resolved PL of the samples. The PL signal is integrated from the focused spot
(d =~ 10"Ymm) on the sample. This requires the samples with homogeneous emission
properties over the whole surface area.

Sample preparation

The samples were prepared using two solutions of CdTe colloids (pH 4 and pH11)
and gold and silver nanoparticles in agaeus solutions (purchased from BBInternational)
on the Si (100) substrate. The metal particles are stabilized in the solution with citrate
ionts on their surfaces resulting in a negative charge of the particles. Given that the QDs
are also charged, a metal-QD interaction (and thus also separation) separation could be
managed by an electrostatic interaction. Without this interaction the distribution of the
QDs and nanoparticles should be stochastic.

The deposition of the QDs and metal particles was performed by dipping the
substrate into the two corresponding solutions one after another.

Firstly, the gold particles were deposited on the Si(100) substrate by dipping the
substrates into the solution of gold particles for 2 hours. Before deposition the pH of the
gold solution was adjusted to pH 3.5 by adding HF acid to obtain a uniform coverage of
the surface as it was discussed in [29]. The gold particles of a diameter of 20 nm were
chosen since the depostion process for this particle size is well known from the previous
experiments. The CdTe QDs were deposited also using the dipping methods for solutions
withthe pH 4and pH 11 in the same way as it was discussed in the previous chapter.

Since the gold nanoparticles carry a negative charge and the QDs in the solution
with  pH 4 a positive charge, accumulation of the QDs at the gold spheres is expected
resulting in quenching of PL. Furthermore, the estimated LSP resonance of the gold
particles (530 nm) is close to the emission wavelength of the QDs (below 550 nm). Since
the small gold particles tend to absorb the light at the LSP resonance rather than to scatter
(see Chapter 4.4), further quenching of the PL is expected even for higher distances.
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Figure 7.2. a) SEM image of the Si surface after deposition of gold nanospheres

(d=20 nm) and CdTe QDs from the solution with pH 4. Bright dots are the gold
nanospheres and the darker features between the spheres are the QDs. b) a PL spectrum
from the prepared sample after excitation at 325 nm, with maximal intensity at 550 nm.

Figure 7.2 shows the SEM image of the surface with deposited golden nanoparticles
and CdTe quantum dots (QDs solution with pH 4). The gold nanoparticles are clearly
visible at the surface (brigth dots), but the QDs appearing as small darker spots between
the gold particles are hardly distinguishable. From the SEM images it is not possible to
say if the QDs are also on top of the gold particles. The measured PL spectra show a
weak PL signal suggesting that QDs are present at the surface.

To evaluate the possible quenching, it is neccesary to prepare the sample without
gold particles, but with the same QD concentration. However, it is hard to achieve since
QDs tends to stick to the clean surface differently than to the gold deposited surface (in
the mixed samples gold is deposited first and the QDs afterwards).

Therefore, an opposite order of deposition would be more suitable. However, by
depositiong in the opposite order, the gold particles start to form clusters (very quickly
after dipping), leading to deterioration of the solution. Furthermore, the QDs are detached
from the surface, thus the opposite order of deposition is not feasible for sample
preparation. Such a behavior is the same for the QDs solutions with both pH 4 and pH 11.

The second fabricated sample obtained gold nanoparticles (d= 20 nm) and QDs
(deposited from the solution with pH 11) with an emission maxima at 730 nm. Since
these QDs and gold particles carry negative charges on their surface, the certain
separation between them on the substrate was expected. With an estimated LSP resonance
for gold nanospheres at 525 nm the sample could be used for observing a PL
enhancement by local field increase by excitation with a green laser at 532 nm.
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Unfortunately, the SEM images showed an opposite effect of what was expected in
connection with the electrostatic interaction between the QDs and gold particles.
According to the Figure 7.3 the QDs are preferentially deposited around the gold particles
and just a small amount of the QDs is on the substrate between the spheres. This
behaviour can be partly explained by loss of the negative charge of the gold particles at
the surface, but the correct explanation of this behaviour has not been explained yet.

SEM HV: 30.0 kV WD: 1.49 mm MIRA3 TESCAN
View field: 1.000 ym Det: InBeam 200 nm n'TESCAN

SEM MAG: 289 kx  Date(m/dly): 03/20/12

Figure 7.3. SEM image of the sample with gold nanospheres (d= 20 nm) and QDs (
deposited from a solution with pH 11).

According to the Figure 7.3 again quenching of the PL is expected for the QDs near
to the gold spheres. Furthermore, the LSP resonance of the gold spheres is certainly red-
shifted due to the CdTe shell around the spheres therefore this sample is not suitable for
the measurement of plasmon-enhanced PL in the predicted manner.

It is important to note, that by the deposition of QDs on the substrate covered with
gold spheres a certain amount of the gold spheres detaches from the substrate. This effect
is very significant for the solution with pH 11 (the concentration of deposited gold
nanoparticles is reduced by more than 50%).

Conclusion

Two samples were fabricated by deposition of gold spheres and CdTe QDs on
Si(100) substrates. Both orders of deposition were examined, but only successful
deposition of both materials was found for metal-QD order.
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The first sample was designed to demonstrate a quenching effect of PL. However,
to confirm the quenching of PL on the manufactured sample, it is neccesary to have a
reference sample possessing only QDs with the same concentration as in case of the
mixed sample. To fabricate the reference sample it is neccesary to monitor the QD
concentration on the surface, which requires more advanced measurement techniques due
to the extremely small QD size.

The second sample was designed to observe the PL enhancement caused by local
field enhancement at the excitation wavelength, but interestingly, instead of the the
predicted repulsion, the attraction was observable between the QDs and gold spheres. The
possible solution to this problem would be the application of QDs with a capping layer on
their surface. The capping layer can secure a neccesary distance to avoid PL quenching at
short distances.

Plasmon-enhanced PL will be investigated in the near future also for Si
nanocrystals produced by high temperature annealing of silicon-rich oxinitride (SRON-
SiOxNy) deposited using plasma enhanced chemical vapour deposition (PE CVD). The
produced Si nanocrystals, embedded in silicon oxide or nitride, have PL in the near IR
region (= 800 nm). In our institute it is possible to fabricate rectangular or cylindrical
metal antennas by e-beam lithography or focused ion beam (FIB), which have LSP
resonances in near IR region. The goal is to deposit SRON just in the gap between the
metal antennas (e.g. by e-beam lithography) and to achieve a PL enhancement via the
decay rate modification. The investigation and the sample preparation is in the early
stage, therefore it will not be discussed here in more detail.
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Summary

The diploma thesis dealt with a phenomenon known as plasmon-enhanced
photoluminescence.

The principles of localised surface plasmon resonances and the photoluminescence
are discussed in the theoretical part of the thesis. Furthermore the part contains the
description of coupling between localised plasmons and photoluminescence.

The enhancement of photoluminescence by localised plasmons is achievable in two
different ways: via field enhancement and through decay rate modifications. By the field
enhancement the resonance of the localised plasmons enhances the exciting
electromagnetic field, therefore it refers to the excitation of the photoluminescence. By
decay rate modifications the localised plasmons resonances give rise to a new channel of
radiative recombination, therefore it refers to the emission process in the
pohotoluminescence. To achieve both enhancements the metal nanoparticles are required
to support plasmon resonance at both excitation and emission wavelengths.

In the experimental part of the thesis an apparatus for measuring PL spectra in the
visible region was designed and assembled. The apparatus uses a He-Cd laser for the
excitation and the PL signal is transmitted to a spectrograph/detector by a set of lenses.
The funcionality of the equipment was tested by measuring the PL spectra of GaN
epitaxial thin film and nanocrystalline Si powder. The measurements were in a good
agreement with the theory and previous studies of the given samples.

Furthermore, the PL spectra of four different solutions of colloidal CdTe quantum
dots were measured. The measured emission spectra showed significant blue-shifts (up to
40 nm) with aging caused by photo-oxidation. The CdTe quantum dots were deposited on
Si(100) substrates using a dipping method and spin coating, and subsequently the PL
spectra of the planar samples was measured. The spectra also show blue-shift in
photoluminescence caused by photo-oxidation as well.

Finally, two samples were fabricated by deposition of gold spheres and CdTe QDs
on Si(100) substrates. The first sample was designed to demonstrate a quenching effect of
PL. To confirm the quenching of PL on the manufactured sample, it is neccesary to have
a reference sample, which requires more advanced measurement techniques. The second
sample was designed to observe the PL enhancement caused by local field enhancement
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at the excitation wavelength, but unexpected attraction was observed between the QDs
and gold spheres by the SEM measurements. The possible solution to this problem would
be the application of QDs with a capping layer on their surface to secure a neccesary
distance in order to avoid PL quenching at short distances.
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